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Regulation of mRNA Translation in Neurons–A Matter of Life and 
Death

Mridu Kapur1, Caitlin E. Monaghan1, and Susan L. Ackerman*,2

Howard Hughes Medical Institute, Department of Cellular and Molecular Medicine, Section of 
Neurobiology, University of California, San Diego, La Jolla, CA 92093 USA

SUMMARY

Dynamic regulation of mRNA translation initiation and elongation is essential for the survival and 

function of neural cells. Global reductions in translation initiation resulting from mutations in the 

translational machinery or inappropriate activation of the integrated stress response may contribute 

to pathogenesis in a subset of neurodegenerative disorders. Aberrant proteins generated by non-

canonical translation initiation may be a factor in the neuron death observed in the nucleotide 

repeat expansion diseases. Dysfunction of central components of the elongation machinery, such 

as the tRNAs and their associated enzymes, can cause translation infidelity and ribosome stalling, 

resulting in neurodegeneration. Taken together, dysregulation of mRNA translation is emerging as 

a unifying mechanism underlying the pathogenesis of many neurodegenerative disorders.
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The proper decoding of mRNAs into proteins is critical for cellular function. This process 

must be carefully regulated in all cell types, but neurons are particularly reliant on the spatial 

and temporal control of mRNA translation due to their striking polarized morphology and 

the demands of synaptic plasticity. The dynamic regulation of both translation initiation and 

elongation plays a critical role in learning and memory, and defects in translational control 

have been linked to numerous cognitive disorders (reviewed in Buffington et al., 2014; 

Richter and Coller, 2015). Recent evidence demonstrates that relatively subtle disruptions in 

translational regulation can have dramatic consequences for survival of neurons, especially 

in the aging brain. In this review, we examine the contribution of dysregulated cytoplasmic 

mRNA translation to the pathophysiology of numerous neurodegenerative diseases, as well 

as highlight genetic disorders resulting from mutations in components of the translational 

machinery. We also discuss canonical and non-canonical translation initiation events that 
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perturb neuronal homeostasis and lead to neuronal death. Finally, we examine disruptions in 

translation elongation and how these disturbances can lead to neurodegeneration.

A Brief Overview of Cytoplasmic mRNA Translation

Translation is a cyclical process of initiation, elongation, and termination that is necessary 

for development and cellular homeostasis and function. In eukaryotes, the vast majority of 

protein-coding genes are encoded in the nuclear genome and translated in the cytoplasm; 

however, a small number of protein-coding genes (13 in humans, 8 in yeast) are transcribed 

from the mitochondrial genome and are translated by separate protein synthesis machinery 

within this organelle. Mitochondrial translation has several unique characteristics not 

observed in either prokaryotes or cytoplasmic translation in eukaryotes, including a distinct 

genetic code, uncapped mRNAs with short or non-existent 5’ untranslated regions (UTR), 

smaller and protein-rich ribosomes, and unique tRNAs. The topic of mitochondrial 

translation, and its involvement in disease has been the subject of several recent reviews, and 

will not be further discussed here (Boczonadi and Horvath, 2014; Kuzmenko et al., 2014; 

Mai et al., 2017; Pearce et al., 2013).

During initiation of cytoplasmic translation, a carefully choreographed series of steps 

culminates in the recognition of the mRNA start codon by elongation-competent 80S 

ribosomes (Figure 1). The small 40S ribosomal subunit binds to the initiator methionyl-

tRNA (Met-tRNAi) in a ternary complex with GTP-bound eukaryotic initiation factor (eIF)2, 

with the help of multiple proteins including eIF1, eIF1A, eIF5, and eIF3, to form the 43S 

preinitiation complex (PIC). The 48S PIC is generated when the 43S PIC is recruited to the 

5’ 7-methylguanosine (m7G) cap of the mRNA by the heterotrimeric eIF4F complex (the 

cap-binding protein eIF4E, the DEAD-box RNA helicase eIF4A, and the scaffold protein 

eIF4G) and eIF4B. In addition to binding eIF4E and eIF4A, eIF4G also binds the poly(A) 

binding protein (PABP), thus promoting circularization of the mRNA and possibly 

facilitating reinitiation of translation by terminated ribosomes. eIF4A unwinds the 5’ UTR in 

an ATP-dependent manner so that the PIC can scan this region base-by-base for an AUG 

codon in the optimal context. Recognition of the start codon triggers a series of events, 

including the dissociation of eIF1, the release of phosphate from the hydrolysis of eIF2-GTP 

to eIF2-GDP (catalyzed by the GTPase activating protein, eIF5), and conformational 

changes in other initiation factors. Finally, in a process catalyzed by eIF5B, the large 60S 

ribosomal subunit joins the PIC, leading to dissociation of several of the remaining initiation 

factors, and formation of a functional 80S initiation complex (reviewed in Hinnebusch, 

2014; Jackson et al., 2010; Sonenberg and Hinnebusch, 2009). In addition to cap-dependent 

translation, a small subset of eukaryotic mRNAs undergo translational initiation through 

alternative means, such as by ribosome recruitment to an internal ribosome entry site (IRES) 

(recently reviewed in Lacerda et al., 2017).

In contrast to initiation, translation elongation is a more straightforward process that is 

highly conserved between eukaryotes and bacteria (Figure 2). After initiation, the 80S 

ribosome, which contains three tRNA binding sites [the aminoacyl or acceptor (A) site, the 

peptidyl (P) site, and the exit (E) site], is positioned on the mRNA with Met-tRNAi 

basepaired with the AUG start codon in the P site. The second codon of the transcript is in 
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the A site, awaiting a cognate tRNA. This tRNA is delivered to the A site in a ternary 

complex with eukaryotic elongation factor (eEF)1A (the ortholog of bacterial EF-Tu) that 

binds to aminoacyl tRNA in a GTP-dependent manner. Cognate codon recognition by the 

tRNA triggers GTP hydrolysis and release of eEF1A-GDP from the tRNA. Seventy 

angstroms away in the peptidyl transfer center, peptide bond formation rapidly occurs. The 

polypeptide is transferred from the tRNA in the P site to the aminoacyl tRNA in the A site, 

extending the nascent chain by one amino acid. At this point, the ribosome undergoes a 

massive rearrangement. The small and large subunits rotate relative to each other to form the 

so-called hybrid state, in which the amino acid acceptor stem of the tRNAs are in the E and 

P sites, while their anticodon loops remain in the P and A sites. The complete and stable 

translocation of the ribosome along the mRNA requires the entry of the GTP-bound eEF2 

(or EF-G in bacteria) into the A site. Binding of eEF2-GTP stabilizes the hybrid state, and 

promotes rapid GTP hydrolysis. The accompanying conformational changes reset the 

ribosome, with the deacylated tRNA released from the E site, the peptidyl-tRNA in the P 

site, and the vacant A site awaiting the next aminoacyl tRNA (reviewed in Dever and Green, 

2012; Prabhakar et al., 2017).

This cycle is repeated until the elongating ribosome encounters a stop codon (UAA, UGA, 

or UAG) in the A site, triggering termination of translation (Figure 2). In eukaryotes, 

termination requires the action of two release factors, eRF1 and eRF3. The ternary complex 

of eRF1 and eRF3-GTP binds to the A site of the ribosome, and recognition of the stop 

codon by eRF1 triggers GTP hydrolysis, resulting in a conformational change and 

hydrolysis of the peptidyl-tRNA to release the polypeptide. eRF1 and the ATP binding 

cassette protein ABCE1 (Rli in yeast) promote the physical splitting of the post-termination 

ribosome into the 60S and 40S subunits, the latter of which is still bound to the deacylated 

tRNA and mRNA. Finally, dissociation of the tRNA and mRNA from the 40S ribosome 

occurs via the action of numerous proteins, including some of the translation initiation 

factors, and the components are regenerated for another cycle of translation (reviewed in 

Dever and Green, 2012; Jackson et al., 2012).

Regulation of Translation Initiation

One of the major pathways that regulates translation initiation is phosphorylation of eIF2 

through the integrated stress response (ISR; Figure 1). In the mammalian ISR, general 

translation is inhibited when eIF2 is phosphorylated by any of four stress-induced kinases: 

PKR (protein kinase R, EIF2AK2), PERK (PKR-like endoplasmic reticulum kinase, 

EIF2AK3), GCN2 (general control nonderepressible 2, EIF2AK4), and HRI (heme-

regulated inhibitor, EIF2AK1). Dephosphorylation is performed by two phosphatase 

complexes containing the catalytic subunit PP1c (protein phosphatase 1) and one of two 

regulatory subunits: CReP (constitutive repressor of eIF2α phosphorylation, PPP1R15B) or 

GADD34 (growth arrest and DNA damage-inducible 34, PPP1R15A; reviewed in Trinh and 

Klann, 2013). The eIF2α kinases phosphorylate serine 51, leading to sequestration of the 

eIF2 guanine exchange factor eIF2B, thus inhibiting the exchange of GTP for GDP and 

reducing the amount of ternary complex (eIF2-GTP-Met-tRNAi) available to reinitiate 

translation (reviewed in Klann and Dever, 2004). This in turn reduces the translation of the 

vast majority of open reading frames (ORFs). However, translation increases for proteins 
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derived from transcripts with upstream open reading frames (uORFs), such as ATF4 

(activating transcription factor 4). uORFs are minor ORFs in the 5’ UTRs of mRNAs. Under 

basal conditions, the translation of uORFs preempts the translation of the main ORF; when 

eIF2α is phosphorylated and the ternary complex is limiting, translation of the uORF 

declines, increasing translation from the primary ORF. This allows for the translational 

upregulation of specific proteins needed to cope with stress (reviewed in Barbosa et al., 

2013).

