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Abstract: Within the cell nucleus the nucleolus is the site of rRNA transcription and ribosome 
biogenesis and its activity is clearly essential for a correct cell function, however its specific role in 
neuronal homeostasis remains mainly unknown. Here we review recent evidence that impaired 
nucleolar activity is a common mechanism in different neurodegenerative disorders. We focus on the 
specific causes and consequences of impaired nucleolar activity to better understand the pathogenesis 
of neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), 
Huntington’s disease (HD) and amyotrophic lateral sclerosis/frontotemporal dementia (ALS/FTD). 
In particular, we discuss the genetic and epigenetic factors that might regulate nucleolar function in 
these diseases. In addition, we describe novel animal models enabling the dissection of the 
context-specific series of events triggered by nucleolar disruption, also known as nucleolar stress. 
Finally, we suggest how this novel mechanism could help to identify strategies to treat these still 
incurable disorders. 
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1. Introduction 

The nucleolus is not only the cellular site of rRNA gene (rDNA) transcription and ribosomal 
assembly, it is also a principal sensor and mediator of the cellular stress response [1,2,3]. Indeed, to 
optimize energy consumption under stress conditions, the nucleolus precisely adjusts its activity 
enabling cell adaption to potentially harmful conditions [3]. In turn, “nucleolar stress”, defined as the 
impairment of rDNA transcription and disruption of nucleolar integrity, results in altered turnover of 
the transcription factor p53 thereby controlling stress response pathways and cell survival [1,4]. 
Intriguingly, this emerging function of the nucleolus is gaining attention in the last years, in 
particular in the context of neuronal homeostasis and mechanisms of neurodegeneration [5,6]. 
Certainly, a major problem in therapy and diagnosis of neurodegenerative disorders is that most of 
them are sporadic and even for those of known genetic basis the mechanisms of preferential neuronal 
vulnerability are not completely understood. Hence, the understanding of the multiple factors 
contributing to the disease state is critical to develop effective therapeutic approaches and reliable 
biomarkers.  

Here we review the role of the nucleolus as a fundamental component of the neurodegenerative 
process, beyond the well-known impact on ribosome assembly and protein synthesis. We also focus 
on the genetic and epigenetic factors altering rDNA transcription and nucleolar activity in various 
neurodegenerative disorders and under cellular stress. Epigenetic factors regulating rRNA genes in 
response to stress conditions could provide a further, as for now less explored, link to 
neurodegenerative disorders. Moreover we show that mouse models characterized by inhibition of 
rRNA synthesis in specific neurons could be valid tools to dissect context-specific 
nucleolar-dependent signaling pathways.  

2. Evidence of genetic and epigenetic factors leading to nucleolar stress in neurodegenerative 
disorders 

A causal link between known genetic causes of some neurodegenerative disorders and nucleolar 
stress emerged very recently for certain forms of amyotrophic lateral sclerosis (ALS) and 
frontotemporal dementia (FTD) [7,8]. One of the most common causes of ALS and FTD is the 
expansion of the hexanucleotide GGGGCC sequence in a noncoding region of the C9orf72 gene: 
repeat-associated non-ATG (RAN) translation occurs in these expanded regions [9]. Interestingly, 
the resulting poly-proline–arginine (PR) and poly-glycine-arginine (GR) peptides localize to the 
nucleolus [10]. Especially transcription and maturation of rRNA is reduced by these aberrant 
polypeptide species and by abortive transcripts that form RNA G-quadruplexes, ultimately causing 
nucleolar stress [7]. This loss of nucleolar integrity is visualized by changes in the distribution of 
nucleolar proteins, such as nucleolin and nucleophosmin, in B lymphocytes, iPSC-induced motor 
neurons, and fibroblasts from C9orf72 hexanucleotide repeat expansion (HRE) patients [7,10]. A 
summary of the studies showing the link of the nucleolus to C9orf72 HRE is presented in  
Table 1 [7,10,11,12]. The results revealed that nucleolar stress is induced by poly-dipeptide, 
particularly of the GR type, indicating that nucleolar stress may be a primary cause of 
neurodegeneration [11,12]. 
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Table 1. Summary of the findings linking the nucleolus to C9ORF72 expansion. 

Reference Toxic species Effects on nucleolus Model system 
Haeusler AR 
et al, Nature, 
2014 [7] 

RNA G-quadruplexes 
from C9orf72 
hexanucleotide 
expansions 
(GGGGCC)n 

Dispersion of NCL and NPM 
from the nucleoli 
 
Impaired processing of 45S 
pre-rRNA 

B lymphocytes, 
fibroblasts, iPS motor 
neurons, motor cortex 
tissue from C9orf72 
HRE patients 

Kwon I et al, 
Science, 2014 
[10] 

PR20/GR20 peptides PR20 and GR20 binds to 
nucleoli 
 
Altered rRNA 
transcription/processing 

Human astrocytes 

Wen X et al, 
Neuron, 2014 
[11] 

PolyPR peptides Aggregation of polyPR in the 
nucleoli  
 
Dispersion of nucleolin, larger 
nucleolar size 

Rat primary cortical 
neurons, human 
iPSC-derived neurons, 
spinal cord tissues from 
C9-ALS and 
C9-ALS/FTD 

Tao Z et al, 
Human 
Molecular 
Genetics, 
2015 [12] 

PolyGR (and polyPR) 
Peptides in 
comparison with other 
RAN products 

Nucleolar swelling, NPM 
translocation to the nucleus, 
increased area occupied in the 
nucleus 
 
Reduced 18S rRNA and 28S 
rRNA 

HEK293 cells, mouse 
motor neurons NSC-34 

Yet important open questions remain: why does it take so long for the disease symptoms to 
appear? And why is there a selective neuronal vulnerability of motor neurons in ALS and frontal 
and/or anterior temporal lobes in FTD to the effects of the C9orf72 mutation? Important clues might 
come from the observation that different dosages of the 20-dipeptide-long repeats for PR (PR20) 
have a different effect on rRNA production in cell culture [10]. Paradoxically, low doses lead to an 
increase of the 45S rRNA precursor (pre-rRNA), while a higher dose of PR20 significantly decreases 
pre-rRNA levels [10]. It would be definitely instructive to investigate when, and if, these effects are 
detected at different disease stages.  

