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Abstract

Although, the nucleolus has been observed for nearly 200 years in neurons, studies that directly
address neuronal roles of this subnuclear structure have appeared only recently. The goal of this
review is to discuss that recent progress and identify some critical questions which remain to be
answered. As expected for the cellular center of ribosome biogenesis, the nucleolus is essential for
the growth of developing neurons, including neurite morphogenesis and long-term maintenance of
mature neurons. In addition, the nucleolus contributes to neuronal stress responses, including the
regulation of apoptosis. Hence, disrupted neurodevelopment or neurodegeneration are among the
likely consequences of nucleolar dysfunction. Conversely, the presence of active nucleoli may
determine the potential for neurorepair.
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Introduction

Nearly two centuries ago, microscopic observations of neurons resulted in the identification
of a subnuclear structure that in 1839 was named the nucleolus by Gabriel Valentin
(reviewed in [1]). Subsequent work done mostly in transformed cells revealed that the
nucleolus is an initiation site for ribosomal biogenesis and as such determines cellular
translation capacity and regulates cell growth (for recent reviews see [2-5]). Additional
nucleolar functions have also been identified, including various stress responses (reviewed
in [6, 7]). Although neurons are post-mitatic cells, which upon reaching maturity have a
limited growth potential, they often display prominent nucleoli. However, until recently
their neuronal functions have not been addressed by direct experimentation. The goal of this
review is to discuss the results of several studies from the past few years which have directly
addressed the significance of neuronal nucleoli as well as to identify some of the important
questions that remain to be addressed.
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Biology of the nucleolus

The nucleolus is assembled around several hundred copies of the repeated 45S rRNA gene
(ribosomal DNA or rDNA) that are located in several clusters at various chromosomal
locations throughout the mammalian genomes (as reviewed in [2, 3]) (Fig. 1A). Ribosomal
DNA is transcribed by a specialized nucleolar RNA polymerase, RNA polymerase-1 (Poll)
[3]. Transcription of rDNA initiates ribosomal biogenesis (Fig. 1A). Additionally, Poll
activity promotes the formation and maintenance of the nucleolus including that of post-
mitotic neurons [8, 9] (Fig. 1B). Hence, it is not surprising that the size and structural
organization of the nucleolus is directly related to the rate of ribosomal biogenesis [2].

Numerous additional steps of the maturation of precursors of the small- and large ribosomal
subunits (SSU, and LSU, respectively) are also nucleolar (as reviewed in [2, 4, 5]). The
primary Poll transcript, 45S pre-rRNA undergoes extensive co-transcriptional modifications
including ribose methylation and uridine isomerization to pseudouridine that may be
required for the proper structural organization and activity of mature rRNA [4, 5].
Ribosomal proteins begin to assemble on the nascent transcript, which together with a vast
array of accessory factors, stimulate subsequent steps of ribosomal subunit maturation
including pre-rRNA processing and nuclear export. The pre-LSU assembly in the nucleolus
also involves incorporation of 5S rRNA that is transcribed from non-nucleolar genes by
RNA-Polymerase-3 (reviewed in [10]). Eukaryotic ribosomal biogenesis is a highly complex
process that involves 80 ribosomal proteins, more than 200 non-ribosomal proteins and 75
small nucleolar RNAs (snoRNAS) [4, 5]. In a rapidly dividing cell, several thousand
ribosomes are generated every minute [4]. Ribosomal RNA transcription accounts for at
least half of the total transcriptional output of a cell during active proliferative growth [3, 4].
Hence, ribosomal biogenesis represents a major item on the energy budget of proliferating
cells [11]. High rates of ribosomal biogenesis are also expected in cells that do not divide
but, instead, rapidly increase their volume such as maturing oocytes, neurite-extending
neurons or myelinating oligodendrocytes.