The other major pathway modulating translation initiation is mTOR (mechanistic target of 

rapamycin)-regulated phosphorylation of the initiation factors eIF4G and eIF4B, and of the 

initiation factor inhibitors eIF4E-binding protein (4E-BP) and programmed cell death 4 

(PDCD4; Figure 1). mTOR is a serine/threonine kinase that is activated by phosphoinositide 

3-kinase (PI3K) and extracellular signal-regulated kinase (ERK) pathways in response to 

growth factors (reviewed in Costa-Mattioli et al., 2009). mTOR-mediated phosphorylation of 

these proteins enhances global translation, and also specifically increases the translation of 

5’ terminal oligopyrimidine (TOP) mRNAs, many of which encode proteins involved in 

translation (reviewed in Thoreen, 2017). The phosphorylation of these proteins increases the 

efficiency with which the cap-dependent translation complex (consisting of eIF4F, eIF4B, 

and PABP) assembles and functions. Phosphorylation of eIF4G, the scaffold of the cap-

binding complex, increases both cap- and IRES-dependent translation (León et al., 2014). 

eIF4B, which enhances the activity of the helicase eIF4A, requires phosphorylation to 

associate with eIF4A (Andreou et al., 2017; Holz et al., 2005). 4E-BPs compete with eIF4G 

for interaction with eIF4E, the initiation factor responsible for binding the m7G cap of the 

mRNA (Haghighat et al., 1995). This diminishes cap-dependent translation, and may give 

mRNAs with particular 5’ UTR structures a competitive advantage over other mRNAs 

(Merrick, 2015). Phosphorylation of 4E-BPs by mTOR causes 4E-BPs to detach from 

eIF4E, relieving inhibition (reviewed in Klann and Dever, 2004). Analogously, binding 

between eIF4A and eIF4G is inhibited if eIF4A is bound by programmed cell death 4 

(PDCD4; Dennis et al., 2012). Phosphorylation of PDCD4, in response to mTOR signaling, 

results in its degradation.

Neurodegenerative Diseases Associated with Dysregulation of eIF2

Dysregulation of eIF2 is associated with many neurodegenerative diseases. For example, 

biallelic mutations in any of the five subunits of eIF2B cause leukoencephalopathy with 

vanishing white matter (VWM), a disorder associated with the loss of oligodendrocytes, 

astrocytes, and axons in the central nervous system (CNS) white matter (reviewed in Bugiani 

et al., 2010). The progression of VWM is highly variable and rapid deterioration can be 

initiated by stimuli such as mild traumatic brain injury, fever, or even fright. How mutations 

in eIF2B cause VWM is not clear. As previously mentioned, eIF2B is responsible for 

facilitating the replacement of the GDP bound to eIF2 with GTP, and does this in two steps: 

first, it acts as a GDP dissociation inhibitor displacement factor (GDF) to strip eIF5 away 

from the eIF2/GDP/eIF5 complex, and second, it functions as a guanine nucleotide exchange 

factor (GEF), stimulating the release of GDP from eIF2 to allow binding of GTP (Jennings 

and Pavitt, 2014). Studies have shown that many, but not all, pathogenic eIF2B mutations 
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decrease GEF activity. However, the recent discovery of the additional function of eIF2B as 

a GDF raises the possibility that some VWM mutations may disrupt GDF activity.

Given the function of eIF2B, one would predict that mutations diminishing its activity would 

result in decreased levels of eIF2-GTP-Met-tRNAi ternary complex, reducing global 

translation and increasing translation of uORF-containing transcripts. Consistent with this 

prediction, levels of ATF4 and its downstream target CHOP (C/EBP-homologous protein, 

DDIT) were increased in the brains of VWM patients (van der Voorn et al., 2005). However, 

activation of PERK and other branches of the unfolded protein response was also observed, 

suggesting that the increase in ATF4 and CHOP may not be a direct effect of reduced eIF2B 

activity (van Kollenburg et al., 2006; van der Voorn et al., 2005). The activation of the ISR in 

VWM patients raises the interesting possibility that rapid progression of the disease after 

febrile infection or head trauma may be due to a stress-induced increase in the level of S51-

phosphorylated eIF2α (p-eIF2α) that synergizes with the otherwise relatively subtle effects 

of eIF2B mutations on the availability of the ternary complex. Further studies are needed to 

determine whether dysregulation of global translation contributes to pathogenesis in VWM.

In other neurodegenerative disorders, levels of phosphorylated eIF2α are elevated, which 

raises the possibility that reduced rates of translation initiation may contribute to pathology. 

A link between Alzheimer’s disease (AD) and reduced global translation was established in 

1989, when Langstrom et al. demonstrated that polysomes from the cortices of AD patients 

were associated with less RNA than those from controls. Subsequently, increased levels of 

p-eIF2α were found in the cortex and hippocampus of AD patients and in AD mouse models 

(Chang et al., 2002b; Devi and Ohno, 2013; Hoozemans et al., 2009; Kim et al., 2007; 

Lewerenz and Maher, 2009; Ma et al., 2013; Mouton-Liger et al., 2012; O’Connor et al., 

2008; Page et al., 2006; Stutzbach et al., 2013; Unterberger et al., 2006). In addition to AD, 

p-eIF2α levels are elevated in the brain or spinal cord of patients and mice with prion 

disease (Unterberger et al., 2006), amyotrophic lateral sclerosis (ALS; Ilieva et al., 2007), 

Parkinson’s disease (PD; Hoozemans et al., 2007, 2012), Huntington’s disease (HD; 

Leitman et al., 2014), and various tauopathies (Köhler et al., 2014; Nijholt et al., 2012; 

Radford et al., 2015; Stutzbach et al., 2013; Unterberger et al., 2006).

In mammals, eIF2α is phosphorylated by multiple kinases and activation of these kinases is 

associated with autophosphorylation at particular sites. Analysis of the phosphorylated form 

of PKR and/or PERK (p-PKR, p-PERK) in patient brains demonstrated increased activation 

of these kinases in various neurodegenerative diseases (Bando et al., 2005; Nijholt et al., 

2012; Stutzbach et al., 2013). For example, elevated p-PKR and p-PERK is observed in the 

AD brain, particularly in the hippocampus and cortex, regions associated with Aβ plaques 

and neurofibrillary tangles (Chang et al., 2002a; Hoozemans et al., 2009; Ma et al., 2013; 

Mouton-Liger et al., 2012; Onuki et al., 2004; Peel and Bredesen, 2003; Unterberger et al., 

2006). p-PKR and p-PERK are also increased in the brains of patients with prion disease 

(Paquet et al., 2009; Unterberger et al., 2006) and PD (Bando et al., 2005; Hoozemans et al., 

2007, 2012). Furthermore, increased p-PKR is observed in the brains of HD patients or 

spinal cords of ALS patients (Hayden et al., 2001; Hu et al., 2003), and p-PERK is increased 

in the brains of patients with tauopathies (Nijholt et al., 2012; Stutzbach et al., 2013; 

Unterberger et al., 2006).
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eIF2α kinases are activated in many models of neurodegenerative disorders, allowing 

dissection of the contribution of these kinases to the resulting pathology. For example, 

experiments in AD models show that PKR, PERK, and GCN2 may all contribute to 

excessive eIF2α phosphorylation. Aβ increases p-PKR and p-eIF2α in cultured neurons, and 

a reduction in PKR diminished Aβ-associated toxicity (Chang et al., 2002a). Contextual fear 

learning and mGluR-dependent long-term depression, both of which are affected upon 

eIF2α phosphorylation dysregulation, are impaired in AD mouse models, and the reduction 

of PERK levels rescues these deficits (Costa-Mattioli et al., 2005, 2007; Devi and Ohno, 

2014; Trinh et al., 2014; Yang et al., 2016; Zhu et al., 2011). The contribution of GCN2 to 

eIF2α phosphorylation in AD is less clear. While application of Aβ reduces long-term 

potentiation (LTP) in the wild-type hippocampus, Aβ-induced loss of LTP was not observed 

in the absence of Gcn2, supporting the hypothesis that GCN2 contributes to elevated eIF2α 
phosphorylation in AD (Ma et al., 2013). Similarly, a reduction in p-eIF2α levels and 

improved spatial memory were observed when Gcn2 was deleted in an AD mouse model. In 

contrast, GCN2 activation appears to be protective in a different AD mouse model; in this 

context, loss of Gcn2 increases p-PERK, increasing levels of p-eIF2α and the burden of Aβ 
plaques in the brain (Devi and Ohno, 2013).

Prion-infected mice also have reduced levels of global translation, which may underlie their 

lower levels of synaptic proteins and the accompanying synaptic dysfunction. Reduction of 

p-eIF2α by overexpression of the phosphatase GADD34 in prion-infected mice restored 

levels of synaptic proteins and reversed synaptic dysfunction, preventing neuron death 

without changing the levels of aggregated prion protein (Moreno et al., 2012). Further work 

demonstrated that small molecules that inhibit PERK or that stimulate eIF2B activity also 

rescued pathology in this model (Halliday et al., 2015, 2017; Moreno et al., 2013).