Interestingly, another recent study focusing on the murine superoxide dismutase 1 carrying 
glycine to alanine substitution at residue 93 (hSOD1G93A model of ALS) reports a high rate of rDNA 
transcription in ALS motor neurons [13]. This has been explained as a compensatory response to 
altered protein homeostasis in this model, in line with what has been observed in response to 
proteasome inhibitors [13,14]. As for now, nucleolar stress in ALS/FTD is considered the end-point 
of the pathogenic process in relation to the C9orf72 mutation, being typical for C9orf72 HRE 
patients and being absent in non-C9orf72 ALS fibroblasts [7]. A systematic analysis of nucleolar 
activity and integrity at different stages of the disease and also in different forms of ALS/FTD is 
missing. However, the results suggest distinct disease phases with important implications for the 
function of the nucleolus during the course of the disease. Moreover, how rRNA gene activity is 
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inhibited and whether poly-PR and poly-GR directly interfere with the transcription machinery is 
still unknown. The answer to these questions is further complicated, as the G-quadruplex structure 
formed by the hexanucleotide repeats, allows per se the binding to nucleolin [7], a nucleolar protein 
that regulates rDNA transcription [15]. Interestingly, nucleolin appears dispersed in C9orf72 ALS 
tissues, but not in non-ALS and non-C9orf72 ALS tissues. Whether the abortive RNA transcripts 
containing 21 GGGGCC-repeats interact with nucleolin and in this way influence rRNA synthesis and 
processing is an important question to be addressed in the future, in particular for its therapeutic 
implications.  

Intriguingly, a potential role of nucleolin in linking RNA repeat expansion and aberrant protein 
species to a malfunctioning nucleolus has been reported also in polyglutamine diseases, such 
Huntington’s disease (HD) [8,16,17]. HD is a dominantly inherited neurodegenerative disorder 
characterized by motor dysfunction and progressive cognitive decline [18]. The disturbances of 
voluntary movements are ascribed to degeneration of the striatum. The disease is fatal and no 
treatment is available to halt or slow down its progression [18]. HD is caused by CAG trinucleotide 
expansion in the mutant Huntingtin (mHtt) gene that partially accounts for the variability in the 
clinical onset [18]. Hence, a deeper understanding of the mechanisms [19] triggered by mHtt, in 
particular those that alter transcriptional and translational programs, is necessary to identify disease 
modifiers and to devise efficient therapeutic strategies halting or slowing down neurodegeneration.  

Among the multiple cellular functions altered by mHtt, recent studies point to a downregulation 
of rRNA synthesis and disrupted nucleoli in HD due to direct interference of mHtt with the RNA 
Polymerase I complex [8,17,20,21]. Impaired rDNA transcription has been reported in cellular and 
mouse models of HD [17,19,20,21]. A recent study showed that nucleolin is sequestered by 
interaction with expanded CAG RNAs from the rDNA promoter, causing promoter hypermethylation 
and transcriptional inhibition [16]. In parallel, other epigenetic mechanisms regulating rDNA 
transcription have been also proposed in HD [19,21,22]. These imply the acetylation and methylation 
of the upstream binding factor (UBF), a nucleolar transcription factor that is essential for active 
chromatin architecture of rRNA genes [19,21,22]. UBF acetylation is reduced and rRNA 
transcription is impaired in cellular and animal models of HD [21]. Moreover, HD-linked UBF 
methylation increases chromatin condensation, thus reducing nucleolar transcription [22].  

While epigenetic mechanisms regulating rDNA transcription in HD have been recently 
reviewed [23], these are still largely unexplored in PD. Epigenetic alterations as a molecular 
mechanism of PD have been reported [24,25] and we can now only speculate that similar mechanisms 
as in HD might be involved in PD.  

Impaired rRNA synthesis has been reported in PD brains and in pharmacological rodent models 
of PD caused by treatment with mitochondrial neurotoxins [26,27,28,29]. However the association of 
nucleolar stress with known genetic mutations causing PD is not well characterized yet and it is 
limited to mutations associated with autosomal recessive early onset forms of PD [29,30]. 
Interestingly, the DJ-1 L166P missense mutation has been shown to alter rRNA biogenesis in a 
neuroblastoma model of PD and upon proteasome inhibition [30,31], showing that mutant proteins 
may influence nucleolar activity in a pathological model. More recently, decreased rRNA 
transcription and induction of nucleolar stress have been demonstrated in a mouse model of PD 
based on the conditional knock-out of the parkin gene [29]. In this model nucleolar stress is detected 
in absence of neuronal loss three months after induction of the mutation, while neurodegeneration 
occurs ten months later [29]. Future studies should address the role played by nucleolar stress in the 
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degenerative process in these mutants, nevertheless these initial findings suggest that nucleolar stress 
is an early pathogenic event rather than a consequence of neurodegeneration. Indeed, the increased 
interaction of PARIS (PARkin Interacting Substrate, ZNF46), one of the Parkin substrates, with 
RNA Polymerase I subunits could repress rRNA transcription [29]. 

