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Abstract

Dysregulation of protein translation is emerging as a unifying mechanism in the pathogenesis of many
neuronal disorders. Ribosomal RNA (rRNA) and transfer RNA (tRNA) are structural molecules that have
complementary and coordinated functions in protein synthesis. Defects in both rRNAs and tRNAs have been
described in mammalian brain development, neurological syndromes, and neurodegeneration. In this review,
we present the molecular mechanisms that link aberrant rRNA and tRNA transcription, processing and
modifications to translation deficits, and neuropathogenesis. We also discuss the interdependence of rRNA
and tRNA biosynthesis and how their metabolism brings together proteotoxic stress and impaired neuronal
homeostasis.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Types of RNA in a eukaryotic cell classically
included ribosomal RNA (rRNA), transfer RNA
(tRNA), and messenger RNA (mRNA). Over the last
decade, advances inRNA-sequencing (RNA-seq) and
transcriptome-wide analysis enabled the identification
of an increasing variety of non-coding RNA, such as
long non-coding RNA, microRNA, small nuclear RNA
(snRNA), small nucleolar RNA (snoRNA), piwiRNA,
and circular RNA (circRNA) increasing the complexity
of RNA-mediated regulation of physiological cellular
processes and disease mechanisms [1]. Although
rRNA and tRNA are usually excluded from these
transcriptomic studies, recent findings promoted the
need to revisit the function of these RNAs and their
integration into mechanisms regulating protein syn-
thesis and beyond. In addition, a novel class of small
RNAs was revealed using the RNA-seq data [2,3].
For instance, the fragmentation of tRNAs gives rise
to tRNA-derived small RNAs (tsRNAs) by the cleavage
r Ltd. All rights reserved.
at specific positions [4]. There are two main types
of tsRNAs: tRNA-derived fragments (tRFs; 14–30
nucleotides) and tiRNAs (tRNA-derived stress-
induced RNAs, or tRNA halves, 28–36 nucleotides),
both regulating the translation machinery and cellular
homeostasis by multiple mechanisms, including
mRNA stability, inhibition of translation initiation and
elongation, and ribosome biogenesis [5–8].
Recent reviews have outlined the up-to-date

functions of various RNA types in aging and age-
related diseases [1,4,9]. Here, we emphasize the
emerging roles of dysfunctional rRNA and tRNA in
neurological disorders in particular, but not exclu-
sively, those linked with cognitive decline and
neurodegeneration. After a brief summary of the
molecular and structural basis of rRNA and tRNA
synthesis, we describe recent evidence of rRNA-
and tRNA-mediated disease mechanisms. Finally,
we discuss how this knowledge can help the
identification of new therapeutic approaches and
the development of disease markers.
Journal of Molecular Biology (2019) 431, 1763–1779
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Snapshots of rRNA Synthesis and
Ribosome Biogenesis
rRNA synthesis takes place in the nucleolus, a

nuclear compartment not surrounded by membrane
in which ribosomal subunits are also assembled
(Fig. 1). Each rDNA repeat unit consists of a
conserved rRNA coding sequence transcribed by
the RNA polymerase I (RNA Pol I) and non-
conserved intergenic spacers. The mature 18S,
5.8S, and 28S rRNAs derive from an rRNA precursor
transcript (47S pre-rRNA) separated by externally
and internally transcribed spacers. The mature 80S
ribosome is composed of two subunits: the small
40S ribosomal subunit that contains the 18S rRNA
and 33 ribosomal proteins (RPs) and the large 60S
ribosomal subunit that comprises the 28S, 5.8S, and
5S rRNAs and 47 RPs [10].
Notably, the nucleolus consists of three regions

corresponding to three different steps in the synthe-
sis of rRNA and characterized by the expression of
typical markers with a specific role in rRNA
synthesis. In particular, these regions are as follows:
the fibrillar center (FC), where rDNA transcription
takes place; the dense fibrillar component (DFC),
where pre-rRNA is processed; and the granular
component (GC), also containing processing factors
and ribosomal proteins. At the electron microscopic
level, FCs are fibrillar regions enriched with RNA Pol
I–specific transcription factors including upstream
binding transcription factor 1 (UBTF1). DFCs are
highly electron-dense fibrillar regions that surround
FCs. DFCs are labeled with antibodies specifically
recognizing pre-rRNA processing factors including
fibrillarin. GCs, the granular regions outside of FCs
and DFCs, are enriched with assembly factors and
ribosomal proteins. During processing, the pre-40S
and the pre-60S ribosomal subunits are assembled
and exported to the cytoplasm where the mature
ribosomes are finally produced [11].
Ribosomal biogenesis is a process that requires the

tight coordination of the transcriptional activity of all
three RNA polymerases [12] that is in turn regulated
by environmental changes. Post-translational modifi-
cations of protein components of the transcriptional
machinery and histones as well as epigenetic
modifications at the rDNA loci affect initiation of
transcription [10].Moreover, the structure and function
of rRNAs are strongly influenced by a wide variety of
post-transcriptional modifications. These modifica-
tions regulate rRNA folding and within the ribosome
are located in regions interacting with tRNA and
mRNA [9]. 2′-O-ribose-methylation (2′Ome) and
pseudouridylation (Ψ) are the most frequent rRNA
modifications in eukaryotes. Interestingly, these
modifications are context-specific and depend on
extracellular changes, developmental and disease
state [13]. rRNA post-transcriptional modifications
have various functions being located at functional
sites within the ribosomes: they increase the stability
of the ribosome, the precision of protein synthesis,
and ribosomal specialization [14]. Importantly, not all
ribosomes are structurally and functionally identical
[13], and specialized ribosomes turn up to be a novel
strategy to regulate gene expression [15]. The
different affinity of ribosome components for specific
mRNAs is an emerging mechanism by which trans-
lation controls gene expression [16]. It has been
reported that subsets of mRNAs, involved in the
response to oxidative stress, depend on the loss of
specific rRNA modifications [17]. For example, the
reduced expression of the RNA methyltransferase
NSUN5, which catalyzes the post-transcriptional
modification 5- methylcytidine (m5C) in the 28S
rRNA, results in both reduced rRNA methylation and
altered translational fidelity, leading to increased
stress resistance by the translation of proteins
important for the stress response, for example,
involved in DNA damage repair [17].
Interestingly, these rRNA modifications are regu-