Additional studies in other disease models suggest that drugs that increase eIF2 activity 

might also be used to treat AD and tauopathy (Halliday et al., 2017; Yang et al., 2016; Zhu 

et al., 2013). However, while these results are potentially exciting, a careful examination of 

the role of eIF2α phosphorylation in ALS illustrates the importance of exercising caution in 

applying new treatments to patients. Superficially, ALS appears to be an excellent candidate 

for treatment with drugs that counteract p-eIF2α. Flies overexpressing ALS-associated 

TDP-43 (TAR DNA binding protein) have elevated p-eIF2α and impaired motor function. 

Knockdown of the fly homolog of PERK improved motor function, while knockdown of 

GADD34 aggravated the phenotype (Kim et al., 2014). Similarly, treatment with a PERK 

inhibitor diminished the toxicity of TDP-43 overexpression in rat neurons (Kim et al., 2014) 

and treatment of a common ALS model, the SOD1G93A (superoxide dismutase 1) mouse, 

with guanabenz, a GADD34 inhibitor, hastened paralysis and death in male mice (Vieira et 

al., 2015). However, several other studies suggest that eIF2α phosphorylation in ALS may 

be protective. In direct contrast to the Vieira et al. study, administration of GADD34 

inhibitors, including guanabenz, delayed morbidity and death in SOD1G93A mice (Das et al., 

2015; Wang et al., 2014a). Furthermore, a genetic reduction in PERK levels in a related ALS 

mouse model led to accelerated weight loss and lethality, and a hypomorphic GADD34 

mutation slowed the disease course (Wang et al., 2011, 2014b). These divergent results may 

be due to the diversity of the models or time course of intervention.
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In evaluating these findings, it is crucial to remember that the inhibitory effect of p-eIF2α on 

translation initiation may be counteracted by other perturbations in the regulation of 

translation; therefore the observation of increased p-eIF2α in a given disease context is not 

confirmation of reduced global translation. In fact, although p-eIF2α is elevated in PD 

patients (Hoozemans et al., 2007, 2012), evidence from Drosophila melanogaster suggests 

that global translation rates may be increased in PD. For example, expression of human 

G2019S LRRK2 (leucine rich repeat kinase 2), which causes familial PD, led to an increase 

in phosphorylation of the ribosomal protein S15 and widespread increased translation 

initiation in flies (Martin et al., 2014). Furthermore, the phenotypes of Drosophila PD 

models with disease-causing mutations in Pink1 and park were ameliorated by reducing 

translation initiation through overexpression of the fly homolog of 4E-BP (Tain et al., 2009). 

Whether PD patients with these mutations have increased global translation remains 

unknown.

Non-canonical Translation of Nucleotide Repeat Expansions

Recent evidence suggests that regulation of translation initiation is dramatically altered in 

the nucleotide repeat expansion diseases. Repeat expansion disorders are characterized by 

unusually long, tandemly reiterated blocks of three to six nucleotides and are a common 

cause of protein aggregation and neurodegeneration. Expression of the toxic, mutant protein 

or RNA and/or loss of function of the affected gene have long been hypothesized to underlie 

pathology in these disorders. However, several lines of evidence suggest that a broad 

spectrum of translation abnormalities may also contribute to disease. Mutant transcripts are 

often translated at higher levels than transcripts from the wild-type allele (Krauss et al., 

2013). In addition, novel translation products are generated from non-canonical start sites 

(i.e., AUG codons in introns or other typically non-coding sequences; near-AUG codons, 

which differ from AUG by only one nucleotide; or non-AUG codons; Ishiguro et al., 2017; 

Todd et al., 2013; Zu et al., 2011). These aberrant translation events can occur on either or 

both the sense and antisense transcripts (Zu et al., 2013). Furthermore, frameshifting of the 

ribosome within the expanded repeat has been reported (Girstmair et al., 2013; Saffert et al., 

2016). The scenario is further complicated by observations of multiple translational 

alterations from the same disease-causing locus. For example, in HD, a dominant disorder 

caused by a repeat expansion of at least 35 CAG repeats within the coding sequence of 

huntingtin (HTT), mutant HTT is translated at higher levels than wild-type HTT (Krauss et 

al., 2013). Translation products that are initiated from multiple frames within the HTT repeat 

are also observed in the brains of patients (Bañez-Coronel et al., 2015). In addition, 

frameshifting results in the production of proteins in which the N-terminus of HTT is fused 

to polyAla or polySer tracts (Girstmair et al., 2013; Saffert et al., 2016).

Frameshifting in the repeat expansion diseases was first described in 2000, in the context of 

CAG expansions in the coding region of ataxin 3 (ATXN3) in spinocerebellar ataxia 3 

(SCA3) patients. These expansions were associated with both polyGln (0 frame) and 

polyAla (-1 frame) peptides (Gaspar et al., 2000). While the latter was assumed to be the 

product of frameshifting during elongation, in 2011, Zu et al. demonstrated that CAG and 

CUG repeats could be translated in all reading frames in a non-AUG-initiated manner, a 

process they termed repeat-associated non-ATG (RAN) translation. This discovery opened 
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the floodgates, and soon evidence accumulated for RAN translation of CAG and other 

repeats in additional contexts. To date, multiple repeat-encoded proteins that are translated 

using non-canonical initiation sites have been identified in aggregates in patients with 

repeat-expansion diseases, and many other repetitive proteins can be generated from RAN 

translation in vitro (Table 1; (Krans et al., 2016; Todd et al., 2013; Zu et al., 2011, 2013). For 

example, six RAN proteins, corresponding to all frames of sense and antisense transcripts, 

are produced from the hexanucleotide expansion found in an intron of C9ORF72, the most 

common familial cause of ALS and frontotemporal dementia (FTD) (Zu et al., 2013). 

Furthermore, three products are made from the sense or antisense transcripts from the 

55-200 CGG repeats found in the 5’UTR of FMR1 in fragile X tremor/ataxia syndrome 

(FXTAS; Sellier et al., 2017).

Due to their diverse structures and expression patterns, repeat-encoded proteins may 

contribute to pathogenesis in distinct ways. However, disruption of proteostasis may be a 

common mechanism of toxicity for many of these aberrant translation products. Consistent 

with this hypothesis, several RAN products from C9ORF72 (polyGly-Ala, -Gly-Pro, -Gly-

Arg, and -Pro-Arg) and FMR1polyGly have been linked to proteasomal dysfunction (Gupta 

et al., 2017; Oh et al., 2015; Yamakawa et al., 2015; Zhang et al., 2014b). 

C9ORF72polyPro-Arg is also associated with impaired autophagy (Gupta et al., 2017).

In addition to disrupting proteostasis, aberrant proteins from expanded repeats may 

sequester macromolecules. This in turn may lead to the formation of toxic oligomers and/or 

loss of function of sequestered proteins or RNAs. For example, Lee et al. (2016) 

demonstrated that C9ORF72polyGly-Arg and -Pro-Arg, but not the less toxic C9ORF72 

dipeptide repeat proteins, interact with large numbers of low-complexity domain (LCD)-

containing proteins such as RNA binding proteins. In doing so, these proteins change the 

concentration thresholds at which LCD-containing proteins undergo liquid-liquid phase 

separation, potentially sequestering LCD-containing proteins in inappropriate membraneless 

cellular compartments. Phase separation may contribute to the defects in nucleocytoplasmic 

transport and nucleolar function associated with C9ORF72polyGly-Arg and -Pro-Arg 

(Freibaum et al., 2015; Jovičić et al., 2015; Kwon et al., 2014; Tao et al., 2015). 

Interestingly, these proteins also interact nonspecifically with mRNAs, blocking their 

interactions with translation factors and thus diminishing global translation (Kanekura et al., 

2016). Less is known regarding the interactomes of other repeat-encoded proteins. However, 

computational analyses of the human interactome revealed that proteins containing certain 

non-expanded homopolymeric tracts are frequently associated with other proteins containing 

the same tract (Pelassa and Fiumara, 2015), which suggests that proteins with repeat 

expansions may have similar behavior.

The mechanisms underlying the non-canonical translation events in the nucleotide expansion 

diseases are only just emerging. However, recent evidence demonstrates that repeat length 

constitutes a major determinant influencing translation. While repeat length is often 

positively correlated with the levels of both AUG-initiated and RAN translation (Krans et 

al., 2016; Krauss et al., 2013; Scoles et al., 2015; Zu et al., 2011, 2013, 2017), RAN 

translation is only observed from transcripts with pathogenic repeats (Gaspar et al., 2000; 

Mori et al., 2013a; Todd et al., 2013; Zu et al., 2011, 2013). A similar dependence on 
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pathogenic repeat length has been observed for frameshifting (Saffert et al., 2016). However, 

for other RAN-translated or frameshifted proteins, the relationship between repeat length 

and protein levels is less clear (Kearse et al., 2016; Krans et al., 2016; Todd et al., 2013; 

Toulouse et al., 2005; Zu et al., 2011). The positive correlation between repeat length and 

non-canonical translation levels may be due to the tendency of longer repeats to form 

secondary structures. Repeats associated with RAN translation all form hairpins or a mixture 

of hairpins and G-quadruplexes (Ciesiolka et al., 2017; Sobczak et al., 2003; but see Guo 

and Bartel, 2016). Furthermore, RAN translation has not been observed from expanded 

repeats that do not form hairpins (Bañez-Coronel et al., 2015; Krauss et al., 2013; Toulouse 

et al., 2005; Zu et al., 2011).