Moreover, it would be interesting to assess whether nucleolar activity is lower in dopaminergic 
(DA) neurons of the substantia nigra pars compacta (SNpc), preferentially lost in PD, than in DA 
neurons of the ventral tegmental area (VTA). Two recent studies investigate the effects of a partial 
unilateral intrastriatal lesion by 6-hydroxydopamine (6-OHDA) on nucleolar volume in dopaminergic 
cells [26,27].  Although the number of DA neurons is most severely reduced within the SNpc, 
nucleolar volume was equally decreased also in less vulnerable DA neurons within the VTA. This 
observation is quite interesting because it dissociates the neurotoxic effect of the 6-OHDA lesions 
from the morphological impact of nucleolar structure and activity: the nucleolus being equally affected 
nevertheless mediates different context-dependent [26,27]. The data are in line with the fact that for 
example genetic mutations have a stronger impact in specific neuronal sub-populations. Clearly the 
open question is to identify the factors accounting for the differential vulnerability.  

While specific mutant proteins and mRNAs interfere with the rRNA transcriptional machinery 
in PD, in polyglutamine diseases and in C9orf72 ALS/FTD, similar mechanisms have not been shown 
in Alzheimer’s disease (AD). While for these other diseases a systematic analysis of changes in the 
nucleolar structure changes and in the chromatin status of the rDNA locus is still missing, a very 
detailed and accurate description of nucleolar volume and changes in rDNA promoter methylation 
states has been known since many years in cortical and hippocampal tissues from AD patients [32,33]. 
In particular, nucleolar hypertrophy was observed in asymptomatic AD in contrast with the reduced 
nucleolar volume typical of mild cognitive impairment and manifest AD. In fact, 28S rRNA was 
significantly reduced in AD prefrontal cortex [34]. 

Interestingly the initial increase of nucleolar size and activity has been proposed as a 
compensatory mechanism preventing progression to dementia [32]. Although testing this possibility 
will require additional functional studies in model organisms, a more recent study of mild cognitive 
impairment (MCI)/AD-associated methylation status of the rDNA promoter supports that nucleolar 
activity is silenced in MCI and correlate with AD pathology [33]. The triggers of these methylation 
changes are not known as well as the role of these changes on the disease course, but potential 
mechanisms will be discussed in the next paragraph.  

3. Epigenetic regulation of rRNA genes and its possible link to neurodegeneration 

As discussed above, nucleolar stress in neurodegenerative disorders can impinge on the RNA 
polymerase I transcription machinery, thereby impairing rRNA gene transcription. In addition, 
nucleolar stress might also affect the intricate epigenetic regulation of rRNA genes. Several 
epigenetic processes that either promote or antagonize transcription operate on rDNA and contribute 
to the fine-tuning of rRNA synthesis in response to developmental programs and external signals. So 
far, three major different epigenetic mechanisms of rDNA silencing are known that might become 
aberrant in neurodegenerative settings and thus might enhance the nucleolar functional decline 
(Figure 1). These mechanisms include silencing of rDNA repeats by promoter hypermethylation, 
quiescence- and aging-induced heterochromatin formation at rRNA genes and epigenetic regulation 
of rRNA genes in response to the cellular energy supply. 
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Figure 1. Different ways of epigenetic rRNA gene silencing. The scheme depicts 
changes in key epigenetic features upon silencing of the rDNA promoter by the three 
different chromatin-modifying complexes, i.e. NoRC/pRNA, Suv4-20h2/PAPAS and 
eNoSC. NoRC is recruited by the long non-coding RNA pRNA and induces DNA 
methylation (me) and heterochromatic histone modifications like H3K9 trimethylation 
(H3K9me3) and H4K20me3. The long non-coding RNA PAPAS originates from rDNA 
transcription in antisense orientation and guides the histone methyltransferase Suv4-20h2 
to rDNA, thereby triggering H4K20 trimethylation and chromatin compaction. eNoSC 
silences rDNA by SIRT1-dependent deacetylation of H3K9 and SUV39H1-mediated 
H3K9 dimethylation. For further explanation please see the main text. 

In somatic tissues, rDNA repeats exist in two epigenetic states, a transcription-permissive, 
euchromatic state and a silent state characterized by heterochromatic features [35]. The silent rDNA 
fraction is maintained even in cycling cells with high ribosome production and the key player, which 
mediates heterochromatin formation at rDNA, is the Nucleolar Remodeling Complex NoRC. NoRC 
consists of the remodeling factor SNF2h and TIP5 (also known as BAZ2A in humans) [36], the large 
subunit that interacts with histone deacetylases and DNA and histone methyltransferases. Moreover, 
TIP5 binds also to a long non-coding RNA (lncRNA) that originates upstream of the rRNA gene 
promoter [37]. This promoter-associated RNA (pRNA) recruits NoRC and its associated epigenetic 
factors to rDNA and thus orchestrates promoter methylation, heterochromatin formation and 
transcriptional silencing. Interestingly, the balance between active and silent rDNA copies is 
disturbed in AD, as there is a significant and robust hypermethylation of the rDNA promoter in AD 
patients [33]. The increased rDNA silencing in AD is in line with a decline in nucleolar activity. The 
question remains how rDNA hypermethylation is triggered. One possible scenario would be that 
forced expression of TIP5 in AD would lead to elevated NoRC activity. Consistently, ectopic 
expression of TIP5 in cell culture systems has been shown to cause rDNA hypermethylation and 
silencing [38]. However, a more recent study found that overexpression of TIP5 in cancer cells 
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sustains proliferation and rRNA synthesis by aberrant silencing of protein-coding genes [39], 
indicating that elevated levels of endogenous TIP5 could paradoxically also promote nucleolar 
activity. Further investigation of TIP5 expression and NoRC function in a neurodegenerative context 
will help to elucidate its role in the pathological process. 

