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LosT in TransLaTion: PoTenTiaL PaTHoMeCHanisMs 
UnderLying PonToCereBeLLar HyPoPLasia

The last decade, a number of genes has been identified as PCH-causing. The majority 
of these genes functions in rna processing and/or protein synthesis (Table 5.1), sug-
gesting these processes play part in the disease mechanism of PCH. Protein synthesis 
is crucial in all types of cells, so why would the brain –  and particularly the pons 
and cerebellum - be so heavily affected? The whole brain increases exponentially in 
volume during the first eight weeks of development [1]. The cerebellum undergoes an 
additional period of extensive growth in the third trimester; a fivefold growth in vol-
ume and up to a 30-fold growth in surface from 27 to 40 weeks gestational age [2,3] 
in which it requires a tremendous amount of proteins. Possibly, the developing brain 
of a PCH patient cannot cope with this high demand for de novo protein synthesis.

in this chapter, i will review the present knowledge about reduced protein synthesis 
and brain atrophy. i will explore several hypotheses how mutations in PCH-associated 
genes could cause reduced protein synthesis and how this could eventually lead to 
neurodegeneration.

reduced protein synthesis

figure  5.1 shows an overview of potential direct and indirect pathways between 
mutated genes found in PCH patients and neurodegeneration. given the functions of 

hier tabel 5.1

table 5.1: PCH-associated genes and their function.

gene function
Key references on 
gene function

TSEN54, TSEN2, TSEN34 trna splicing endonuclease [4]

CLP1 phosphorylates trna exon after splicing, maintains 
Tsen complex integrity

[5,6]

RARS2 mitochondrial arginyl-trna synthetase [7,8]

EXOSC3, EXOSC8 components 3 and 8 of the exosome complex, which 
degrades and processes small rna molecules

[9,10]

TOE1 has deadenylating activity and maintains Cajal body 
integrity, therefore porentially involved in mrna 
splicing

[11,12]

AMPD2 Maintains cellular guanine nucleotide levels, involved 
in gTP dependent protein translation initiation

[13,14]

CHMP1A cell proliferation, chromatin modelling [15,16]

PCLO regulates presynaptic proteins and vesicles [17]

VRK1 kinase involved in cell cycle (of neuronal progenitors) 
and dna damage, also involved in Cajal body dynamics

[18,19]
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PCH-associated genes, suboptimal protein synthesis seems a plausible mechanism in 
view of genetic mutations and excessive cerebellar growth. a first question that has to 
be answered is whether protein synthesis is indeed reduced in PCH patients. interest-
ingly, already in 1990 Barth described a PCH2 patient which showed accumulation of 
ribosomes at the endoplasmic reticulum (er) on electron microscopy images of corti-
cal neurons [20], indicative for a problem at the level of protein translation. indeed, 
yeast strains of tsen2 and ampd2 mutants show a decrease in actively translating 
ribosomes and a pronounced decrease in [35]s-methionine incorporation was found 
in tsen2 mutant yeast [21]. another clue for deficient protein translation machinery 
underlying neurodegeneration comes from gTP-binding protein 2 (GTPBP2) knockout 
mice, that have variations in the gene encoding trna-arg-UCU [22]. These mice pres-
ent ataxia, and neurodegeneration in the cerebellum and cortex. The variation in the 
trna-arg-UCU gene induced ribosome stalling, which normally would be resolved 
by gTPBP2 and a protein named Pelota. since the gTPBP2 protein is absent in these 
mice, ribosomal stalling could not be resolved. although ribosome stalling and re-
duced protein synthesis has not yet been extensively demonstrated in patients, these 
first results in yeast and mice suggest it is a plausible mechanism in PCH and other 
forms of neurodegeneration.

hier figuur 
5.1

REDUCED PROTEIN SYNTHESIS 

MUTATIONS IN tRNA PROCESSING GENES 

tRNA MOLECULES tRNA FRAGMENTS 
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figure 5.1: Potential pathways leading to neurodegeneration in pontocerebellar hypoplasia. defects in 
trna processing and protein synthesis seem recurring mechanisms in PCH. The two mechanisms can be 
linked directly (shortage of functional trna molecules, inhibiting effects of trna fragments) or indirectly 
(via the amino acid response (aar)).
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lack of functional trnas