One means by which hairpins in repeat expansion sequences may promote their translation 

is though the recruitment of the MID1 (midline 1) complex. The E3 ubiquitin ligase MID1 

and the adaptor protein IGBP1 (immunoglobulin binding protein 1) induce degradation of 

the protein phosphatase 2A catalytic subunit (PP2Ac/PPP2CA), which dephosphorylates 

mTORC1 (mTOR complex 1), leading to its disassembly (Krauss et al., 2013; Liu et al., 

2011). Interestingly, the MID1 complex appears to bind to expanded CAG repeats with 

higher affinity than to non-expanded repeats. In agreement with a role for MID1 and 

mTORC1 in promoting canonical translation of these transcripts, translation is increased 

upon inhibition of PP2Ac, and decreased upon knockdown of MID1 or inhibition of 

mTORC1 (Griesche et al., 2016; Krauss et al., 2013). Whether this mechanism also 

contributes to RAN translation is unknown.

In addition to the repeat itself, sequences flanking repeats can also influence non-canonical 

translation. Translation of most RAN products can be initiated within the expanded 

nucleotide repeat itself (Zu et al., 2011). However, initiation of these proteins can also occur 

at alternative sites upstream of the repeat. While poly(CAG) RAN translation was supported 

by a series of constructs with similar repeats but with unique upstream flanking sequences, 

the abundance and size of the RAN products varied, indicating translation initiates at 

multiple sites (Todd et al., 2013; Zu et al., 2011). In experiments comparing transcripts 

differing only in the presence or absence of an in-frame AUG codon upstream of the repeat, 

the presence of an AUG usually, but not always, resulted in greater translation, suggesting 

that some upstream sequences may influence start site selection by simply providing an in-

frame AUG start codon (Bañez-Coronel et al., 2015; Kearse et al., 2016; Krans et al., 2016; 

Scoles et al., 2015; Todd et al., 2013; Zu et al., 2011, 2013). For RAN products that do not 

initiate within the repeat, upstream sequences are essential. For example, initiation of 

FMR1polyGly primarily relies on an ACG upstream of the expanded repeat that is translated 

as Met (Sellier et al., 2017). However, translation can also initiate at alternative near-AUGs 

if the favored ACG is deleted, or if translation of the repeat is blocked with a stop codon 

between the ACG and the repeat (Kearse et al., 2016; Todd et al., 2013). In the absence of a 

near-AUG, translation of FMR1polyGly does not occur. In addition to regulation by 

upstream sequences, sequence downstream of repeats may also influence levels of RAN 

translation (Scoles et al., 2015; Zu et al., 2011).

While the initiation site of RAN proteins is non-canonical, evidence suggests that in some 

cases their production depends upon canonical translational mechanisms. RAN translation of 
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polyGly and polyAla from the 5’ UTR of FMR1 requires both the m7G mRNA cap and the 

helicase eIF4A (Kearse et al., 2016). This requirement suggests that RAN translation of 

FMR1 relies upon the 48S PIC scanning from the 5’ end of the transcript. Consistent with 

this hypothesis, placement of the repeat-containing FMR1 5’ UTR in the 3’ UTR of a 

reporter is not permissive for FMR1polyGly translation, presumably because the initiation 

complexes recruited at the 5’ end of the transcript dissociate at the stop codon before 

reaching the nucleotide repeat expansion (Todd et al., 2013). If all RAN translation were 

dependent upon scanning, the presence of an upstream AUG in a different frame would be 

predicted to diminish or prevent RAN translation. However, translation of most RAN 

products is unaffected by out-of-frame upstream AUGs (Bañez-Coronel et al., 2015; Krans 

et al., 2016; Zu et al., 2011, 2013). Furthermore, canonical cap-dependent translation is 

unlikely to be involved in the translation of repeats in introns or antisense transcripts.

Does repeat-associated translation cause human disease? When exogenously applied to cells 

in culture or when expressed in cells or in model organisms, many RAN products have been 

shown to be toxic. However, these proteins may be translated, trafficked, and degraded 

differently in patients than in cultured cells. In fact, Schludi et al., (2015) demonstrate that 

C9ORF72polyGly-Arg and -polyPro-Arg aggregates are paranucleolar in human patients, 

but nucleolar in rat hippocampal neuronal cultures, a finding which calls into question the 

relevance of the in vitro studies that showed that these proteins mediated nucleolar 

dysfunction. Furthermore, in patients with expansions in C9ORF72, the spatial distribution 

of most dipeptide repeat aggregates correlates poorly with cell death. C9ORF72 ALS 

patients experience upper and lower motor neuron death while C9ORF72 FTD patients 

primarily lose neurons in the frontal and temporal cortices, yet the two sets of patients have 

indistinguishable distributions of dipeptide repeats (Mackenzie et al., 2013). However, in 

contrast, aggregates of polyLeu-Pro-Ala-Cys in the brains of patients with myotonic 

dystrophy type 2 appear specifically in the regions with neuronal death (Zu et al., 2017).

Determining the pathogenicity of RAN translation products is complicated by the coincident 

presence of mutant transcripts. This problem can be addressed by experimentally altering the 

ratio of mutant transcript to protein. The toxicity of RAN products has been demonstrated 

directly by increasing the ratio of protein to RNA through exogenous application of 

synthetic peptides, addition of an upstream AUG to increase translation from an mRNA, or 

use of alternative codons that do not form RNA hairpins to encode the repetitive protein 

(Boeynaems et al., 2016; Freibaum et al., 2015; Kwon et al., 2014; Lee et al., 2016; May et 

al., 2014; Mizielinska et al., 2014; Wen et al., 2014; Yamakawa et al., 2015; Zhang et al., 

2014b; Zu et al., 2017, 2013). These approaches demonstrated the toxicity of arginine-

containing C9ORF72 RAN products. Furthermore, several groups have revealed the toxicity 

of RAN products indirectly by showing that the loss of RAN products reduces toxicity. For 

example, Todd et al. (2013) generated flies expressing a repeat-expanded FMR1 5’ UTR 

using either the complete UTR or a mutant UTR incapable of sustaining FMR1polyGly 

translation, and demonstrated that the presence of FMR1polyGly causes toxicity. 

Deployment of a similar strategy in transgenic mice revealed that FMR1polyGly production 

caused Purkinje cell death, various motor deficits, and premature death, while no pathology 

was observed in mice expressing the mutant mRNA lacking FMR1polyGly initiation sites 

(Sellier et al., 2017). While this approach allowed investigation of FMR1polyGly, it cannot 
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be readily applied to all contexts, as other RAN-translated proteins can initiate within the 

repeat itself. A clever alternative strategy to distinguish the effects of mutant RNA from 

those of RAN proteins is to specifically degrade RAN proteins; this approach confirmed that 

arginine-containing C9ORF72 RAN products are toxic (Lee et al., 2016).

Elongation Factors and Impaired Translational Fidelity in 

Neurodegeneration

Accurate protein synthesis depends on the selection of the cognate aminoacyl tRNA and the 

precise movement of the ribosome to the next codon, maintaining the reading frame of the 

mRNA. Although cells grapple with a fundamental tradeoff between translation elongation 

accuracy and speed, the error rate under normal circumstances is quite low, and is estimated 

to be around one amino acid misincorporated for every 103-104 codons. Errors in ribosome 

translocation leading to frameshifts, which are potentially more devastating to cellular 

fitness, are believed to be even more infrequent (reviewed in Prabhakar et al., 2017; Zaher 

and Green, 2009). The elongation factors eEF1A and eEF2 play essential roles in the 

delivery of the cognate aminoacyl tRNA to the A site of the ribosome and in its translocation 

along the mRNA after peptide bond formation, respectively. Mutation of these factors in 

yeast, or their orthologs in bacteria, reduces translational fidelity, indicating that they play an 

essential role in limiting amino acid misincorporation and reading frame errors during 

normal translation elongation (Carr-Schmid et al., 1999; Farabaugh and Vimaladithan, 1998; 

Hughes et al., 1987; Ortiz et al., 2006; Sandbaken and Culbertson, 1988; Vijgenboom and 

Bosch, 1989).

Several studies have observed decreased expression of eEF1A and eEF2 in the brains of PD 

and AD patients, as well as in mouse models of these diseases; however, the role of 

elongation in the pathogenesis of these disorders remains unclear (Beckelman et al., 2016a, 

2016b, Garcia-Esparcia et al., 2015, 2017; Hernández-Ortega et al., 2016; Li et al., 2005). A 

better understanding of the importance of these factors in disease is gained when we turn to 

genetic models and patients with mutations in these genes themselves.