Another explanation for rDNA hypermethylation in AD would be that pRNA is up-regulated 
and increases the recruitment of NoRC to rDNA promoters. Indeed, several lncRNA have been 
shown to be dysregulated in neurological disorders [40]. The level of pRNA might be increased if 
methylation-dependent silencing is restricted to the main rDNA promoter, while the upstream 
promoter is still competent for transcription. In addition, the stability of pRNA might be increased. 
Interestingly, pRNA is degraded by the exosome, an evolutionary conserved RNA surveillance 
machinery [41] and exosome mutations have been recently found in the context of motor neuron 
degeneration [42]. Thus, impaired exosome function might be a common feature of 
neurodegenerative processes, causing elevation of pRNA levels, which in turn triggers epigenetic 
silencing of rRNA genes. 

While NoRC and pRNA keep a constant fraction of rRNA genes repressed, the activity of the 
transcription-permissive rRNA genes is tightly regulated according to the developmental and metabolic 
state of cells. For instance, rRNA synthesis is shutdown when cell proliferation ceases, either due to 
growth-factor depletion or due to terminal differentiation. Under these conditions rDNA antisense 
transcripts termed ‘PAPAS’ (promoter and pre-rRNA antisense) are up-regulated and induce 
heterochromatin formation [43]. The PAPAS lncRNA interacts with the histone methyltransferase 
Suv4-20h2 and thereby directs trimethylation of histone H4 at lysine 20 (H4K20me3) to rDNA. This 
heterochromatic mark leads to chromatin compaction and renders the rDNA promoter inaccessible for 
the transcription machinery. Interestingly, lncRNA-mediated induction of H4K20me3 is not only 
restricted to rDNA but occurs globally in postmitotic cells [43]. Moreover, H4K20me3 is also 
up-regulated upon cellular senescence and organismal aging [44,45,46], providing a possible like to 
age-related neurological disorders. Given that PAPAS levels increase in aged brains, the repressive 
effect on rRNA synthesis might promote nucleolar stress. Similar to pRNA, PAPAS is also targeted 
by the exosome [47] and might be aberrantly stabilized in neurodegenerative settings that are linked 
to compromised exosome function.  

Finally, synthesis of rRNA is the biggest metabolic burden in cells and is therefore efficiently 
switched off when the intracellular energy supply is exhausted. In energy-deprived cells epigenetic 
rDNA silencing is mediated by a ternary protein complex termed eNoSC (energy-dependent 
nucleolar silencing complex) [48]. eNoSC consists of the NAD+-dependent protein deacetylase 
SIRT1, the histone H3K9 methyltransferase SUV39H1 and the nucleolar protein nucleomethylin 
(NML). Reduced intracellular availability of energy leads to an increase of the NAD+/NADH ratio, 
which activates eNoSC to deacetylate H3K9 by SIRT1 and to dimethylate H3K9 by SUV39H1 at 
rDNA. Thereby, the heterochromatic H3K9me2 mark is elevated at rDNA and transcription is 
impaired. The down-regulation of pre-rRNA synthesis restores the energy balance and protects cells 
from apoptosis [48]. This function of SIRT1 in the eNoSC complex is in line with its 
well-established role in promoting cell survival and longevity, which also holds true for the nervous 
system [49,50]. However, there is also growing realization that under certain conditions SIRT1 
activity can worsen neurodegeneration. In this regard it is noteworthy that SIRT1 inhibition protects 
neurons in rats against oxidative damage [51] and that the specific SIRT1 inhibitor Selisistat 
(EX-527) ameliorates HD pathology in cell and mouse models and is currently tested in phase I 
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clinical trials for HD treatment [52,53]. Thus, one might envision that the adverse nature of SIRT1 in 
neurons might also be in part attributed to its function in eNoSC and the inhibitory effect on 
nucleolar activity. Apparently, this hypothesis needs further experimental investigation to uncover if, 
and under which circumstances, SIRT1/eNoSC-dependent rDNA silencing can sustain 
neurodegeneration. 

Taken together, aberrant epigenetic silencing of rRNA genes represents a likely mechanism that 
contributes to nucleolar impairment and stress in degenerative pathologies of the nervous system. 
Hypermethylation of the rDNA promoter in AD represents a first example in this direction and it will 
be interesting to further assess if and how deregulation of the three rDNA silencing machineries, 
NoRC/pRNA, Suv4-20h2/PAPAS and eNoSC, is causally linked to different neurodegenerative 
disorders. A deeper understanding of the epigenetic factors that elicit nucleolar stress will provide 
novel therapeutic targets and strategies to intervene in the age- and injury-caused decline of brain 
performance. 