lated by nutrient availability and oxidative and heat
shock stress, tightening ribosome biogenesis and
function to environmental conditions, similarly to the
reprogramming of tRNA modifications observed
upon stress, that will be discussed later [18].
Moreover, the inhibition of rDNA transcription

resulting in the loss of nucleolar integrity and release
of nucleolar proteins in the nucleoplasm defines a
condition known as “nucleolar stress” [19,20]. Lately,
the functional implications of this condition have
been expanded by new evidence of the highly
dynamic nature of nucleolar assembly and associated
changes in protein composition [21]. An imbalance
in ribosome biogenesis, for example, by the accumu-
lation of specific ribosomal proteins, may lead to an
increased stability of the transcription factors p53, a
major player in the response to different types of
cellular stresses [22]. Interestingly, not only nucleolar
proteins are important for rRNA synthesis, they may
also regulate cell proliferation, differentiation, and
cell death [23]. The association between the nucleolus
and malignant cell transformation anticipated the
hypothesis that this organelle might play an active
role in disease pathogenesis rather than being an end-
effect of neoplastic transformation [19,24–27]. In the
last decade, a similar hypothesis peeked out in the
context of neurodegenerative disorders [23,28–31].
Several mechanisms can be envisaged by which
defective rRNA synthesis may have a deleterious
impact on neuronal well-being, although surveillance
mechanisms have been developed to detect and
eliminatemisprocessed rRNA. Intriguingly, a silencing
mechanism that can inhibit pre-rRNA expression, if
rRNA is not correctly processed, has been recently
proposed [32].
As summarized in Fig. 1, rRNA synthesis could be

dysregulated at different steps: changes in the number
of rDNA genes, defective rDNA transcription, and



Fig. 1. Overview of the main steps of rRNA synthesis and ribosome biogenesis. Schematic representation showing
rDNA genes, precursor-RNA transcription, and pre-ribosome assembly in the nucleolus (in the three sub-compartments:
FC, FGC, and GC), while mature ribosome assembly and mRNA translation occur in the cytoplasm. Mature ribosomes as
well as defective and misfolded proteins face quality control in the cytoplasm. The main critical steps that can be affected in
a neurodegenerative context with toxic consequences on protein translation and neuronal function and survival are
highlighted in red. Abbreviations: sp., spacer; cod, coding region; ETS, external transcribed spacer; ITS, internal
transcribed spacer.
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defective rRNA processing may result in defective
ribosomes. The result could be the accumulation of
aberrant proteins triggering the unfolded protein
response and disrupting proteostasis. In any case, it
is predictable that a deficit in protein synthesis, either in
terms of overall decrease in translation or in terms of
decreased accuracy leading to defective proteins, will
haveamajor impact onneuronal processesunderlying
cognitive functions, even before the impact on
neuronal survival. Because the role of dysfunctional
ribosomes in neurodevelopmental disorders and
pediatric neurodegeneration has been presented in-
depth in a recent review, it will not be addressed here
[33]. Examples of specific rRNA-mediated pathome-
chanisms in progressive neurodegenerative diseases
are summarized in the section below.
Altered rRNA Synthesis in
Neurodegenerative Diseases: Causes
and Consequences

Alzheimer's disease (AD), Parkinson's disease
(PD), Huntington's disease (HD), amyotrophic lateral
sclerosis (ALS), and frontotemporal dementia (FTD)
are all neurodegenerative disorders characterized by
the specific loss of particular populations of neurons
and a complex spectrum of symptoms. HD is a genetic
disorder of known origin; for all others, genetic causes
have been also identified. Importantly, to explain
variable disease onset and progression, environmental
and genetic predisposition by modifier genes needs to
be deeply understood. For all of these diseases, there
is still no cure.
Here we present recent work showing that dys-

regulation in rRNA synthesis is a hallmark of these
different neurodegenerative disorders, and that various
mechanisms underlying a dysfunctional synthesis of
rRNA exert toxicity and lead to neuronal death.

Synthesis of rRNA and AD

AD is a progressive age-related neurodegenera-
tive disease characterized by the progressive loss of
memory, executive function, language, and social
behavior. One of the pathological features of AD is
the oligomerization and aggregation of the amyloid
β-peptide (Aβ), forming amyloid plaques in the brain,
although their pathological role remains unclear [34].
Along with extracellular amyloid plaques, intracellu-

lar neurofibrillary tangles (NFTs) are hallmarks of AD
in the brain. NFTs represent misfolded Tau (tubulin-
associated unit) aggregates resulting from the poly-
merization of modified Tau protein. Although the
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mechanisms are still unclear, hyper-phosphorylated
Tau confers neurotoxicity. Interestingly, Tau is a
microtubule protein located in the nucleus and in the
nucleolus as well as shown in undifferentiated and
differentiated neuroblastoma (SHSY5Y) cells and in
human brain tissue [35,36]. Recent evidence shows
that Tau is involved under normal conditions in
silencing rDNA, because upon knockdown of Tau,
rDNA transcription increases in association with
decreased heterochromatin and DNA methylation.
Similarly, the re-localization of Tau under glutamate-
induced cellular stress results in a decreased synthe-
sis of the pre-rRNA and redistribution of nucleolar
proteins such as fibrillarin (FBL) and UBTF1. More-
over, glutamate causes redistribution of nucleolar non-
phosphorylated Tau leading to cell death [36].
Interestingly, the same group has shown that also
Aβ42 oligomers by changing the distribution and
phosphorylation status of Tau result in reduced
rDNA transcription and levels of 18S and 28S rRNA
in SHSY5Y cells [37]. The hypothesized cause is that
Aβ42 oligomers increase oxidative stress and by
changing tau phosphorylation and localization in the
nucleolus impair rRNA synthesis at early stages,
before neuronal death. Hence, these studies suggest
perturbed nucleolar-dependent signaling as initial
targets of toxic proteins in AD [37].
Interestingly, the genomic region containing the 18S