Multiple mechanisms are employed to adjust the rate of ribosomal production to cellular
demand (as reviewed recently in [3]). The primary target for such regulation is DNA
transcription. Several studies have shown that stimulation of rDNA transcription is sufficient
to increase the entire process of ribosomal biogenesis accelerating proliferation [12, 13].
Transcription of rDNA is regulated at the level of Poll activity and also by epigenetic
mechanisms which affect the number of transcriptionally active rDNA genes (reviewed in
[3, 14]). Thus, growth factors, nutrients, or stressors increase or decrease Poll activity,
respectively. Many of their effects on Poll are mediated by signaling kinases including
positive regulation by the mammalian target of rapamycin (mTor) and extracellular signal
related kinases-1/2 (ERK1/2) or negative regulation by the c-Jun N-terminal kinase (JNK) or
AMP-activated protein kinase (AMPK) [12, 15-20]. In addition, acetylation of rDNA
transcriptional regulators provides another positive input to Poll activity [21-23]. Finally,
epigenetic regulation is believed to play a role in reduction of the ribosomal biogenesis
when differentiation follows rapid growth such as that during embryonic development
(reviewed in [14]) or when cells are depleted of energy [11]. Epigenetic silencing of the
nucleolus includes CpG methylation of rDNA promoters [14].

In addition to ribosomal biogenesis, maturation of tRNAs and small nuclear RNAs
(snRNAs) that participate in mRNA splicing has been shown to occur in nucleoli (reviewed
in [24, 25]). Further, nucleolar disruption is a rapid consequence of Pol1 inhibition
following DNA damage or oxidative injury which has allowed the nucleolus to evolve as a
sensor of cellular stress [19, 26, 27]. Thus, the disintegrating nucleolus releases several
proteins that activate the stress response transcription factor p53 resulting in apoptosis

Trends Neurosci. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hetman and Pietrzak

Page 3

(reviewed in [6, 7]). Other proteins with dedicated functions in stress response such as
several DNA repair enzymes are localized to the nucleolus in the absence of genotoxic stress
and released upon DNA damage to restore genome integrity [28, 29]. Nucleolar
sequestration is also a regulatory mechanism for several proteins that serve as molecular
switches during cell cycle progression or differentiation (reviewed in [30]). In addition, the
nucleolus is involved in nuclear export of ubiquitinated nuclear proteins such as p53
enabling their degradation by the proteasome system in the cytoplasm [31, 32]. Finally, at
least in yeast, the inherent instability of rDNA repeats determines the life span by linking the
aging-associated loss of rDNA to the activation of DNA damage response and cell
senescence (reviewed in [33]). Taken together, the highly dynamic nucleolus is the key
controller of cell growth and an important sensor of cellular stress.

Role of the nucleolus in neuronal growth

Despite being non-dividing cells, neurons are able to grow. During development,
neurotrophic factors stimulate neuronal growth including increases in the size of the
perikarion as well as length, caliber and complexity of neurites (reviewed in [34-36]). The
large increase in the cell volume that is associated with such growth suggests that its
dependence on ribosome production is similar to that observed for growth of dividing cells.
This view is supported by observations from various regions of the nervous system that
indicate an increasingly active morphology of neuronal nucleoli as neurons are progressing
through development until they reach their final dimensions [8, 37, 38]. Some growth
abilities are also retained in the mature nervous system such as the growth of axons which
occurs during peripheral nerve regeneration after injury (reviewed in [36]). There is a good
correlation between regenerative growth of injured neurons and increased nucleolar activity
in these cells [39, 40]. Taken together, morphological observations suggest a link between
neuronal growth and the dynamic changes of the nucleolus indicative of increased ribosomal
biogenesis. A recent work suggests that such a relationship is likely due to a requirement of
ribosomal production for neuronal growth [41] (Fig. 2).

Brain-derived neurotrophic factor (BDNF) is a major growth stimulus for developing
neurons of the cerebral cortex and the hippocampus (reviewed in [34, 35]). In addition to
inducing growth of their somas, BDNF is also a powerful stimulant of neuritic
morphogenesis. Such effects result from the interaction of BDNF with its high affinity
receptor, the Tropomyosin-Related Kinase B (TrkB), and subsequent activation of several
signaling pathways including the well established regulators of Pol1l, mTor and ERK1/2 (eg.
[42, 43])).

BDNF has been shown to stimulate Poll activity in primary cultures of cortical or
hippocampal neurons from newborn rats and in whole rat pup hippocampi and cortices [41].
At least in cultured neurons, that effect required the ERK1/2 pathway. When Poll was
inhibited by an shRNA-mediated knockdown of its specific co-activator, transcription
initiation factor-1A (TIF1A), BDNF failed to stimulate growth of cultured hippocampal
neurons. Thus, in neurons with normal TIF1A levels, a 24 hr treatment with BDNF
increased perikarial volume, total length of neurites and number of secondary neuritic
branches. None of these effects were observed after TIF1A knockdown suggesting
requirement of Pol1 for BDNF-induced neuronal growth. In addition, the neuron growth
stimulation with the constitutively active mutant form of the ERK1/2 activator, Map Kinase
Kinase-1 (MKK1/MEKZ1) was as sensitive to Poll inhibition as that of BDNF.