4. Consequences of nucleolar stress and their link to neurodegenerative disorders in mouse 
models 

To dissect the cellular alterations and molecular mechanisms triggered by nucleolar stress in 
specific neuronal contexts, we devised a simple and versatile strategy to inhibit rDNA transcription in a 
controlled fashion. This is based on the conditional ablation of the TIF-IA gene, encoding an 
evolutionary conserved transcription factor essential for the recruitment of RNA polymerase I to rRNA 
gene promoters [54,55]. Interestingly, TIF-IA activity is finely tuned by reversible phosphorylation in 
response to growth factors, nutrients and stress [56,57,58,59] (Figure 2). Based on the conditional 
knockout approach using the Cre-loxP system in mice we developed a convenient strategy to mimic 
nucleolar stress and to investigate selective responses virtually in any cell-type [20,28,60,61,62,63]. 
Similar to TIF-IA-depleted embryonic fibroblasts [64], dividing embryonic neural progenitors 
lacking TIF-IA are rapidly lost by p53-dependent apoptosis [62]. Interestingly, in vivo this leads to 
anencephaly that can be partially rescued when p53 is also conditionally ablated in these cells ([62] 
and R. Parlato, unpublished observations). On the contrary, hippocampal neurons lacking TIF-IA are 
progressively lost despite p53 increased level. Moreover, death is limited to a subset of neurons, 
suggesting for the first time specific compensatory mechanisms triggered by impaired nucleolar 
function [60,62]. Surprisingly, mutant mice lacking TIF-IA in dopaminergic neurons mimic the main 
behavioral and cellular features of parkinsonism, including mitochondrial dysfunction, increased 
oxidative damage and progressive but selective neurodegeneration of dopaminergic SNpc neurons, 
while dopaminergic VTA neurons are less vulnerable [28]. It is still not clear why VTA neurons are 
less vulnerable, despite induction of nucleolar stress and increased levels of p53 in both regions [28]. 
Nevertheless, conditional ablation of p53 in dopaminergic neurons under nucleolar stress delays 
neuronal loss suggesting that p53 may trigger apoptosis in these neurons [28]. Notably, nucleolar 
stress triggers down-regulation of the mammalian target of rapamycin (mTOR) pathway [28], a 
central regulator of cellular growth and protein synthesis, revealing that nucleolar stress orchestrates 
homeostatic responses in neurons. To further investigate the early response to nucleolar stress at the 
molecular and cellular level, more recently we have shown that decreased mTOR activity upon 
induction of nucleolar stress in medium spiny neurons of the striatum, mostly affected in HD, 
triggers activation of autophagy [20]. This represents an early neuroprotective response accounting 
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for the late striatal degeneration and in fact impaired autophagy accelerates neuronal death. In 
contrast to dopaminergic neurons, conditional loss of p53 together with nucleoloar stress in striatal 
neurons accelerates neurodegeneration, suggesting that p53 increase may be initially neuroprotective. 
By comparing mRNAs differentially expressed at different stages in controls and mutants we could 
identify molecular changes triggered by nucleolar stress common to those reported in HD, including 
a set of genes up-regulated only before neuronal death takes place [20]. Among these, we noticed 
PTEN, a known p53 target and a regulator of mTOR. In line with a model in which p53 increase 
leads to PTEN up-regulation and mTOR down-regulation with consequent activation of autophagy, 
we showed that the conditional loss of PTEN in striatal neurons under nucleolar stress accelerates 
death [20,65]. This mechanism is context-specific, because the conditional loss of PTEN in 
dopaminergic neurons under nucleolar stress results in improved motor deficits [63]. Interestingly, 
increased PTEN mRNA has been reported also in a mouse model of HD [66], supporting similar 
pathomechanisms and encouraging further investigation of nucleolar stress in HD. Moreover, the 
mTOR pathway is dysregulated in HD [67]. Based on a recent study, decreased mTOR activity is 
indeed observed in HD patients and in mouse models of HD prior to the onset of neurological 
symptoms [67]. However, the role of mTOR is controversial, because previous studies indicated that 
mTORC1 down-regulation is protective in HD [68]. 

 

Figure 2. TIF-IA activity senses changes in the extracellular environment. Schematic 
representation showing various extracellular stimuli that regulate TIF-IA activity and 
RNA polymerase I recruitment to the rDNA promoter, in either a positive or negative 
way. Specific kinases regulates TIF-IA phosphorylation pattern in response to permissive 
growth conditions like presence of nutrients, energy resources and growth factors or 
negative conditions like oxidative stress and endoplasmic reticulum (ER) stress. 

In summary, loss of TIF-IA mimics nucleolar stress and may lead to down-regulation of the 
mTOR pathway in dopaminergic and dopaminoceptive neurons. In both cases decreased mTOR 
activity on the long run might account for neuronal atrophy and degeneration. Nevertheless the 
causes and consequences of mTOR impairment may be different in the two cases as indicated by the 
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observations that in dopaminergic neurons, up-regulation of mTOR by PTEN ablation is in part 
beneficial, while in dopaminoceptive neurons up-regulation of mTOR by PTEN ablation accelerates 
neurodegeneration [28,63]. Intriguingly, hippocampal neurons lacking TIF-IA show rather an increase 
of mTOR activity, but the whole impact on neuronal survival requires further investigation [60]. As for 
now, these results revealed a tight link between nucleolar activity and the mTOR pathway by 
context-specific factors that could play an important role in different diseases and in the regulation of 
the homeostasis of this crucial pathway.  

Before the development of the TIF-IA mutant mice the effect of impaired rRNA biogenesis was 
essentially evaluated in cell cultures. Under these conditions perturbed rRNA synthesis certainly 
leads to rapid cell death [64]. In mice, we could now dissect the specific sequence of events triggered 
by nucleolar stress in diverse neuronal contexts [28,62,63], revealing that also neuroprotective 
responses are induced by nucleolar stress [20,60]. Intriguingly, the conditional inducible knockout of 
UBF in mice and in MEFs produced a different phenotype from the conditional TIF-IA knockout, 
which can be addressed to the fact that ablation of the UBF gene did not lead to enhanced p53 and 
activation of stress pathways [69]. Moreover UBF knock-out mutant did not continued to develop 
beyond the morula stage, while TIF-IA knock-out mice reach E8.5 [64]. These results suggest that 
inhibition of rRNA transcription by TIF-IA depletion was a serendipitous approach to induce 
nucleolar stress. Probably, and this is still to be tested, the “particular nature” of TIF-IA as a central 
integrator of nucleolar stress signals, make its conditional ablation such a versatile tool to mimic very 
closely a condition of cellular stress.  