rDNA increases in the parietal cortex of AD patients
[38]. In the meantime, the increased copy number is
associated with increased rDNA promoter methyla-
tion, a signature of epigenetic silencing of rDNA. Aged
hippocampal neurons show down-regulation of rRNA
transcription. Nevertheless, it remained unclear
whether AD-associated epigenetic silencing is asso-
ciated with neurodegeneration [38]. More recently,
rDNA content and its methylation state have been
investigated in the cerebral cortex and cerebellum of
dementia-associated with Lewy bodies (DLB). rDNA
instability has been found in brain-derived autopsies
from patients with DLB in combination with rDNA
expansion in the cerebral cortex, mostly affected by
neurodegeneration in this disease [39]. It has been
proposed that rDNA instability affects maintenance of
heterochromatin with important implications for gene
expression and global genome stability. This work
supports a model in which lower rDNA content may
enhance theDNAdamage response, reducing control
over euchromatic gene expression and destabilizing
the chromatin architecture [39]. In turn, cells with the
higher genomic content of rDNA may become
overrepresented due to lower sensitivity to subse-
quent injuries. Thus, rDNA amplification in the
degenerating regions of the DLB or AD brain may be
a consequence of increased genotoxic stress [39].
These studies are particularly important in view of
the high variability in the number of rDNA copies and
the possibility of different levels of rRNA gene dosage
that has been already described in other pathological
contexts such as schizophrenia [40] and various
cancers [41]. Interestingly, this variation in rDNA
dosage in humans is inversely associated with
mitochondrial DNA abundance, suggesting a link
with mitochondrial function and oxidative damage as
well [42]. This dosage-dependent regulation is even
more complex given the discovery in mice of variant
rRNA (v-RNA) alleles with tissue-specific expression
that support the production of functionally specific
ribosomes [43]. Initial evidence of differential expres-
sion of v-RNA inmice that underwent a hippocampus-
dependent spatial memory task revealed an in-
creased rRNA synthesis associated with the upregu-
lation of a specific v-rRNA [44].
The role of the nucleolus and of rRNA transcription

in spatial learning has been recently demonstrated by
the effect of a compoundCX-5461, a specific RNAPol
I inhibitor, resulting in impaired memory consolidation
in mice [44–46]. Indeed, acute nucleolar disruption by
treatment with CX-5461 prevented the maintenance
of late-phase long-term potentiation (LTP) and
memory consolidation [47].
Importantly, similar to dentate gyrus and hippocam-

pus, the analysis of human cerebral cortex from
middle-aged and AD stages I–VI revealed down-
regulation of nucleolar proteins including nucleolin
(NCL), nucleophosmin 1 (NPM1), and NPM3 and
the UBTF1 at the mRNA and protein levels [48,49]
along with several ribosomal proteins and component
of the initiation and elongation translational ma-
chinery. Although there are stage- and region-specific
differences, the most remarkable differences concern
the comparison of these changes with those in the
somatosensory cortex of APP/PS1 transgenic mice,
used as a model of AD-like β-amyloidopathy: in this
model, it seems that some of the rRNAs and NCL as
well as RPs are upregulated [49], suggesting com-
pensatory mechanisms, common to other mouse
models, as explained in the case of PD genetic
models in the next section.
In the context of early mechanisms associated with

a dysfunctional nucleolus, we need to mention the
possible role played by the chromatin-remodeling
enzyme poly(ADP-ribose) polymerase-1 (PARP-1)
important in synaptic plasticity and memory consoli-
dation. Nucleolar PARP-1 in CA1 and CA4 hippo-
campal pyramidal cell neurons in AD is significantly
reduced compared to controls [50]. The proposed
model is that the absence of PARP-1 in nucleoli allows
for methylation of rDNA promoters silencing rRNA
transcription and resulting in nucleolar disruption [50].
Accordingly, we found that the induction of nucleolar

stress based on the conditional genetic ablation of
transcription initiation factor-IA (TIF-IA) in excitatory
hippocampal neurons in mice resulted in decreased
LTP [51]. However, it remains to be investigated the
impact on protein synthesis, in particular whether the
synthesis of specific proteins might be altered and
whether “specialized” ribosomes play a role under
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these circumstances. For example, initial evidence
in the same model showed that despite inhibition of
pre-rRNA synthesis, the total ribosome content was
mildly reduced; nevertheless, the RNA Pol I activity
was required for the pharmacological induction of
seizures [52]. Interestingly, the expression of specific
ribosomal proteins is upregulated by the induction of
pharmacologic epilepsy, supporting the hypothesis of
changes in ribosomal protein composition and in
ribosomal translational function.

Synthesis of rRNA and PD

PD is the secondmost common neurodegenerative
disease in patients older than 65 years. Over the
past 10 years, considerable efforts have gone into
improving diagnosis by imaging criteria and develop-
ment of biomarkers [53].
Alterations of nucleolar volume have been reported

already in 1982 in dopaminergic neurons of the
vulnerable substantia nigra in PD and in cases of
parkinsonism [54]. A later study, however, reported
that nucleolar size was not correlated with the size of
the typical presence of Lewy bodies [55].
We have shown that in PD human autopsies the

level of rDNA transcription, as well as the distribution
of nucleolar protein NPM1, is affected [56], and
we also recently found that TIF-IA mRNA is reduced
in PD dopaminergic neurons [57]. In essence, the
nucleolus (function and/or integrity) is altered in both
pharmacological PD models, based on neurotoxins
such 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) [56] and 6-hydroxydopamine (6-OHDA)
[58,59]. Interestingly, also various genetic mutations
known to be causative of PD affect rRNA synthesis
in mouse models [57,60,61].
A systematic analysis of PD (Braak stages 1–6) and

middle-aged (MA) brain tissues in various brain
regions including substantia nigra showed that several
components of the protein synthesis machinery from
regulators of rRNA synthesis to factors regulating
protein synthesis initiation are affected. In particular,
reduced mRNA expression of several nucleolar
proteins NCL, NPM1, NPM3, and UBTF1 and
diminished 18S rRNA and 28S rRNA was found.
Also the expression of several mRNAs encoding
ribosomal protein subunits in the substantia nigra
was reduced. Concomitantly, altered protein levels of
initiation factor eIF3 and elongation factor eEF2 were
found in the substantia nigra in PD. These observa-
tions further indicate marked region-dependent and
stage-dependent alterations in the cerebral cortex in
PD. Interestingly, the changes observed in substantia
nigra and cerebral cortex are associated with the
formation of α-synuclein oligomer promoting neurotox-
icity [62,63]. In agreement with these findings, we
found in a mouse model mildly overexpressing mutant
human A53T α-synuclein that this protein localizes
also at the nucleolus [57]. Interestingly, in this model,
weobserve an increasednumber of nucleoli labeledby
various nucleolar markers at an early pre-symptomatic
stage and a decreased rDNA transcription at later
stages [57], suggesting early compensatory
mechanisms.
In summary, these studies in human post-mortem