in case reduced protein synthesis indeed occurs in patients with PCH, this reduction 
could have various origins. The TSEN genes, CLP1 and RARS2 are directly involved in 
trna processing. When trna processing occurs incorrect or inefficient – which could 
be the case in patients with a TSEN or CLP1 mutation - or when trna molecules 
are not attached to their corresponding amino acid – in case of RARS2 mutations, a 
shortage of functional trna could arise. This could subsequently lead to a reduction 
of the capacity for protein synthesis. a straightforward question is whether functional 
trna levels are indeed decreased in PCH patients. it seems that the overall abundance 
of mature trnas is not altered in TSEN of CLP1 fibroblasts. However, the efficiency 
of trna splicing is reduced in these cells [23,24]. interestingly, in induced neurons 
(ineurons) with a CLP1 mutation, there is a difference in mature trna levels between 
affected and unaffected cells [25]. Pre-mature trna levels are higher and mature trna 
levels are lower in affected ineurons compared to unaffected ineurons. The mutation 
in CLP1 has an apparently more severe effect on neurons compared to fibroblasts, 
which is in line with the neurospecificity of PCH. Concerning rars2, reduced levels 
of mitochondrial trna-arg transcript are seen in fibroblasts of a small number of 
patients [7,26]. However, nearly all residual trna-arg was acetylated. This suggests 
that unacetylated trnas are unstable.

supporting evidence that a sufficient number of trnas is important in nervous 
system development comes from trnaser/sec knockout mice, which show cerebellar 
hypoplasia and Purkinje cell loss and early death [27]. additionally, mutations in the 
rna Polymerase iii transcription initiation factor BRF1 lead to reduced pol iii related 
transcription, intellectual disability and cerebellar hypoplasia [28]. one of the main 
targets of rna Pol iii are trna genes.

The regional specificity of the trna processing defects remains enigmatic. not all 
mutations that affect protein synthesis give rise to cerebellar atrophy. Mutations in 
aminoacyl-trna synthetases (arss) are reported in a number of diseases. some of 
these diseases have a neurological component, as glycyl-trna synthestase (GARS) 
and alanyl-trna synthetase (AARS) have been associated with Charcot-Marie-Tooth 
disease [29,30]. Leukoencephalopathy with brainstem and spinal cord involvement 
and lactate elevation (LBsL), caused by mutations in mitochondrial aspartyl-trna 
synthetase (DARS2) is nonetheless a brain disease, but a disorder of the white mat-
ter rather than grey matter [31]. Mutations in mitochondrial seryl-trna synthetase 
(SARS2) results in the multisystem disorder Hyperuricemia, Pulmonary Hypertension, 
renal failure and alkalosis (HUPra syndrome) [32]. To summarize, mutations in 
aminoacyl-trna synthetases have been associated with a number of disease. Many 
of these - but certainly not all - include a neurological disease component. This wide 
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range of phenotypes could have various explanations, e.g. tissue specific variations in 
aminoacyl-trna synthetase expression or genetic redundancy.

it is important to keep in mind that only a subset of trnas should be affected by 
mutations in the TSEN complex or CLP1. since only 6% of all human trna genes 
contain an intron (http://gtrnadb.ucsc.edu/) only these would encounter problems in 
case of a TSEN or CLP1 mutation. an explanation for the neuronspecificity would be 
that intron-containing trna genes are primarily expressed in the brain, but measure-
ment of trna abundance in different human tissues did not reveal such elevated 
expression [33]. nevertheless, TSEN54 is highly expressed in human cerebellum at 
8 weeks gestational age (fig. 5.2). This could be interpreted as if there is a need for 
efficient trna processing in this region. on the other hand, it cannot be excluded that 
Tsen54 has another function in this brain area and developmental stage besides 
trna splicing.

integrated stress response

The most important function of trnas is to transport amino acids to the ribosomes 
to facilitate protein synthesis. However, alternative biological functions for trna 
molecules and trna fragments have been described [35]. one of these functions is 
induction of the amino acid response (aar) (fig. 5.3). The aar is a signaling path-
way that senses a shortage of amino acids by measuring the amount of uncharged 
trnas. general control nonderepressible 2 (gCn2) functions as a sensor of amino 
acid deprivation, as it is activated by these uncharged trna molecules. This leads to 
phosphorylation of translation initiation factor eif2alpha. Consequently, eif2alpha 
represses general protein synthesis, but increases translation of a subset of mrnas 

hier figuur 
5.2

figure 5.2: TSEN54 mrna expression in a human embryo, 8 weeks gestational age. In situ hybridisation 
with a human Tsen54 specific Lna/2oMe probe was performed (5’-TcuTucTcuTgcCauCucC-3’ (ribotask 
aps, denmark) with Lna residues in capital letters and 2oMe in lower case) [34] . a series of sec-
tions were stained and 3d images were constructed using amira® software. yellow=Tsen54 expression; 
green=brain tissue.
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among which activating transcription factor 4 (ATF4) and 5 (ATF5) and growth ar-
rest and dna-damage inducible 34 (GADD34). This selective upregulation brings the 
cell in survival state when deprived from sufficient amino acids. However, when cell 
homeostasis cannot be restored, aTf4-induced apoptosis can be initiated [36]. This 
makes the cell go in survival state. This invoked response is called the integrated 
stress response (isr).