5. Conclusions and open questions 

The exciting concept that nucleolar function plays a principal role in neurodegenerative disorders 
is rapidly advancing. Nevertheless, impaired nucleolar activity is mainly considered as an ending point 
of the degenerative process. Based on the evidence reviewed here, we hope we have contributed to 
revisit this traditional view and to motivate future research. For example, the systematic 
characterization of nucleolar activity and integrity by nucleolar morphology and localization of 
nucleolar proteins in different neurodegenerative disorders could be critical to monitor different 
disease stages. Although mutant RNAs and proteins may directly impair the synthesis and processing 
of rRNA and thus leading to neuronal death, it will be important to investigate when nucleolar stress is 
a cause or consequence of neuronal impairment. Epigenetic activation of nucleolar transcription could 
represent a strategy to develop neuroprotective treatments in different neurodegenerative disorders. 
Finally based on the lesson from the “TIF-IA models”, showing that nucleolar stress triggers 
homeostatic responses at the molecular, cellular and physiological level, novel therapeutic targets 
could be developed to halt or slow down neurodegeneration.  

In conclusion, a better understanding of the link between nucleolar stress and well-established 
landmarks of neurodegenerative disorders, such accumulation of protein aggregates, altered 
mitochondria function and proteasome impairment, will be instrumental to explain causes and 
mechanisms of neurodegenerative disorders and to identify disease modifiers and treatment 
strategies. 
  



221 
 

AIMS Molecular Science  Volume 2, Issue 3, 211-224. 

Acknowledgments 

This work was supported by the German Research Foundation (DFG, PA 1529/2-1). 

Conflict of interest 

The Authors declare no conflict of interest. 

References 

1. Boulon S, Westman BJ, Hutten S, et al. (2010) The nucleolus under stress. Mol Cell 40: 
216-227. 

2. Mayer C, Grummt I (2005) Cellular stress and nucleolar function. Cell Cycle 4: 1036-1038. 
3. Grummt I (2013) The nucleolus-guardian of cellular homeostasis and genome integrity. 

Chromosoma 122: 487-497. 
4. Rubbi CP, Milner J (2003) Disruption of the nucleolus mediates stabilization of p53 in response 

to DNA damage and other stresses. Embo J 22: 6068-6077. 
5. Hetman M, Pietrzak M (2012) Emerging roles of the neuronal nucleolus. Trends Neurosci 35: 

305-314. 
6. Parlato R, Kreiner G (2013) Nucleolar activity in neurodegenerative diseases: a missing piece of 

the puzzle? J Mol Med (Berl) 91: 541-547. 
7. Haeusler AR, Donnelly CJ, Periz G, et al. (2014) C9orf72 nucleotide repeat structures initiate 

molecular cascades of disease. Nature 507: 195-200. 
8. Chan HY (2014) RNA-mediated pathogenic mechanisms in polyglutamine diseases and 

amyotrophic lateral sclerosis. Front Cell Neurosci 8: 431. 
9. Rohrer JD, Isaacs AM, Mizielinska S, et al. (2015) C9orf72 expansions in frontotemporal 

dementia and amyotrophic lateral sclerosis. Lancet Neurol 14: 291-301. 
10. Kwon I, Xiang S, Kato M, et al. (2014) Poly-dipeptides encoded by the C9orf72 repeats bind 

nucleoli, impede RNA biogenesis, and kill cells. Science 345: 1139-1145. 
11. Wen X, Tan W, Westergard T, et al. (2014) Antisense proline-arginine RAN dipeptides linked to 

C9ORF72-ALS/FTD form toxic nuclear aggregates that initiate in vitro and in vivo neuronal 
death. Neuron 84: 1213-1225. 

12. Tao Z, Wang H, Xia Q, et al. (2015) Nucleolar stress and impaired stress granule formation 
contribute to C9orf72 RAN translation-induced cytotoxicity. Hum Mol Genet 24: 2426-2441. 

13. Riancho J, Ruiz-Soto M, Villagra NT, et al. (2014) Compensatory Motor Neuron Response to 
Chromatolysis in the Murine hSOD1(G93A) Model of Amyotrophic Lateral Sclerosis. Front 
Cell Neurosci 8: 346. 

14. Palanca A, Casafont I, Berciano MT, et al. (2014) Reactive nucleolar and Cajal body responses 
to proteasome inhibition in sensory ganglion neurons. Biochim Biophys Acta 1842: 848-859. 

15. Cong R, Das S, Ugrinova I, et al. (2012) Interaction of nucleolin with ribosomal RNA genes and 
its role in RNA polymerase I transcription. Nucleic Acids Res 40: 9441-9454. 

16. Tsoi H, Lau TC, Tsang SY, et al. (2012) CAG expansion induces nucleolar stress in 
polyglutamine diseases. Proc Natl Acad Sci U S A 109: 13428-13433. 

 



222 
 

AIMS Molecular Science  Volume 2, Issue 3, 211-224. 

17. Tsoi H, Chan HY (2013) Expression of expanded CAG transcripts triggers nucleolar stress in 
Huntington's disease. Cerebellum 12: 310-312. 

18. Ross CA, Tabrizi SJ (2011) Huntington's disease: from molecular pathogenesis to clinical 
treatment. Lancet Neurol 10: 83-98. 

19. Lee J, Hwang YJ, Ryu H, et al. (2014) Nucleolar dysfunction in Huntington's disease. Biochim 
Biophys Acta 1842: 785-790. 

20. Kreiner G, Bierhoff H, Armentano M, et al. (2013) A neuroprotective phase precedes striatal 
degeneration upon nucleolar stress. Cell Death Differ 20: 1455-1464. 