tissue samples and in pharmacological and genetic
PDmodels reveal that the integrity and function of the
nucleolus are affected with different modalities during
defined stages of the disease. The findings that the
number of nucleoli is actually higher in association
with a pre-symptomatic stage suggest that theremight
be metabolic compensatory mechanisms involving
nucleolar signaling as well. The further characteriza-
tion of this response requires additional studies, in
particular the association between nucleolar dynamic
and the accumulation of protein nuclear inclusions as
well as the association with changes in other cellular
organelles such the mitochondria.
In a mouse model of nucleolar stress in dopaminer-

gic neurons induced by the conditional ablation of
TIF-IA, we showed that this condition causes pro-
gressive neurodegeneration of substantia nigra do-
paminergic neurons associatedwith parkinsonian-like
phenotype, characterized by impaired motor coordi-
nation, downregulation of the mechanistic target of
rapamycin (mTOR) pathway and induction of oxida-
tive stress linked to reduced activity of the cytochrome
c oxidase, reinforcing the hypothesis that nucleolar-
dependent signaling events are relevant in PD
progression [56,57].

Synthesis of rRNA in HD and ALS/FTD

Despite its known genetic origin caused by the
expanded trinucleotide CAG repeat in the Huntingtin
gene, our understanding of the complex pathome-
chanisms underlying this disease is still incomplete.
The mutant Huntingtin (mHTT) protein affects
several cellular functions hindering the identification
of the primary pathogenic event [64,65].
Notably, Huntingtin and mHTT accumulate in the

nucleus [47,66] and mHTT mRNA down-regulates
rDNA transcription by interacting with NCL, while
mHTT protein acts on the acetyltransferase CREB-
binding protein (CBP), both required for the activity of
the RNA Pol I and rDNA transcription [67–70].
Recently, the transcription factor peroxisome
proliferator-activated receptor gamma coactivator 1
alpha (PGC-1α) has been shown to localize to the
nucleoluswhere it regulates the recruitment ofRNAPol
I and UBTF1 to the rDNA promoter [71]. Interestingly,
PGC-1α function is tightly linked to the cellular
energetic status, showing a novel important factor
regulating energy-dependent rDNA transcription.
These observations are particularly interesting for
their implications in HD pathomechanisms because
PGC-1α is downregulated in HD patients [72]. More-
over, we have previously shown that rRNA synthesis is
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impaired in the striatum of the rapid onset R6/2
transgenic mice overexpressing the N-terminus of the
human mHTT at an early stage [73]. Despite these
advances supporting the role of the nucleolus in HD,
the interdependence between nucleolar dysfunction
and the accumulation of mHTT nuclear inclusions in
HDprogression remainedunexploredand it represents
an important question for future research.
ALS and FTD are connected in a group of patients

showing progressive degeneration of motor neurons
and FTD. Problems in RNA homeostasis and protein
translation are a major feature of these diseases, and
excellent reviews have addressed their connection
with neurodegeneration in ALS and FTD [74–77].
Moreover, we have recently reported the association
and impact of the C9orf72 mutation in ALS/FTD with
nucleolar dysfunction in a dedicated review [78].
Nevertheless, it is important to mention here even
more recent studies, showing that neurotoxic poly-
dipeptides that form aggregates in patients with the
C9orf72 mutation, in particular poly-GR, are recruited
byNPM1 into the nucleolus, resulting in reduced levels
of ribosomes and translational rate in primary neurons
[79]. However, in tissues from patients, these poly-
peptides do not co-localize with the nucleolus [79,80],
suggesting highly dynamic processes. Importantly, the
analysis of mice expressing GFP-poly(GR)100 in the
brain shows impaired protein translation and co-
localize with ribosomal proteins, further supporting
the role of protein synthesis dysregulation in this
disease [81]. Although this study did not show
decreased rRNA synthesis in degenerating neurons
but rather a significant increase of pre-rRNA, it will be
important to further understand its functional impact on
neuronal homeostasis and disease progression [81].
In conclusion, the strong and early association

between a dysfunctional nucleolus and age-related
neurodegenerative disorders suggests an impor-
tant role of nucleolar-dependent signaling in these
diseases. In the next sections, we will show initial
evidence of deficits of tRNA synthesis in various
neurological disorders, although a link to neurode-
generative diseases, such as AD, PD, HD, and ALS/
FTD, is still missing, and we will discuss the link
between rRNA and tRNA deficits and convergence
on dysfunctional ribosomes.
Snapshots of tRNA Synthesis and
Maturation

tRNAs are central for the translation of the genetic
code into polypeptides. In this process, they recog-
nize the codons on the mRNA and carry the cognate
amino acid to the nascent polypeptide. tRNAs have
been among the earliest studied non-coding RNA
molecules; indeed, the first to be characterized was
an alanine tRNA from baker's yeast, and its structure
was published already in 1965 [82]. However, tRNAs
have received increasing attention in the recent
years because of their role in translational control.
tRNAs are transcribed as a long precursormolecule

that goes through several maturation steps before
becoming functional for protein synthesis (Fig. 2a).
Canonical tRNA genes contain highly conserved
motive residues located at predictable distances one
fromeach other. The secondary structure resembles a
“cloverleaf model”with stems and loops (Fig. 2b). The
single chain of tRNA is folded on itself to form five
arms. As a result of this folding, the 3′-end and 5′-end
lie adjacent to each other. Each arm consists of a
basal stalk and a loop. Two of the arms have a loop, a
D-loop that contains the modified nucleotide dihy-
drouridine and a Tψc-loop that contains thymine, a
base usually found in DNA and ψ, with a ribosome
recognition site. The third armknownas “variable arm”
has a stem with optional loop. At one end of the
chains, with a double-stranded structure in which the
5′ and 3′ ends are adjacent to each other, the amino
acid acceptor stem attaches to the amino acid by the
activity of specific aminoacyl-tRNA synthetase. Ma-
ture tRNAs display a three-dimensional L-structure
through intermolecular hydrogen bonding to position
the amino acid binding site at one end and the
anticodon at the other end. The anticodon is a three-
nucleotide sequence that interacts with an mRNA
codon through complementary base pairing. During
the translation process, charged tRNAs are properly
and dynamically positioned within the ribosome. This
process is mediated by specific interactions not only
with mRNA but also with translation factors and
ribosomal components [83].
In the human genome, 417 tRNA genes are