Vertebrates have two eEF1A genes with distinct expression patterns. eEF1A1 is expressed 

ubiquitously during development, but is sharply downregulated in adult neurons and muscle, 

whereas eEF1A2 is restricted to neurons and muscle cells, and it undergoes significant 

upregulation over the course of postnatal development (Lee et al., 1993, 1995). The 

autosomal recessive wasted mutation in mice results in a complete loss of eEF1A2 

expression, causing motor neuron degeneration and concomitant muscle wasting after 

weaning (Table 2; Abbott et al., 2009; Chambers et al., 1998; Newbery et al., 2007). This 

restricted phenotype tracks beautifully with the spatial expression of eEF1A2. Although 

homozygous mutations in human eEF1A have not been reported, exome sequencing has 

identified de novo missense mutations in eEF1A2 in multiple patients with severe epilepsy, 

intellectual disability, and autistic-like behavior, often with accompanying signs of 

neurodegeneration, such as progressive microcephaly (Inui et al., 2016; Lam et al., 2016; de 

Ligt et al., 2012; Lopes et al., 2016; Nakajima et al., 2015; Veeramah et al., 2013). Although 

these mutations disrupt highly conserved amino acids, it is unclear whether they cause a loss 
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or gain of function. In addition, eEF1A has been reported to have several non-canonical 

functions, including actin regulation, further complicating our understanding of the putative 

mechanism in disease (Mateyak and Kinzy, 2010). Serendipitously, an eEF1A2 patient 

mutation (E122K) was characterized in a yeast study 30 years ago, where it was found to 

promote readthrough of UAG stop codons in a reporter construct, as well as allow 

production of a correct protein from a construct with an introduced frameshift mutation 

(Sandbaken and Culbertson, 1988). These studies suggest that the neuronal dysfunction 

observed in patients with eEF1A2 mutations could be due to deficient translational fidelity 

during elongation.

The discovery of a mutation in eEF2 linked to autosomal dominant spinocerebellar ataxia 

(SCA26), a neurodegenerative disorder characterized by Purkinje cell loss, further bolsters a 

pathogenic role for impaired translation elongation in neurons. The mutated residue, a 

conserved proline (P596H), is located in a loop near the so-called ‘anticodon mimicry’ 

domain of eEF2, which interacts with the ribosomal decoding center during tRNA 

translocation. The histidine substitution in SCA26 patients is predicted to contribute steric 

hindrance that interferes with ribosome translocation (Hekman et al., 2012). In agreement 

with this prediction, mutation of the equivalent residue in yeast resulted in an increased rate 

of frameshifting on a programmed ribosomal frameshifting (PRF) reporter containing a viral 

sequence that promotes ribosome pausing and frameshifting. Whether PRF sequences exist 

in Purkinje cells is unknown. Thus, the molecular mechanism underlying degeneration in 

patients may involve a general increase in frameshifting that leads to mistranslation and the 

production of abnormal polypeptides.

Defects in Aminoacyl tRNA Synthetase Function in Neurodegeneration

In addition to the elongation factors themselves, translation elongation relies on a steady 

supply of charged tRNAs, produced by the aminoacyl tRNA synthetases, and mutations in 

these enzymes have been linked to neurological and neurodegenerative disease. Aminoacyl 

tRNA synthetases catalyze the reaction in which an amino acid is covalently attached to a 

tRNA with a specific anticodon, resulting in a charged or aminoacyl tRNA. Dominant 

missense mutations in a large number of cytoplasmic tRNA synthetases have been linked to 

Charcot-Marie-Tooth disease (CMT; Abbott et al., 2014; Meyer-Schuman and Antonellis, 

2017; Park et al., 2008; Stum et al., 2011). However, the underlying molecular mechanism 

of these disorders has remained elusive. Many CMT-linked mutations seem to have no 

significant effect on the aminoacylation activity of the synthetase, and recent studies support 

a toxic gain of function mechanism, possibly involving the exposure of a neomorphic 

binding surface and resulting in aberrant protein interactions (He et al., 2015; Motley et al., 

2011; Seburn et al., 2006; Sleigh et al., 2017). In contrast, other CMT-linked mutations have 

been reported to cause a loss of charging activity, suggesting that haploinsufficiency of the 

enzyme may be a possible contributing factor (Griffin et al., 2014; McLaughlin et al., 2012). 

Supporting this hypothesis, recessive mutations in synthetases have been linked to 

neurodegenerative disease, as well as many multisystem disorders involving a wider range of 

tissues, and many of these mutations have been found to reduce aminoacylation activity in 
vitro (Kodera et al., 2015; McLaughlin et al., 2010; van Meel et al., 2013; Meyer-Schuman 

and Antonellis, 2017; Nakayama et al., 2017; Puffenberger et al., 2012; Simons et al., 2015; 
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Taft et al., 2013; Wolf et al., 2014; Zhang et al., 2014a). Impaired synthetase function may 

reduce the amount of charged tRNA available for translation elongation, with a possible 

increase in the levels of uncharged tRNA. Uncharged tRNAs produced as a result of amino 

acid deprivation have been reported to bind GCN2, leading to the activation of the ISR 

(Dong et al., 2000). Thus, loss of function mutations in synthetases could lead to global 

deficits in translation. Together, these disorders underscore the importance of these ancient 

enzymes in protein synthesis and neuronal function.

Accurate aminoacylation of tRNAs by their cognate synthetases is essential for faithful 

protein synthesis. The active sites of these enzymes distinguish cognate from non-cognate 

amino acids by steric hindrance; however, discrimination between structurally similar amino 

acids is difficult. Thus, a subset of synthetases utilize additional editing domains to 

proofread and remove non-cognate amino acids that are mistakenly activated by the enzyme 

(Guo and Schimmel, 2012; Ling et al., 2007; Schimmel, 2011). In mice, a spontaneous 

mutation, known as sticky because of the rough and unkempt coat of homozygotes, was 

found to reside in the editing domain of alanyl tRNA synthetase (AARS; Lee et al., 2006). 

These mice develop ataxia and have progressive cerebellar Purkinje cell degeneration. In 
vitro studies found that this mutation increases the mischarging of tRNAAla with serine, 

likely resulting in the random substitution of serine at some alanine codons during 

translation, introducing ambiguity in the genetic code. Treatment with serine, but not 

alanine, increased cell death in sticky mutant fibroblasts in a dose-dependent manner, 

suggesting that this mutation causes increased mistranslation in cells. In agreement, 

increased levels of molecular chaperones and ubiquitinated protein aggregates were 

observed in Purkinje cells of mutant mice. Although the defect in editing caused by this 

mutation is relatively mild and only increases the production of mischarged tRNAAla by 

about two-fold, it results in devastating neurodegeneration, highlighting the sensitivity of 

neurons to mischarging and consequent mistranslation.

The importance of translational fidelity in neuron survival is further supported by a study 

that investigated the effects of increased mischarging by a different tRNA synthetase. 

Mutations in the active and editing sites of the Drosophila phenylalanyl tRNA synthetase 

increased the mischarging of tRNAPhe with tyrosine, which resulted in misincorporation of 

tyrosine at phenylalanine codons. Mutant flies were sensitive to diets high in tyrosine and 

had increased endoplasmic reticulum stress, impaired locomotion, and neurodegeneration, a 

phenotype reminiscent of the sticky mice (Lu et al., 2014).

tRNA synthetases are ubiquitously expressed, as expected based on their essential role in 

translation. Thus, the restricted phenotype observed in the sticky mouse, and to a lesser 

extent in the Drosophila mutant, is unexpected. However, additional studies on a more 

severe AARS editing mutation revealed that other cell types, besides neurons, are vulnerable 

to mistranslation. Mice homozygous for a point mutation in AARS (C723A), which 

increases the production of tRNAAla mischarged with serine by about 15-fold over wild 

type, die before embryonic day 8.5 (Liu et al., 2014). Compound heterozygous mice with the 

sticky AARS in trans with either a loss of function allele or the severe AarsC723A allele 

displayed age-related cardiac fibrosis in addition to Purkinje cell loss. As previously 

observed in Purkinje cells in the sticky mutant mouse, ubiquitinated protein aggregates were 

Kapur et al. Page 13

Neuron. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



also observed in mutant cardiomyocytes. This differential vulnerability to translation 

infidelity may reflect the varying capacity of the protein quality control system in different 

cell types or expression patterns of modifier genes.

Defects in tRNA Expression and Processing in Neurodegeneration

Growing evidence indicates that mRNA translation is exquisitely sensitive to changes in 

tRNA levels, and mutations in numerous genes involved in tRNA expression and processing 

are associated with neurodegenerative disease. tRNAs are encoded by hundreds of genes in 

mammals and numerous studies have found that the expression of tRNA isoacceptor (tRNAs 

with the same anticodon) families varies between tissues (Goodenbour and Pan, 2006; 

Schmitt et al., 2014), and can be altered under disease conditions such as cancer (Gingold et 

al., 2014; Goodarzi et al., 2016; Pavon-Eternod et al., 2009). Changes in tRNA repertoires 

have been hypothesized to correlate with the codon usage of genes associated with cellular 

differentiation state, in order to fine-tune their translation (Gingold et al., 2014; Goodarzi et 

al., 2016; but see Rudolph et al., 2016).

tRNAs are transcribed by RNA polymerase III (Pol III) and must undergo numerous 

processing events to be functional, including removal of the 5’ leader and 3’ trailer 

sequences, splicing of introns, addition of the non-templated 3’ CCA end necessary for 

aminoacylation, and the covalent modification of many nucleotides (Figure 3). Disruption of 

any of these steps can seriously impair the production of mature tRNAs, altering the cellular 

tRNA pool. Missense mutations in POLR3A and POLR3B, which encode subunits that form 

the catalytic core of Pol III, have been linked to a heterogeneous group of autosomal 

recessive disorders known as leukodystrophies (Azmanov et al., 2016; Bernard et al., 2011; 

Saitsu et al., 2011; Shimojima et al., 2014; Tétreault et al., 2011). These diseases are 

characterized by decreased white matter and neuron loss in the cerebellum (La Piana et al., 

2014; Takanashi et al., 2014). Leukodystrophy has also been linked to mutations in 

POLR1C, which encodes a subunit of Pol III that is shared with RNA polymerase I, 

although Pol III assembly appears to be specifically affected by this mutation (Thiffault et 

al., 2015). The neural-specific effect of these Pol III mutations on the CNS is hypothesized 

to be due to impaired transcription of certain tRNAs that are critical in the CNS. This tRNA-

centric hypothesis is bolstered by the fact that recessive mutations in aminoacyl tRNA 

synthetases have also been linked to white-matter disorders (Taft et al., 2013; Wolf et al., 

2014). However, in addition to tRNAs, Pol III transcribes many other small non-coding 

RNAs, including the 5S rRNA, U6, 7SK, and RNase P RNAs. Indeed, decreased levels of 

multiple classes of Pol III transcripts, in addition to tRNAs, were observed in the blood of 

patients with one POLR3A mutation, leaving the underlying pathogenic mechanisms in 

these diseases murky (Azmanov et al., 2016).