21. Lee J, Hwang YJ, Boo JH, et al. (2011) Dysregulation of upstream binding factor-1 acetylation 
at K352 is linked to impaired ribosomal DNA transcription in Huntington's disease. Cell Death 
Differ 18: 1726-1735. 

22. Hwang YJ, Han D, Kim KY, et al. (2014) ESET methylates UBF at K232/254 and regulates 
nucleolar heterochromatin plasticity and rDNA transcription. Nucleic Acids Res 42: 1628-1643. 

23. Lee J, Hwang YJ, Kim KY, et al. (2013) Epigenetic mechanisms of neurodegeneration in 
Huntington's disease. Neurotherapeutics 10: 664-676. 

24. Ammal Kaidery N, Tarannum S, Thomas B (2013) Epigenetic landscape of Parkinson's disease: 
emerging role in disease mechanisms and therapeutic modalities. Neurotherapeutics 10: 
698-708. 

25. Masliah E, Dumaop W, Galasko D, et al. (2013) Distinctive patterns of DNA methylation 
associated with Parkinson disease: identification of concordant epigenetic changes in brain and 
peripheral blood leukocytes. Epigenetics 8: 1030-1038. 

26. Healy-Stoffel M, Ahmad SO, Stanford JA, et al. (2013) Altered nucleolar morphology in 
substantia nigra dopamine neurons following 6-hydroxydopamine lesion in rats. Neurosci Lett 
546: 26-30. 

27. Healy-Stoffel M, Omar Ahmad S, Stanford JA, et al. (2014) Differential effects of intrastriatal 
6-hydroxydopamine on cell number and morphology in midbrain dopaminergic subregions of 
the rat. Brain Res 1574: 113-119. 

28. Rieker C, Engblom D, Kreiner G, et al. (2011) Nucleolar disruption in dopaminergic neurons 
leads to oxidative damage and parkinsonism through repression of mammalian target of 
rapamycin signaling. J Neurosci 31: 453-460. 

29. Kang H, Shin JH (2014) Repression of rRNA transcription by PARIS contributes to Parkinson's 
disease. Neurobiol Dis 73C: 220-228. 

30. Vilotti S, Codrich M, Dal Ferro M, et al. (2012) Parkinson's Disease DJ-1 L166P Alters rRNA 
Biogenesis by Exclusion of TTRAP from the Nucleolus and Sequestration into Cytoplasmic 
Aggregates via TRAF6. PLoS One 7: e35051. 

31. Vilotti S, Biagioli M, Foti R, et al. (2012) The PML nuclear bodies-associated protein TTRAP 
regulates ribosome biogenesis in nucleolar cavities upon proteasome inhibition. Cell Death 
Differ 19: 488-500. 

32. Iacono D, O'Brien R, Resnick SM, et al. (2008) Neuronal hypertrophy in asymptomatic 
Alzheimer disease. J Neuropathol Exp Neurol 67: 578-589. 

33. Pietrzak M, Rempala G, Nelson PT, et al. (2011) Epigenetic Silencing of Nucleolar rRNA Genes 
in Alzheimer's Disease. PLoS One 6: e22585. 

34. da Silva AM, Payao SL, Borsatto B, et al. (2000) Quantitative evaluation of the rRNA in 
Alzheimer's disease. Mech Ageing Dev 120: 57-64. 



223 
 

AIMS Molecular Science  Volume 2, Issue 3, 211-224. 

35. McStay B, Grummt I (2008) The epigenetics of rRNA genes: from molecular to chromosome 
biology. Annu Rev Cell Dev Biol 24: 131-157. 

36. Strohner R, Nemeth A, Jansa P, et al. (2001) NoRC--a novel member of mammalian 
ISWI-containing chromatin remodeling machines. EMBO J 20: 4892-4900. 

37. Mayer C, Schmitz KM, Li J, et al. (2006) Intergenic transcripts regulate the epigenetic state of 
rRNA genes. Mol Cell 22: 351-361. 

38. Santoro R, Li J, Grummt I (2002) The nucleolar remodeling complex NoRC mediates 
heterochromatin formation and silencing of ribosomal gene transcription. Nat Genet 32: 
393-396. 

39. Gu L, Frommel SC, Oakes CC, et al. (2015) BAZ2A (TIP5) is involved in epigenetic alterations 
in prostate cancer and its overexpression predicts disease recurrence. Nat Genet 47: 22-30. 

40. Wu P, Zuo X, Deng H, et al. (2013) Roles of long noncoding RNAs in brain development, 
functional diversification and neurodegenerative diseases. Brain Res Bull 97: 69-80. 

41. Santoro R, Schmitz KM, Sandoval J, et al. (2010) Intergenic transcripts originating from a 
subclass of ribosomal DNA repeats silence ribosomal RNA genes in trans. EMBO Rep 11: 
52-58. 

42. Wan J, Yourshaw M, Mamsa H, et al. (2012) Mutations in the RNA exosome component gene 
EXOSC3 cause pontocerebellar hypoplasia and spinal motor neuron degeneration. Nat Genet 44: 
704-708. 

43. Bierhoff H, Dammert MA, Brocks D, et al. (2014) Quiescence-induced LncRNAs trigger 
H4K20 trimethylation and transcriptional silencing. Mol Cell 54: 675-682. 

44. Evertts AG, Manning AL, Wang X, et al. (2013) H4K20 methylation regulates quiescence and 
chromatin compaction. Mol Biol Cell 24: 3025-3037. 

45. Sarg B, Koutzamani E, Helliger W, et al. (2002) Postsynthetic trimethylation of histone H4 at 
lysine 20 in mammalian tissues is associated with aging. J Biol Chem 277: 39195-39201. 