predicted for 47 anticodons of largely unequal copy
number (http://gtrnadb.ucsc.edu/genomes/eukaryota/
Hsapi19/) that decode the 20 standard amino acids,
plus selenocysteine [84]. tRNA genes with the same
anticodon sequences and different body are termed
“isodecoders,” while “isoacceptors” are tRNA genes
that read synonymous mRNA codons, which are
different codons for the same amino acid. The
expression of isodecoders is tissue-specific [85] and
can be differentially altered under diseases such as
cancer [86,87].
tRNAs in eukaryotes are transcribed by RNA Pol III

and tRNA gene annotation and tRNA quantification
has been obtained by RNA polymerase III chromatin
immunoprecipitation sequencing (ChIP-seq) [88] on
the assumption that RNA Pol III binding always leads
to a productive and completely processed tRNA
molecule. However, as for the pre-rRNA, to become
functional, tRNAs undergo a series of processing
steps and chemical modifications including the
following: trimming of 5′ leader and 3′ trailer, splicing
of introns, modifications of nucleosides, and addition
of CCA [89]. The 5′ processing of precursor tRNA
occurs by cleavage by RNase P, usually before 3′
processing that is a more complex process. A major



Fig. 2. Synthesis and structure of tRNA including post-transcriptional modifications. (a) The main steps of tRNA
synthesis are summarized here, as described in the text. The processes affected in various neurological disorders are
highlighted in red. (b) Cloverleaf model with stems and loop showing the secondary structure of mature tRNA.
Modifications and enzymes underlying deficits of tRNA and consequently of translational functions are highlighted,
including those known to be involved in various neurological disorders (see text for details).
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pathway for 3′ processing is catalyzed by the RNase
Z, which cut the 3′ trailer to generate a new 3′
end site to which CCA is added. Precursor RNA 3′
end formation begins with RNA Pol III termination
generating a variable length 3′ UUUN motive recog-
nized by La binding chaperones. These are a
conserved class of eukaryotic RNA-binding proteins
that assist folding and processing of tRNAs and other
transcripts synthesized by the RNA polymerase III
[90]. La binding protects RNA 3′ end from exonucleo-
lytic digestion that would otherwise be degraded by
the nuclear surveillance system and facilitates the
RNAseZ endonucleolytic removal of the pre-tRNA
trailer [91]. Alternatively, RNA Pol III-intrinsic 3′
exoribonuclease activity mediated by the subunit
Rpc11p can digest the trailer until the discriminator
base and the CCA can then be added [91].
Interestingly, La function is regulated by stress.
Indeed, upon DNA damage, nuclear localization of
phosphorylated La is altered, and La is dephosphor-
ylated and removed from the nuclear pre-tRNAs [92].
Notably, tRNA gene transcription occurs in the

nucleolus; indeed, tRNA genes, though dispersed in
the genome, co-localize with 5S ribosomal DNA and
U14 snRNA at the nucleolus [93]. Before exiting the
nucleus, pre-tRNAs undergo processing at their 5′
and 3′ ends as well as numerous nucleoside
modifications. tRNAs are delivered to the cytoplasm
in a step termed “primary tRNA nuclear export.”
While alternative export mechanisms exist, export of
tRNA by exportin-t, for example, requires fully
processed tRNA, providing a mean to proofread
tRNAs before they leave the nucleus [94]. Surpris-
ingly, tRNA nuclear-cytoplasmic traffic is bidirection-
al. Cytoplasmic tRNAs are imported back to the
nucleus by the “tRNA retrograde nuclear import” step
and again back to cytoplasm via “tRNA nuclear re-
export”. At each of these steps, tRNAs undergo
maturation processes, chemical modifications, and
eventually repair [94]. This traffic has been hijacked
by viruses, such as HIV, that seems to use tRNAs to
promote the nuclear import of the reverse transcrip-
tion complex [95].
This dynamic relocalization between the nucleus,

cytoplasm, and also mitochondrial surface is con-
served from budding yeast to vertebrate cells, and
tRNA nuclear accumulation is observed in budding
yeast under nutrient deprivation [96]. Contextually, it
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has been observed that initiator tRNAMet is actively
translocated into the nucleus of human cells under
heat stress [97].
The spatial re-distribution of the translation ma-

chinery is a process of particular importance in
neurons, in particular for synaptic local translation,
and it is tempting to speculate that mechanisms
that modulate neuronal protein translation may act
by sequestration of cytoplasmic tRNAs in the
nucleus or other compartments away from the
protein synthesis machinery.
Altered tRNASynthesis andModifications
in Neurological Disorders

As for the rRNA, disruption of any tRNA maturation
steps can impair the production of mature molecules,
altering the cellular tRNA pool and impacting neuronal
homeostasis on multiple levels. For example, muta-
tions in the largest catalytic core of Pol III as well as in
the various cytoplasmic aminoacyl-tRNA synthetases
that catalyze the aminoacylation of specific amino
acids in the tRNAhave been linked toHypomyelinating
Leukodystrophies. These represent genetic neurode-
generative disorders characterized by insufficient
myelin deposition during development with a clinical
manifestation that often includes early-onset nystag-
mus, ataxia, and spasticity. The hypothesized patho-
genetic mechanisms involve impaired availability of
tRNAs resulting in reduced translation capacity and
insufficient myelin deposition [98].
Moreover, a broad range of central and peripheral

nervous system diseases is caused by pathogenic
variants in genes encoding aminoacyl-tRNA synthe-
tases and their interacting proteins, for example, the
Charcot–Marie–Tooth disease type 2D or epileptic
encephalopathy [98]. However, the bases of the
specific effects on myelination are still not understood.
The specific expression of isodecoder represents an
additional potential mechanism. For example, in
mutant mice, a genomic mutation that significantly
reduces the expression of a tRNAArg