Recent studies have linked recessive mutations in TRNT1, which encodes the 

nucleotidyltransferase responsible for adding the CCA trinucleotide to the 3’ end of both 

mitochondrial and cytoplasmic tRNAs, to diverse disorders characterized by microcephaly, 

cortical atrophy, sensorineural deafness and photoreceptor degeneration (Chakraborty et al., 

2014; DeLuca et al., 2016; Sasarman et al., 2015). The majority of the analyzed missense 

mutations impaired the ability of TRNT1 to catalyze the formation of the CCA 
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trinucleotides in vitro, and failed to complement the growth defect of CCA1 null yeast 

(Chakraborty et al., 2014). While TRNT1 activity should be essential for the production of 

all mature tRNAs, tRNAs that deviate from the canonical cloverleaf structure appear to be 

particularly sensitive and were the most prone to defects in CCA tail addition, suggesting 

that disease-associated mutations in TRNT1 may not affect the tRNA pool uniformly 

(Sasarman et al., 2015).

Mature tRNAs are heavily modified post-transcriptionally, and these modifications are 

essential for tRNA structure, stability, and function. Several human diseases, including 

neurological disorders, have been linked to mutations in tRNA modification enzymes, and 

this topic has been the subject of recent comprehensive reviews (Bednářová et al., 2017; 

Torres et al., 2014). Recently, homozygous mutations in KAE1 (kinase-associated 

endopeptidase; OSGEP), which plays a role in the biosynthesis of N6-

threonylcarbamoyladenosine (t6A) modifications of tRNA, have been linked progressive 

cerebellar atrophy and leukodystrophy (Edvardson et al., 2017). This modification is present 

at nucleotide 37 in the anticodon stem loop of nearly all tRNAs decoding ANN (where N is 

any nucleotide) codons, and defects in t6A biosynthesis in yeast lead to leaky scanning 

bypass of start codons, as well as impaired reading frame maintenance (Thiaville et al., 

2016). This suggests that certain hypomodified tRNAs can disrupt translation elongation and 

lead to neuropathology.

Approximately 6% of human tRNA genes contain introns that must be removed to produce 

mature tRNAs. Certain tRNA isoacceptor families are exclusively represented by intron-

containing tRNAs, highlighting the importance of proper splicing. Recessive mutations in all 

four subunits of the tRNA splicing endonuclease complex (TSEN), as well as in CLP1 
(cleavage and polyadenylation factor I subunit 1), a kinase involved in tRNA splicing, cause 

pontocerebellar hypoplasia (PCH), a heterogeneous group of neurodegenerative disorders 

with prenatal to neonatal onset characterized by cerebellar hypoplasia and microcephaly 

(Bierhals et al., 2013; Breuss et al., 2016; Karaca et al., 2014; Namavar et al., 2011; Schaffer 

et al., 2014). In addition, mice homozygous for a mutation in CLP1 that abolishes its kinase 

activity (Clp1K/K) display progressive loss of spinal motor neurons, and cortical 

microcephaly (Hanada et al., 2013; Karaca et al., 2014). Together, these disorders highlight a 

molecular link between tRNA splicing and neurodegeneration. tRNA splicing involves 

physical interaction of the TSEN complex and CLP1, and disease-associated mutations in 

TSEN15 and CLP1, as well as the kinase-dead mutation in CLP1, disrupt the assembly and 

in vitro activity of this complex. Surprisingly, although a reduction in the steady-state levels 

of mature tRNA was observed in CLP1 patient-derived induced neurons, no such reduction 

was detected in the spinal cord or fibroblasts of Clp1K/K mice, or in CLP1 patient 

fibroblasts. Thus, it remains unclear whether changes in the levels of mature tRNA and 

accompanying defects in translation elongation are involved in the disease mechanism. 

Alternatively, the accumulation of tRNA fragments derived from the aberrant processing of 

intron-containing tRNAs may impact disease pathology. Aberrant intermediates were 

consistently observed in both patient and Clp1K/K cells; however, the identity of the tRNA 

fragments differed. In the Clp1K/K mouse, 5’ tRNA halves (including the leader) were 

observed, while accumulation of the linear intron was detected in patient fibroblasts. Cells 
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expressing or exposed to these aberrant intermediates were more sensitive to oxidative 

stress-induced cell death, though the exact molecular mechanism remains unknown.

Defects in Angiogenin-mediated tRNA Cleavage in Neurodegeneration

Accumulating evidence indicates that tRNAs may serve as a source of diverse small non-

coding RNAs with a wide range of functions (Shigematsu et al., 2014; Sobala and 

Hutvagner, 2011). Recent studies suggest that defects in regulated tRNA cleavage are also 

associated with neurodegeneration. Mutations in the ribonuclease angiogenin (ANG) have 

been linked to familial and sporadic ALS and PD, though the penetrance of some of these 

mutations remains under debate (Aparicio-Erriu and Prehn, 2012; Chen et al., 2014; Corrado 

et al., 2007; Van Es et al., 2011; Fernández-Santiago et al., 2009; Greenway et al., 2006; Wu 

et al., 2007). Supporting a protective role for ANG activity, the majority of the patient 

mutations are predicted to disrupt its structure and function, and indeed, several patient 

mutations reduced its catalytic activity (Greenway et al., 2006; Wu et al., 2007). 

Recombinant ANG has been reported to be neuroprotective against excitotoxic and ER 

stress in primary motor neuron cultures, and to improve lifespan and motor performance in 

SOD1G93A mice (Kieran et al., 2008). ANG cleaves tRNAs in the anticodon loop, releasing 

5’ and 3’ tRNA halves in response to stressors such as heat shock or arsenite treatment 

(Figure 3; Fu et al., 2009; Yamasaki et al., 2009). ANG activation results in a decrease in 

protein synthesis, yet only a small subset of tRNAs are cleaved and intact tRNA levels are 

not altered. However, in vitro assays indicate that specific 5’ tRNA halves can repress 

translational initiation by displacing eIF4G and eIF4A from the 5’ end of mRNAs (Ivanov et 

al., 2011). Intriguingly, a recent study found that in addition to cleaving the anticodon loop, 

ANG cleaves the 3’ CCA trinucleotide that is necessary for the aminoacylation of all tRNAs. 

This cleavage occurs far more quickly than the generation of tRNA halves in response to 

stress, and can rapidly and dynamically be reversed by TRNT1 (Czech et al., 2013). Thus, 

the molecular mechanism underlying ANG-associated neurodegeneration may involve a 

disruption to the regulation of both translational initiation and elongation.

The importance of the regulation of ANG-mediated cleavage of tRNAs for neuronal 

homeostasis is further highlighted by the neurological defects linked to mutations in a tRNA 

methyltransferase, NSUN2. Nsun2-deficient mice display microcephaly, elevated stress 

granule formation, and increased apoptosis of cortical, hippocampal, and striatal neurons 

(Blanco et al., 2014). In patients, loss of function mutations in NSUN2 are linked to a 

disorder characterized by intellectual disability, as well as microcephaly and cerebellar 

atrophy (Abbasi-Moheb et al., 2012; Komara et al., 2015; Martinez et al., 2012). NSUN2 

catalyzes a widespread tRNA modification, cytosine-5 methylation (m5C), which decreases 

the affinity of ANG for tRNAs. The loss of m5C methylation in patient fibroblasts or Nsun2-

deficient mice leads to an accumulation of 5’ tRNA halves. Treatment of Nsun2-deficient 

mice with ANG inhibitors reduced stress granule formation and rescued neuron loss, 

suggesting that ANG-induced tRNA fragmentation may play a key role in the pathogenesis. 