as the isr can be triggered by uncharged trna molecules [36] (fig. 5.3) it would be 
interesting to investigate whether the increased levels of pre-trnas seen in ineurons 
of PCH10 patients could elicit the aar as well [25]. activation by uncharged trnas 
is not the only trigger for the isr. a second factor that initiates the isr is er stress, 
which is on its turn induced by unfolded or misfolded proteins [37]. as deficiencies 
in splicing could lead to misfolded proteins, mutations in genes linked to splicing 
processes as TOE1, EXOSC3 and EXOSC8 could induce er stress. Thirdly, double strand 
(ds)rna molecules can trigger the isr pathway. one of the functions of the rna exo-
some is to degrade small rna molecules. Possibly, when these molecules accumulate 
in patients with mutations in EXOSC3 or EXOSC8, the isr can be initiated.

UNCHARGED tRNAS  

GCN2 

P-EIF2-ALPHA 

ADAPTATION TO STRESS 

ER STRESS DSRNA 

PERK PKR 

REDUCTION OF 
GLOBAL TRANSLATION 

ENHANCEMENT OF 
ATF4 INDUCED TRANSLATION 

APOPTOSIS 

AAR UPR 

figure 5.3: The integrated stress response (isr). The isr can be induced via the amino acid response 
(aar, orange), the unfolded protein response (UPr, blue) or by dsrna molecules. all pathways stimulate 
phosphorylation of eif2-alpha. Consequently, global protein synthesis reduces and aTf4 induced trans-
lation increases.
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a thorough examination of the role of isr in neurodegenerative disease as PCH still 
has to be set up. nevertheless, it is a promising mechanism, linking trna processing 
and rna degradation defects to neuronal cell death.

trna fragments and modifications

above we discussed an alternative function of trna molecules, namely induction of 
the aar upon amino acid limitation. Previous research has shown that not only intact 
trna molecules have a biological function, trna fragments can also play a role in cell 
homeostasis (reviewed in [38]). These trna fragments can derive from various events. 
for example, several sources of cellular stress (arsenite, heat shock and UV irradiation) 
promote trna cleavage by the ribonuclease angiogenin, resulting in accumulation of 
stress-induced small trnas (tirnas) and ultimately global translational arrest by the 
arisen 5’ tirna [39]. an example an association between angiogenin-derived 5’ trna 
exons and neurodegeneration is shown in mice with a mutation in the gene NSun2, 
which methylates trna molecules [40]. it was shown that decreased methylation of 
trna molecules due this mutation leads to increased trna cleavage by angiogenin. 
The accumulation of 5’ exon of the trna leads to a decrease in protein synthesis and 
induction of stress pathways resulting in reduction of cell size and apoptosis. as a 
result, these mice present microcephaly and other neurological abnormalities.

Could trna fragments also play part in the disease mechanism of PCH? trna intron 
accumulation was obviously seen in CLP1 mutants, and moderately in TSEN54 mutants 
[24]. These trna fragments could, alike angiogenin-induced trna fragments, induce 
stress pathways. as shown in Chapter 4 of this thesis, phosphorylation of the 3’ trna 
exon seems to have a protective effect [25]. future research could elucidate the cel-
lular effects of trna intron and exon fragments in PCH and other neurodegenerative 
diseases.

This chapter, as most of the research on the pathomechanism of PCH, has focussed 
on how trna processing deficiencies could lead to reduced protein synthesis and/or 
neurodegeneration. However, it has to be kept in mind that defects in other rna spe-
cies could underlie the origin of PCH. for example, the exosome complex is involved 
in processing of various kinds of small rnas [10], as is TOE1 possibly has a general 
rna deadenylation activity [41]. Both TOE1 and VRK1 are involved in maintaining 
Cajal bodies [11,19], which makes mrna splicing an interesting process to explore in 
the disease mechanism of PCH.

To conclude, impaired protein synthesis is an interesting and promising hypothesis 
underlying PCH and other neurodegenerative diseases. a global decrease in protein 
synthesis could have various origins, e.g. scarcity of mature trnas, induction of the 
amino acid response, inhibition of translation by trna fragments, or it could arise 
from processing deficiencies of other rna species. supporting evidence can be found 

hier figuur 
5.3
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for each of these potential mechanisms, and it will be an interesting and dynamic field 
of research in the following years. not only will it elucidate more about the disease 
mechanism of PCH, it will also teach us fundamental knowledge of the process of 
neurodegeneration, applicable in many other diseases.
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