46. Shumaker DK, Dechat T, Kohlmaier A, et al. (2006) Mutant nuclear lamin A leads to 
progressive alterations of epigenetic control in premature aging. Proc Natl Acad Sci U S A 103: 
8703-8708. 

47. Bierhoff H, Schmitz K, Maass F, et al. (2010) Noncoding transcripts in sense and antisense 
orientation regulate the epigenetic state of ribosomal RNA genes. Cold Spring Harb Symp 
Quant Biol 75: 357-364. 

48. Murayama A, Ohmori K, Fujimura A, et al. (2008) Epigenetic control of rDNA loci in response 
to intracellular energy status. Cell 133: 627-639. 

49. Donmez G, Outeiro TF (2013) SIRT1 and SIRT2: emerging targets in neurodegeneration. 
EMBO Mol Med 5: 344-352. 

50. Herskovits AZ, Guarente L (2014) SIRT1 in neurodevelopment and brain senescence. Neuron 
81: 471-483. 

51. Li Y, Xu W, McBurney MW, et al. (2008) SirT1 inhibition reduces IGF-I/IRS-2/Ras/ERK1/2 
signaling and protects neurons. Cell Metab 8: 38-48. 

52. Zhang F, Wang S, Gan L, et al. (2011) Protective effects and mechanisms of sirtuins in the 
nervous system. Prog Neurobiol 95: 373-395. 

53. Smith MR, Syed A, Lukacsovich T, et al. (2014) A potent and selective Sirtuin 1 inhibitor 
alleviates pathology in multiple animal and cell models of Huntington's disease. Hum Mol Genet 
23: 2995-3007. 



224 
 

AIMS Molecular Science  Volume 2, Issue 3, 211-224. 

54. Schnapp A, Pfleiderer C, Rosenbauer H, et al. (1990) A growth-dependent transcription 
initiation factor (TIF-IA) interacting with RNA polymerase I regulates mouse ribosomal RNA 
synthesis. EMBO J 9: 2857-2863. 

55. Grewal SS, Evans JR, Edgar BA (2007) Drosophila TIF-IA is required for ribosome synthesis 
and cell growth and is regulated by the TOR pathway. J Cell Biol 179: 1105-1113. 

56. Mayer C, Bierhoff H, Grummt I (2005) The nucleolus as a stress sensor: JNK2 inactivates the 
transcription factor TIF-IA and down-regulates rRNA synthesis. Genes Dev 19: 933-941. 

57. Hoppe S, Bierhoff H, Cado I, et al. (2009) AMP-activated protein kinase adapts rRNA synthesis 
to cellular energy supply. Proc Natl Acad Sci U S A 106: 17781-17786. 

58. DuRose JB, Scheuner D, Kaufman RJ, et al. (2009) Phosphorylation of eukaryotic translation 
initiation factor 2alpha coordinates rRNA transcription and translation inhibition during 
endoplasmic reticulum stress. Mol Cell Biol 29: 4295-4307. 

59. Nguyen le XT, Mitchell BS (2013) Akt activation enhances ribosomal RNA synthesis through 
casein kinase II and TIF-IA. Proc Natl Acad Sci U S A 110: 20681-20686. 

60. Kiryk A, Sowodniok K, Kreiner G, et al. (2013) Impaired rRNA synthesis triggers homeostatic 
responses in hippocampal neurons. Front Cell Neurosci 7: 207. 

61. Shamsi F, Parlato R, Collombat P, et al. (2014) A genetic mouse model for progressive ablation 
and regeneration of insulin producing beta-cells. Cell Cycle 13: 3948-3957. 

62. Parlato R, Kreiner G, Erdmann G, et al. (2008) Activation of an endogenous suicide response 
after perturbation of rRNA synthesis leads to neurodegeneration in mice. J Neurosci 28: 
12759-12764. 

63. Domanskyi A, Geissler C, Vinnikov IA, et al. (2011) Pten ablation in adult dopaminergic 
neurons is neuroprotective in Parkinson's disease models. FASEB J 25: 2898-2910. 

64. Yuan X, Zhou Y, Casanova E, et al. (2005) Genetic inactivation of the transcription factor 
TIF-IA leads to nucleolar disruption, cell cycle arrest, and p53-mediated apoptosis. Mol Cell 19: 
77-87. 

65. Erickson JD, Bazan NG (2013) The nucleolus fine-tunes the orchestration of an early 
neuroprotection response in neurodegeneration. Cell Death Differ 20: 1435-1437. 

66. Plotkin JL, Day M, Peterson JD, et al. (2014) Impaired TrkB receptor signaling underlies 
corticostriatal dysfunction in Huntington's disease. Neuron 83: 178-188. 

67. Lee JH, Tecedor L, Chen YH, et al. (2015) Reinstating aberrant mTORC1 activity in 
Huntington's disease mice improves disease phenotypes. Neuron 85: 303-315. 

68. Ravikumar B, Vacher C, Berger Z, et al. (2004) Inhibition of mTOR induces autophagy and 
reduces toxicity of polyglutamine expansions in fly and mouse models of Huntington disease. 
Nat Genet 36: 585-595. 

69. Hamdane N, Stefanovsky VY, Tremblay MG, et al. (2014) Conditional inactivation of Upstream 
Binding Factor reveals its epigenetic functions and the existence of a somatic nucleolar 
precursor body. PLoS Genet 10: e1004505. 

© 2015 Rosanna Parlato, et al., licensee AIMS Press. This is an 
open access article distributed under the terms of the Creative 
Commons Attribution License 
(http://creativecommons.org/licenses/by/4.0) 