These studies, together with the potential role of ANG in ALS and PD, suggest that ANG 

activity and substrate recognition must be exquisitely balanced in neurons, and any 

disruption can have detrimental consequences.
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Loss of a Single tRNA Gene: A Tipping Point for Neurodegeneration

As defective tRNA processing may affect levels of both tRNA fragments and mature tRNAs, 

the contribution of each to pathogenesis remains unclear. The recent discovery of a point 

mutation in a nuclear encoded tRNA in an inbred mouse strain has helped shed light on how 

changes in tRNA levels affect translation elongation (Ishimura et al., 2014). Ishimura et al. 

discovered that the commonly used strain, C57BL/6J (B6J), has a spontaneous single 

nucleotide mutation (C50T) in the T-stem of an arginine tRNA gene, n-Tr20 (n-Trtct5; 

tRNAArgUCU), that severely impairs processing of this tRNA, reducing its mature levels by 

about 80% (Figure 4). Mice have five tRNAArgUCU genes capable of decoding the cognate 

AGA codon in mRNA; however, surprisingly, n-Tr20 was specifically expressed in the brain, 

where it was the predominant member of this tRNA isoacceptor family. Ribosome profiling 

of cerebella revealed that the reduction in mature n-Tr20 in the B6J brain caused a 

significant increase in occupancy at arginine AGA codons, indicative of abnormal ribosome 

pausing. While B6J mice are healthy, the n-Tr20 mutation has devastating consequences in 

the presence of a second, ENU-induced, mutation in GTP-binding protein 2 (Gtpbp2). Mice 

that carry both mutations are profoundly ataxic, have widespread neurodegeneration in the 

cerebellum, cortex, hippocampus, and retina, and die by two months of age. GTPBP2 shares 

domain homology with a translational GTPase family that includes eukaryotic release factor 

eRF3 and the no-go/non-stop mRNA decay protein HBS1L. While eRF3/eRF1 acts to 

terminate translation at stop codons, the interaction of HBS1L with Pelota (Dom34 in yeast) 

has been implicated in non-canonical translation termination, and recycling ribosomes in the 

3’UTR (Guydosh and Green, 2014; Pisareva et al., 2011; Shoemaker et al., 2010). GTPBP2 

directly interacts with Pelota, suggesting that these proteins function as a novel ribosome-

recycling complex. This hypothesis was strongly bolstered by ribosome profiling data from 

cerebella of the double mutant mice, in which absence of Gtpbp2 was found to dramatically 

increase ribosome stalling at AGA codons. Thus, while the subtle translation elongation 

defect caused by the reduction of n-Tr20 expression in B6J mice is normally compensated 

for by GTPBP2, in its absence, prolonged ribosome stalls persist and cause 

neurodegeneration. Deletion of the n-Tr20 gene, resulting in a complete absence of mature 

n-Tr20 tRNA, severely exacerbated the phenotype of the Gtpbp2-/-mice, resulting in 

neonatal lethality and suggesting that the residual amount of mature n-Tr20 in B6J mice is 

sufficient to allow postnatal survival of the double mutants (Ishimura et al., 2016). Although 

Gtpbp2 is ubiquitously expressed, the phenotype in double mutants is confined to the 

nervous system, indicating that the brain-specific expression pattern of n-Tr20 may underlie 

the specificity of disease. Orthologues of GTPBP2 and n-Tr20 are present in humans, and a 

recent study linked a mutation in GTPBP2 to a family with cerebellar atrophy, retinal 

degeneration, and intellectual disability (Jaberi et al., 2016). While disruption of the 

ribosome recycling protein GTPBP2 causes devastating neurodegeneration in both humans 

and mouse, as of yet, there are no known neurological disorders associated with defects in 

canonical cytoplasmic translational termination.

Clearly, failure to recycle stalled ribosomes in mammalian neurons leads to 

neurodegeneration; however, the underlying molecular mechanism and signaling pathways 

that lead to cell death remain unknown (Ishimura et al., 2016). In investigating this question, 
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Ishimura et al. discovered an exciting link between the dysfunction of translational 

elongation and regulation of initiation. Analysis of the cerebellum from mice with mutations 

in both Gtpbp2 and n-Tr20 prior to the onset of neurodegeneration detected increased levels 

of phosphorylated eIF2α and significant upregulation of genes regulated by ATF4, 

indicating that the ISR is activated. Genetic experiments established that the ISR was 

dependent on GCN2, which has been shown to be activated by uncharged tRNA (Dong et 

al., 2000). However, in this mouse model, activation of GCN2 occurs independently of 

increases in levels of uncharged tRNA, and instead, ribosome stalling itself may activate this 

kinase through an as of yet unknown mechanism. Intriguingly, activation of the ISR is 

neuroprotective, and in its absence, neurodegeneration is more widespread and accelerated.

Defects in the Degradation of Aberrant Nascent Polypeptides

Ribosomes that stall during translation elongation, and cannot proceed to canonical 

termination, must either be recycled in order to re-enter the cellular pool, or targeted for 

degradation. In addition, the mRNA transcript, associated tRNAs, and the nascent 

polypeptide chain must be disassembled and degraded. The exciting topic of mRNA 

surveillance and ribosome quality control has been the subject of several recent reviews, and 

will not be discussed here (Brandman and Hegde, 2016; He and Jacobson, 2015; Joazeiro, 

2017). Failure to dissociate the stalled ribosomal complex can deplete the translational 

machinery, and this problem may be especially pronounced during local translation in 

neurons where this machinery is extremely limited. Emphasizing the importance of 

ribosome quality control in neuronal homeostasis, a recessive mutation in listerin (Ltn1), 

which encodes an E3 ubiquitin ligase, leads to neurodegeneration and motor dysfunction in 

mice (Chu et al., 2009). Listerin specifically ubiquitinates the nascent peptide chains of 

stalled ribosomes after ribosome splitting, and loss of Ltn1 in yeast results in the aggregation 

of stalled nascent polypeptides (Bengtson and Joazeiro, 2010; Choe et al., 2016; Shao et al., 

2013). Thus, neurons are extremely vulnerable to disruption at every stage of mRNA 

translation, from initiation to ribosome recycling.

Conclusions and perspectives

Accumulating molecular, cellular, and behavioral evidence points to the delicate regulation 

of mRNA translation as a key pathway underlying neuronal homeostasis. Recent advances in 

technology and new experimental approaches have allowed us to begin to grasp the variety 

of molecular mechanisms that fine-tune translation, the necessity of which is highlighted by 

the myriad of human neurodegenerative disorders linked to mutations in translational 

machinery. However, despite our rapidly improving knowledge, many questions remain 

unanswered.

Although mRNA translation is a fundamental process in all cells, disruption of translational 

machinery seems to preferentially result in neurological and neurodegenerative disorders. In 

some cases, the analysis of mutations in what were thought to be ubiquitously expressed 

translation factors has led to the discovery of novel spatiotemporal regulation of these genes. 

However, these findings raise additional questions regarding the role for such regulation. 

Recent studies suggest that heterogeneity in the translational machinery, such as that 
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observed for ribosomal proteins, may influence cell type- or developmental stage-specific 

translation (reviewed in Dinman, 2016; Xue and Barna, 2012). In addition, growing 

evidence indicates that many components of the translational machinery, including tRNA 

synthetases and tRNAs themselves, have a wide range of cellular functions (reviewed in Guo 

and Schimmel, 2013; Schimmel, 2017). An exploration of the canonical and non-canonical 

functions of these molecules is essential to our understanding of the phenotypes resulting 

from genetic mutations in translation factors.

Genetic modifiers are a particularly promising explanation for both tissue specificity and the 

variable penetrance of disease-linked alleles in human patients. For instance, loss of the 

ribosome recycling protein GTPBP2 only causes neurodegeneration in the mouse in the 

presence of a second mutation in a brain-specific arginine tRNA gene. This finding also 

demonstrates that far from being static adaptors in the translational machinery, tRNAs can 

play an essential role in fine-tuning translation. Indeed, synonymous or silent single 

nucleotide polymorphisms (sSNPs) have been linked to numerous human disorders, 

including neurological disease (reviewed in Sauna and Kimchi-Sarfaty, 2011), and a recent 

study suggests that the effect of sSNPs can be linked to the availability of the cognate tRNA 

(Kirchner et al., 2017). Similarly, frameshifting along an expanded poly(CAG) HTT reporter 

could be modulated by the expression levels of tRNAGln
CUG, as well as tRNAAla

UGC, the 

cognate tRNA for the frameshifted repeat (Girstmair et al., 2013). While no mutations in 

nuclear-encoded tRNAs have been linked to human disease as of yet, the possibility that 

polymorphisms in tRNA genes and their varying expression could modulate the penetrance 

of mutations in protein-coding genes and play a role in the genotype-phenotype relationship 

is intriguing.

Neurons may also be particularly susceptible to defects in proteostasis. These polarized cells 

require rapid and local protein synthesis for synaptic plasticity. Translation at the dendrites 

requires coordinated transport of the translational machinery such as tRNAs, ribosomes, and 

other factors as well as the mRNAs themselves. Could the supply of these factors be rate-

limiting at the synapse, making translation defects in the circumscribed environment of a 

dendritic spine particularly devastating for synaptic function and ultimately neuronal 

survival? Postmitotic cells with high metabolic demands, such as neurons and 

cardiomyocytes, may be particularly sensitive to subtle translation defects. Indeed, protein 

aggregates, including those induced by altered translational fidelity, are observed in both 

neurodegenerative and cardiac disorders (reviewed in Willis and Patterson, 2013).

The modulation of protein synthesis plays a key role in aging, and disruption of translation 

regulation can alter lifespan in various species (reviewed in Gonskikh and Polacek, 2017). 