UCU isodecoder
specifically expressed in the brain increased ribosome
pausing at AGA codons and resulted in neuro-
degeneration, likely due to protein misfolding [99],
explaining the cell-specific phenotype.
An additional process that when dysfunctional may

underlie tRNA-deficit-dependent neurodegeneration is
tRNA splicing. Twenty-eight human tRNA genes
contain introns that need to be removed to produce
mature tRNAs by the tRNA splicing endonuclease
complex (TSEN) [100,101]. Interestingly, brain tran-
scripts show the highest level of alternative splicing
compared to those transcribed in other tissues, and it
has been proposed that mutations in components of
the splicing machinery can account for specific
neurological disorders [102]. In addition, new evidence
suggests that in the mammalian cortex, the RNA-
binding protein La could also interact with nuclear
pre-tRNA splicing intermediates and it could regulate
the tRNA maturation pathway [90,103]. A molecular
link between tRNA splicing and neurodegeneration is
demonstrated by mutations in the TSEN complex.
Indeed, mutations in several family components
(TSEN2, TSEN15, TSEN34, and TSEN54) have
been identified in pontocerebellar hypoplasias, a
heterogeneous group of neurodegenerative disorders
with prenatal to neonatal onset characterized by
cerebellar hypoplasia and microcephaly [100,104].
Notably, a putative non-catalytic mutation in TSEN54
that is highly expressed in the pons and cerebellar
dentate regions of the developing brain suggests the
cause of these tissue-specific deficits [104]. Another
molecular link between tRNA splicing and pontocer-
ebellar hypoplasia is demonstrated by mutations in
the cleavage and polyadenylation factor 1 (CLIP1),
which abrogate the interaction of pre-tRNA with
TSEN complex. This causes a reduction in pre-tRNA
cleavage and an accumulation of non-spliced tRNA
and fragments [105,106].
It remains unclear whether changes in the levels

of mature tRNAs and accompanying defects in
translation elongation are involved in the disease
mechanism. Alternatively, the accumulation of
aberrant intermediate tRNA fragments derived
from the aberrant processing of intron-containing
tRNAs may impact disease pathology [105,106].
All RNA species carry modified nucleosides, and

RNA modifications are particularly enriched in
cytoplasmic and mitochondrial tRNAs, with over 80
modifications reported [107]. This process repre-
sents another important possibility of defective tRNA
function and translational dysregulation. Indeed a
human tRNA can contain between 11 and 13
different modifications that are deposited at different
steps during its maturation and that regulate the
structure and function of tRNAs, influencing all
aspects of tRNA activity including decoding
[108–110]. The modification range from simple
methylation like 2′Ome, 1-methyladenosine (m1A),
and m5C can be the result of base isomerization
reactions like Ψ, but some RNA nucleotides also
carry rather complex modifications such as queuo-
sine (Q). A big variety of modifications are located in
the tRNA anticodon loop, where they play a key role
in the codon/anticodon pairing, reading frame
maintenance, and decoding process. In particular,
position 34, corresponding to the first base of the
anticodon loop of tRNAs, is subject to various
modifications, depending on the tRNA isoacceptor
[110].
The human brain is particularly sensitive to tRNA

modifications defects, and several neurological
disorders have be attributed to mutations in genes
that affect the tRNA post-transcriptional modifica-
tions [111]. Besides their direct role in RNA stability,
folding, and binding, these modifications may act as
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sensors that transduce altered metabolic state, due
to stress inputs, to translational output [112]. In the
following section, we will discuss distinct tRNA
modifications that have been primarily connected
to neurological disorders.

tRNA modifications associated with neurologi-
cal disorders

Mature tRNAs are heavily modified post-
transcriptionally, and these modifications are essen-
tial for tRNA structure, stability, and function. The
function of a modification depends on both its location
in the tRNA structure and its chemical nature. As
reported below, several human diseases, including
neurological disorders, have been linked to mutations
in enzymes that modify the tRNA [111].
Inosine (I) at the tRNA position 34 is produced by

adenosine deamination catalyzed by the heterodi-
meric adenosine deaminase enzymes acting on
tRNAs (hetADAT). Inosine in the tRNA anticodon
expands the decoding capacity of individual tRNAs,
therefore reducing the required number of tRNA
species for codon–anticodon recognition [113]. A
missense mutation in adenosine deaminase tRNA
specific 3 (ADAT3), one subunit of hetADAT, leads
to intellectual disability (ID) and strabismus, indicat-
ing the functional relevance of the I34 editing for
proper neuronal development [114].
5-Methylcytidine (m5C) stabilizes the tRNA struc-

ture and protects tRNAs against endonucleolytic
cleavage by the ribonuclease 5 (also known as
angiogenin, or ANG) [115,116]. C48, C49, and C50
of the vast majority of tRNAs, as well as C34 in the
anticodon loop of tRNALeu

CCU, are methylated by
the methyltransferase NSun2 [116,117], C72 in
tRNACys and tRNAThr by NSun6 [118], and C38 of
tRNAAsp,Gly,Val by Dnmt2 [116]. Loss of DNMT2-
mediated methylation at the anticodon loop causes
both tRNA-specific fragmentation and codon-
specific mistranslation. The double knockout of
Dnmt2 and NSun2 in mice revealed the importance
of m5C for global protein translation and cortex
differentiation [116]. In addition, human and mouse
genetics variants of NSUN2 have also been linked to
microcephaly, cortical atrophy, and ID such as is
seen in Dubowitz-like syndrome [119–121]. In both
human and mouse model systems, the loss of m5C
methylation leads to an accumulation of tRNA
fragments. Furthermore, treatment of Nsun2-
deficient mice with the ANG inhibitor N65828
inhibited cleavage of tRNA, reduced stress granule
formation, and rescued apoptosis in response to
cellular stress, suggesting that accumulation of
cleaved 5′ tRNA fragments may play a role in the
pathogenesis and that ANG inhibition may represent
a potential treatment [119].
ID is a highly heterogeneous disorder defined by

limitations both in intellectual functioning and in
adaptive behavior expressed by conceptual, social,
and practical adaptive skills. ID seems a common
feature of several autosomal mutations identified in
tRNA modification genes. Indeed in addition to the
above-described ADAT3 and NSUN2 mutations, a
homozygous truncationmutation in PUS3was recently
shown to segregate with ID. PUS3 is a member of the
highly conserved TruA/Pus3 family of pseudouridy-
lases, which catalyzes isomerization of uridine to Ψ at
U38 and 39 in the anticodon-stem loop of tRNAs [122].
Another example is the tRNA methyltransferase 1
(TRMT1) that catalyze the formation of dimethylation of
guanosines (m2

2G) at position 26 of several tRNAs.
Inactivation of this gene by a homozygous frameshift
mutation is a biomarker for recessive ID and cognitive
disorders [123].
Another strong link between ID and a tRNA

modification gene is shown in non-syndromic X-
linked ID (NSXLID) due to mutations in FTSJ1, a
methyltransferase that catalyzes the 2′-O-ribose
methylation of nucleotides at positions 32 and 34
of the substrate tRNAs [124].
A prominent role assigned to Elongator, a multi-

subunit protein complex of 6 ELP proteins, is the
modification of wobbles uridine, U34 in cytoplasmic
tRNAs. Elongator is required for the addition of 5-
methoxycarbonylmethyl (mcm5), 5-carbamoylmethyl
(ncm5), or 5-methoxycarbonylmethyl-2-thiouridine
(mcm5s2U) groups to U34 of 11 tRNA species in
yeast, and this function is conserved in nematodes
and mammals [125]. Elongator subunits ELP2 have
also been linked to ID [126], whereas other Elongator
subunits have been associated with a wide range of
neurological disorders. Human variants of ELP3 have
been associated with ALS, familial dysautonomia
(FD), and motor neuron degeneration [123,127].
Depletion of the Elongator complex component Elp3
in mutant mice triggers the unfolded protein response
(UPR) through interference with codon translation
speed. UPR activation impairs the balance between
direct and indirect neurogenesis, leading to premature
differentiation [128]. Also ELP1 mutations have been
linked to autosomal recessive FD, a hereditary
sensory and autonomic neuropathy characterized by
the progressive degeneration of the sensory and
autonomic nervous system. FD patients showed a
mutation in the donor splice site of intron 20 of the
ELP1 gene, resulting in aberrant splicing [129], and
their cerebrum and fibroblasts have reduced levels of
mcm5s2 modifications at tRNA U34 [130]. Finally,
mutations of ELP4 have been reported also in a
benign form of child epilepsy affecting motor function,
atypical rolandic epilepsy, in which Elongator deple-
tion resulted in the brain-specific down-regulation of
genes implicated in cell motility and migration [131].
In addition to the pathologies connected with

cognitive disorders, there is a growing list of human
neurological diseases linked to abnormal tRNA
modification associated with severe growth
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phenotypes, for example, a form of severe micro-
cephalic primordial dwarfism with brain malforma-
tion (microcephaly, agenesis of corpus callosum,
and simplified gyration), a severe encephalopathy
with seizure, and global developmental delay
caused by mutation of WDR4, a subunit of the
m e t h y l t r a n s f e r a s e t h a t c a t a l y z e s 7 -
methylguanosine modification of residue G46 of
tRNA [132]. Recently, homozygous mutations in the
kinase-associated endopeptidase KAE1, which
f u n c t i o n s i n t h e b i o s y n t h e s i s o f N 6 -
threonylcarbamoyladenosine (t6A) modifications at
nucleotide 37 in the anticodon stem loop of nearly all
tRNAs decoding ANN (where N is any nucleotide)
codons, have been linked to a severe microcephaly.
The patients showed failure to thrive, with micro-
cephaly, nystagmus, hypotonia, and gross motor
delay, with both comprehensive and expressive
language skills being severely impaired [133].
Queuosine (Q) is a 7-deaza-guanosine nucleoside

that is irreversibly incorporated by a base-exchange
reaction at position G34 into tRNAs with GUN
anticodons by the tRNA-guanine transglycosylase
(TGTase) enzymatic complex. Eukaryotes obtain
the queuine base or its analogs, as a micronutrient
from dietary sources and from the gut microbiota
[134,135]. We recently demonstrated that nutrition-
dependent levels of queuosinylated tRNA (Q-tRNA)
control protein translation on the translatome scale.
Indeed, reduced Q-tRNA and the consequent reduced
m5C38-tRNAAsp

GUC modification affect translational
speedat cognate codons [136]. Their cumulativeeffects
deregulate protein translation by modifying the amino
acid composition of the cellular proteome, resulting
in unfolded proteins, protein aggregates, endoplasmic
reticulum stress, and altered cell growth signaling.
Germ-free mouse model (axenic mice) fed a Q-free
synthetic diet-depleted Q-tRNA from highly prolifer-
ative tissues, such as the liver, whereas the brain
retained high levels of Q-tRNA, an efficient salvage
mechanism of this metabolite in neurons [136].
Deficiency of queuine in human HepG2 cells and
mouse mutants for the TGTase complex shows
impaired ability to produce tyrosine from phenylala-
nine [137] with the potential to influence production of
monoamine neurotransmitters such as dopamine,
with potential implications for neurological disorders
related to dopamine imbalance that, however, remain
to be investigated. Furthermore, in a mouse model
of multiple sclerosis, recent evidence suggests that
queuine tRNA incorporation contributes to the
pervasive encephalomyelitis observed in this dis-
ease [138]. The administration of a de novo
designed eukaryotic TGTase substrate (NPPDAG)
relieved clinical symptoms in mouse models due to
reduction in effector immune cell proliferation and
activation [138].
All described links between tRNA modifications

enzymes and the consequent abnormal brain
development and neurological disorders point to a
functional association between aberrant tRNA mod-
ifications and development of neurological disease,
presumably because of impaired protein synthesis,
due to a direct effect of modifications on decoding
properties, due to fidelity and translation elongation,
or because lack of some modifications affects tRNA
stability, tRNA fragments accumulation, and by that
the protein synthesis machinery.
rRNA and tRNA Synthesis: Converging
Neuropathogenic Mechanisms