What translational changes occur in neurons during aging, and how distinct are these from 

those observed in neurodegenerative disease? Furthermore, while translational disruptions 

such as mistranslation and ribosomal frameshifting and pausing underlie numerous 

neurodegenerative conditions, growing evidence suggests that these processes also occur at 

low levels in healthy cells where they may serve a regulatory function (reviewed in Pan, 

2013; Schwartz and Pan, 2017). Whether newly discovered translational events, such as 

RAN translation, are truly “non-canonical” or play a role in normal cellular function remains 

to be seen.
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Figure 1. Eukaryotic Cap-Dependent Translation Initiation and Key Regulatory Pathways
Initiation begins with the assembly of the 43S preinitiation complex (PIC), consisting of the 

40S small ribosomal subunit, eIF1, eIF1A, eIF3, eIF5, and the ternary complex eIF2-GTP-

Met-tRNAi. The PIC is recruited to the 5’ cap of the mRNA by the eIF4F complex (eIF4E, 

eIF4G, and eIF4A) and eIF4B. Circularization of the mRNA is promoted by interaction 

between eIF4G and PABP. The mRNA is scanned in a 5’ to 3’ direction until a start (AUG) 

codon is recognized, triggering the release of eIF1, inorganic phosphate (Pi), eIF5, and eIF2-

GDP. The joining of the 60S ribosomal subunit to the PIC and release of several initiation 

factors, including eIF1A, is catalyzed by eIF5B, leading to the formation of the elongation-

competent 80S ribosome. eIF2-GDP is recycled to eIF2-GTP by the exchange factor eIF2B. 

Under stress conditions, phosphorylation of the α-subunit of eIF2 (eIF2α) impairs recycling 

and ternary complex formation. Translation initiation is also regulated by mTOR, which can 

directly or indirectly phosphorylate eIF4G, eIF4B, 4E-BP, and PDCD4, promoting cap-

dependent initiation.
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Figure 2. Eukaryotic Translation Elongation, Termination, and Ribosome Recycling
In each elongation cycle, an eEF1A-GTP-aminoacyl (aa)-tRNA ternary complex binds the 

ribosome, with the anticodon loop of the tRNA in contact with the mRNA codon at the A 

site. Recognition of the codon triggers GTP hydrolysis and the dissociation of eEF1A-GDP. 

Peptide bond formation leads to large conformational changes in the ribosome, and the 

tRNAs transition into hybrid states, with their anticodon loops in the A and P sites, and their 

acceptor stems shifted to the P and E sites respectively. Binding of eEF2-GTP to the A site 

and subsequent GTP hydrolysis promotes the translocation of the ribosome, shifting the 

tRNAs into the canonical P and E sites and ratcheting the mRNA by exactly one codon. The 

ribosome is now poised for another cycle of elongation, with binding of an appropriate 

eEF1A-GTP-aminoacyl-tRNA complex to the A site, and release of the deacylated tRNA 

from the E site. The elongation process continues until a stop codon is reached that is 

recognized by eRF1-eRF3-GTP. Binding of this complex to the ribosome leads to GTP 

hydrolysis, and the release of eRF3-GDP and the polypeptide. Finally, ABCE1 facilitates 

subunit dissociation and recycling, regenerating the components for another round of 

translation.
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Figure 3. tRNA Processing in Health and in Neurodegeneration
Precursor tRNAs undergo numerous processing steps in order to form mature tRNAs that 

can be charged by their cognate aminoacyl tRNA synthetases. A small subset of tRNAs 

contain introns that are removed by splicing, and the tRNA splicing endonuclease (TSEN) 

complex, along with the kinase CLP1, play an essential role in this process. Disease-linked 

mutations in TSEN subunits or in CLP1 disrupt the assembly and activity of the TSEN/

CLP1 complex, impairing the processing of precursor tRNAs. This leads to the 

accumulation of intermediate fragments, and in some cases, a reduction in the level of 

mature tRNA available for charging. Mature tRNAs can be cleaved by a stress-activated 

ribonuclease, angiogenin (ANG). Cleavage within the anticodon loop releases tRNA halves, 

and specific 5’ tRNA halves can displace the eukaryotic initiation factors (eIF) 4G and 

eIF4A from the 7-methylguanosine (m7G) cap of the mRNA, repressing translation 

initiation. ANG can also remove the CCA tail (added by TRNT1) from the 3’ end of the 

tRNA, preventing charging by the synthetase, and thus inhibiting translation elongation.
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Figure 4. Ribosome stalling-mediated neurodegeneration
A processing mutation in n-Tr20, an arginine tRNA gene, in C57BL/6J mice significantly 

reduces the pool of tRNAArgUCU available for translation. This reduction leads to increased 

ribosome pausing on cognate AGA codons. GTPBP2 and Pelota play a role in the resolution 

of these paused ribosomes, and ribosome recycling may be accompanied by the degradation 

of the nascent protein and of the mRNA. In the absence of GTPBP2, ribosome pausing at the 

AGA codons is not resolved, leading to neurodegeneration. Ribosome stalling activates the 

integrated stress response (ISR) via the eIF2a kinase GCN2, and neurodegeneration is 

exacerbated in the absence of ISR activation.
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Table 2

Diseases Caused by Mutations in Genes Involved in Cytoplasmic Translation Elongation

Gene Inheritance Function Disease/Clinical Presentation References

Human Diseases

EEF1A2 De novo Delivery of aminoacyl-tRNA (aa-
tRNA) to ribosome during 
elongation

Progressive microcephaly with 
epilepsy, intellectual disability, 
autistic-like behavior

Inui et al., 2016; 
Lam et al., 2016; 
de Ligt et al., 
2012; Lopes et 
al., 2016; 
Nakajima et al., 
2015; Veeramah 
et al., 2013

EEF2 Dominant Translocation of ribosome after 
peptide bond formation

Spinocerebellar ataxia 26 Hekman et al., 
2012

AARS, GARS, HARS, 
MARS, YARS

Dominant Cytoplasmic tRNA synthetases Charcot-Marie-Tooth disease and 
other peripheral neuropathies

Reviewed in 
Meyer-Schuman 
and Antonellis, 
2017

AARS, DARS, HARS, KARS, 
QARS, RARS

Recessive Cytoplasmic tRNA synthetases Neurodegenerative disorders 
including peripheral neuropathy, 
progressive microcephaly, 
Usher’s syndrome, 
leukoencephalopathy

Kodera et al., 
2015; 
McLaughlin et 
al., 2010; Meyer-
Schuman and 
Antonellis, 2017; 
Nakayama et al., 
2017; 
Puffenberger et 
al., 2012; Simons 
et al., 2015; Taft 
et al., 2013; Wolf 
et al., 2014; 
Zhang et al., 
2014a

POLR1C, POLR3A, POLR3B Recessive RNA polymerase III subunits Leukodystrophy with 
accompanying neurodegeneration

Azmanov et al., 
2016; Bernard et 
al., 2011; Saitsu 
et al., 2011; 
Shimojima et al., 
2014; Tétreault et 
al., 2011; 
Thiffault et al., 
2015

TRNT1 Recessive Nucleotidyltransferase 
responsible for CCA addition to 
3’ end of tRNAs

Microcephaly, cortical atrophy, 
sensorineural deafness, 
photoreceptor loss

Chakraborty et 
al., 2014; DeLuca 
et al., 2016; 
Sasarman et al., 
2015

KAE1/OSGEP Recessive Biosynthesis of N6- 
threonylcarbamoyladenosine 
(t6A) modification on tRNAs

Microcephaly, cerebellar atrophy, 
renal defects

Edvardson et al., 
2017

CLP1, TSEN2, TSEN15, 
TSEN34, TSEN54

Recessive Splicing of intron-containing 
tRNAs

Pontocerebellar hypoplasia Bierhals et al., 
2013; Breuss et 
al., 2016; Karaca 
et al., 2014; 
Namavar et al., 
2011; Schaffer et 
al., 2014

ANG Dominant Stress-induced cleavage of 
tRNAs

Amyotrophic lateral sclerosis, 
Parkinson’s disease

Aparicio-Erriu 
and Prehn, 2012; 
Chen et al., 2014; 
Van Es et al., 
2011; Fernández-
Santiago et al., 
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Gene Inheritance Function Disease/Clinical Presentation References

2009; Greenway 
et al., 2006; Wu 
et al., 2007

NSUN2 Recessive Cytosine-5 methylation (m5C) of 
tRNA

Microcephaly, cortical atrophy, 
intellectual disability

Abbasi-Moheb et 
al., 2012; Komara 
et al., 2015; 
Martinez et al., 
2012)

GTPBP2 Recessive Ribosome recycling factor Cerebellar atrophy, retinal 
degeneration, intellectual 
disability

Jaberi et al., 2015

Mouse Models

Eef1a2 Recessive Delivery of aa-tRNA to ribosome 
during elongation

wasted phenotype–motor neuron 
loss and muscle wasting

Chambers et al., 
1998

Aars Recessive Cytoplasmic alanyl tRNA 
synthetase

sticky phenotype–Purkinje cell 
degeneration, and unkempt 
appearance of fur

Lee et al., 2006

Clp1 Recessive Splicing of intron-containing 
tRNAs

Clp1 kinase dead–motor neuron 
loss and microcephaly

Hanada et al., 
2013

Nsun2 Recessive Cytosine-5 methylation (m5C) of 
tRNA

Apoptosis of cortical, 
hippocampal, and striatal 
neurons; microcephaly

Blanco et al., 
2014

Gtpbp2, n-Tr20 Recessive Ribosome recycling factor, 
tRNAArg

UCU

Ataxia; degeneration of 
cerebellum, cortex, hippocampus, 
and retina

Ishimura et al., 
2014, Ishimura et 
al.,2016

Ltn1 Recessive E3 ubiquitin ligase, degradation 
of aberrant nascent chains

lister phenotype–progressive 
neurodegeneration, locomotor 
abnormalities

Chu et al., 2009
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