As indicated above, rRNA and tRNA synthesis and
functions are strongly linked to the stress conditions
[139]. At the structural level, rRNA and tRNA interact
within the ribosomes in multiple points to ensure a
correct positioning and function. Hence, the produc-
tion of aberrant rRNA and tRNA due, for example,
to defects in their synthesis, processing, and post-
transcriptional modifications (Figs. 1 and 2) may
have deleterious consequences on protein synthesis
[9]. Both tRNA and rRNA share similar if not identical
chemical modifications that are responsible for
folding, stability, and translation performances.
tRNA selection inside ribosomes may affect decod-
ing properties of elongating ribosomes, in response
to genetic instances, environmental cues, and stress
conditions. Although this convergence between
rRNA and tRNA is predictable, some examples
clearly show potential mechanisms underlying their
relationship in a neuropathological context.
On this side, mutations in the ribonuclease ANG,

which mediates the cleavage of tRNAs, have been
linked to familial and sporadic ALS and PD [140,141]. In
particular, most missense mutations in ANG that inhibit
its RNAase activity are associated with ALS [142].
Moreover, variants in theANGgene are also associated
with PD [143] and AD [144].
ANG is a neuroprotective factor that prevents

neuronal death induced by various stresses [145].
Stress conditions may induce the re-localization of
various ribonucleases from the nucleus to the
cytoplasm, including ANG that promotes formation
of blood vessels and the survival of motor neurons
[146]. Under stress conditions, ANG is accumulated
in cytoplasmic compartments and modulates the
production of tiRNA, which have been implicated in
inhibition of protein synthesis, formation of stress
granules, inhibition of apoptosis via interaction with
cyt c, and alteration in tiRNAs biogenesis, which
have been linked to broad ranges of human disease
syndromes [147]. Thus, ANG-mediated tiRNAs
reprogram protein translation, save anabolic ener-
gy, and promote cell survival [148]. Otherwise,
under growth stimuli, ANG translocates to the
nucleus, where it stimulates rRNA transcription
accumulating in the nucleolus, thus promoting cell
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growth [149]. Therefore, ANG can both stimulate rRNA
transcription and degrade tRNA [140,150]. This dual
function connects reduced rRNA transcription and
degradation of tRNA, a mechanism of protein synthesis
reprogramming during stress [151,152].
Intriguingly, Q modification protects cognate

full-length tRNAs against ANG and alters the
cellular content of their fragments in vivo depending on
cellular stress [153], similarly to the protection observed
by Dnmt2-mediated methylation [115]. Furthermore,
Dnmt2-dependent tRNA methylation is dynamically
modulated by queuosine [136]. These characteristics
link diet and microbiome that strongly influence queuo-
sine to the regulation of protein synthesis in the cellular
stress response.
Recently, it has been shown that a specific tRNA

fragment, tsRNALeu
CAG, decreased the abundance of

40Sand 80S ribosomal complexes and increased 60S,
suggesting impaired assembly of the 80S ribosome.
This led to the discovery that tsRNALeu

CAG acts at the
translational level on the biosynthesis of specific
ribosomal proteins, RPS28 and RPS15, while their
mRNA abundance was not affected. These data
support the hypothesis that tsRNALeu

CAG is involved
in unfolding the duplexed secondary structures of RP
mRNAs at the mRNA targeting site, thus facilitating
ribosome protein biogenesis [154]. Another example of
convergence between rRNA and tRNA is the observa-
tion that the conditional knockout of La, the RNA
binding protein that protects nascent RNA synthesized
by RNA Pol III from 3′ exonucleases, results in
progressive neurodegeneration. Interestingly, non-
phosphorylated La is located in the nucleolus in the
DFC and interacts with NCL, involved in rRNA
biogenesis [155]. Phosphorylated La instead is located
in the nucleoplasm, where it associates with the
nascent pre-tRNAs. The La knockout mice show
increased 5.8S rRNA and defective pre-tRNA and
pre-rRNA processing leading to progressive neurode-
generation with loss of cortical brain mass [155].
Other neurological disorders are associated with both

mutations in the RNA Pol I and decreased RNA Pol III
activity such as hypomyelinating leukodystrophies and
with deficits of tRNA splicing and rRNA processing due
tomutations of the exosome component 3 (EXOSC3) in
pontocerebellar hypoplasia [106,156].
These studies represent initial examples of mech-

anisms connecting rRNA and tRNA synthesis and
processing that are of potential pathogenic rele-
vance, and although at this point one can only
speculate about their role, this research direction
promises important progresses for our understand-
ing of protein and neuronal homeostasis.
Concluding Remarks and Perspectives

One of the hallmarks of neurodegenerative dis-
eases is the accumulation of protein inclusions and
translational deficits might account for altered protein
homeostasis with a toxic impact on cell functions and
survival.
As presented here, deficits in rRNA and tRNA

synthesis and processing have strong effects on
neuronal function and survival, and multiple modalities
account for their toxic impact. An imbalance in any of
their biosynthetic steps may result in dysfunctional
protein synthesis altering cellular homeostasis. It is
somehow predictable that deficits in rRNA and tRNA
functions have severe consequences for the cells.
Current evidence suggests that rRNA and tRNA
dysfunctions might affect the neurodegenerative pro-
cess, for example, by highly specific and selective
functions within the protein synthesis. It remains
unclear whether deficits in either rRNA or tRNA
biosynthesis have a causative role in neurodegenera-
tive diseases and/or modify disease progression.
Although these are fundamental questions and further
research is needed in this direction, it is equally
important to understand to which extent neurons are
sensitive to such imbalance and what are the
compensatory mechanisms adopted to cope with a
deficit in transcriptionand/or processing andmaturation
of rRNA and/or tRNA.
Both rRNA and tRNA syntheses are strongly regulat-

ed by cellular stress signals and environmental changes
and could be secondary consequences of the degen-
erative process. It is tempting to speculate that the
specific impact of the gut microbiome and nutrient
availability on rRNA and tRNA synthesis might help
to better understand the influence of nutrition on the
neurodegenerative process. For example, diminished
tryptophan-dependent protein biosynthesis has been
reported in AD patients and tryptophanyl-tRNA synthe-
tase (TrpRS) deficiency results in hippocampal neuro-
degeneration in mice [157,158].
Effective treatments halting disease progression will

depend on targeting the pathological mechanisms
before the onset of the symptoms. A large effort in the
search for effective therapies is directed toward the
identification of genetic causes to “fix the problem at the
origin.” Nevertheless, it seems also evident that these
are multifactorial diseases and a combination of
strategies to alter the course of the disease represents
a valid parallel research direction. To this end, it will be
crucial to investigate in greater detail at what stages
rRNA and tRNA are dysfunctional, whether these are
associated with altered synthesis of specific proteins
and might be due to aberrant or insufficient number of
individual tRNAsor ribosomesand/or lack of specialized
ribosomes, or due to defective neuronal proteostasis as
a consequence of altered translational speed and
accuracy.
In perspective, a deeper understanding of rRNAand

tRNA context-specific functions but also of their
molecular interdependence might help to identify
targeted therapeutic strategies and the potential side
effects of therapeutic metabolic intervention.
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