In non-neuronal cells, TIF1A is phosphorylated at the serine residues 633 and 649 by ERK2
and the ERK1/2-activated RSK2, respectively, to stimulate Poll activity [12].
Overexpression of a mutant TIF1A with phosphomimetic substitutions at those
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phosphorylation sites (Ser to Asp) promoted robust growth of cultured hippocampal neurons
including increases of soma volume, total neuritic length and neuritic branching. A similar
growth response was observed if wild type TIF1A was overexpressed together with low
levels of active MKK1, either of which were insufficient to stimulate neuronal growth.
Collectively, these results suggest that Poll is both necessary and sufficient for perikarial
growth and neuritic morphogenesis in developing neurons under neurotrophic stimulation.
In addition, they identify Poll as a major target for the growth-stimulating ERK1/2 pathway.

These neuronal growth studies with newborn rat hippocampal neurons were carried out 7-9
days after cell isolation (/n vitro days 6-8). At that time, axons are already well established
while dendrites grow and branch out [44]. Therefore, most of the aforementioned neuritic
growth effects of manipulating Pol1 are dendritic. Hence, an obvious question emerges
whether axonal growth during development or during regeneration is also dependent on
Poll. Another question that needs to be addressed is whether pro-morphogenic signaling
pathways like mTor, calcium/calmodulin-dependent kinases (CaMKs) or cAMP ([42, 43]
and references therein) also rely on Poll to transduce the extrinsic signals for
morphogenesis. Conversely, Pol1 may be a target for the intrinsic neuronal growth
regulators such as transcription factors Runx1 or SnoN [45, 46].

As increased ribosomal production follows Poll activation, one could expect that neuronal
growth requires greater number of ribosomes. However, inhibition of Pol1l activity for 48 h
did not reduce general protein synthesis despite antagonizing neuronal growth [41]. One
interpretation of such results could be that in a growing neuron, a continuous local delivery
of the newly generated ribosomes would be indispensable for the growth even without an
overall increase in protein translation (Fig. 2). Such a local ribosome delivery hypothesis is
supported by the observations that neuronal ribosomal turnover is fairly slow with an
estimated ribosome half life time of at least 8 days [47]. Hence, the inhibition of Poll
activity for 2472 h that is sufficient to affect neuronal growth [41] would not be long
enough to alter the total pool of neuronal ribosomes. In growing dendrites, the local
ribosome delivery hypothesis fits well with the well established ribosomal presence in this
type of neurites [48]. If our ongoing studies confirm that axonal growth also requires Pol1, a
similar local ribosome delivery hypothesis may also apply to axonal growth, at least in these
neuronal population that contain axonal ribosomes [49]. Imaging ribosomes in live neurons
using inducible fluorescent protein tags will help answer the question as to whether newly
made ribosomes are enriched in expanding neurites.

The local ribosome delivery hypothesis implies that increased local protein synthesis may be
critical for neuronal growth. In fact, local protein synthesis is well documented in dendrites
and axons and is believed to contribute to their growth (reviewed in [48-51]). Thus, newly
made ribosomes might be needed to satisfy demand for local protein synthesis that is
required for growth. In axons, those newly made ribosomes could populate the
periaxoplasmic plaques that were proposed as centers of axonal protein synthesis [52]. In
addition, it is conceivable that the local protein synthesis that is required for growth employs
a distinct type of ribosomes whose biogenesis is stimulated by growth promoting signals.
Such a scenario fits well with the hypothesized functional heterogeneity of cellular
ribosomes (reviewed in [53]). However, local ribosome delivery may have additional effects
that would add to the growth support. For instance, in addition to residing at the
endoplasmic reticulum membranes or in the cytosol, ribosomes may associate with, and,
possibly regulate the cytoskeleton, which, in turn, is critical for neuronal growth (reviewed
in [54]). A recent genetic screen in yeast also identified a ribosomal requirement for
activation of the mTor-Akt signaling pathway [55]. Hence, in addition to support of local
protein synthesis, local ribosomes could promote neurite morphogenesis by regulating
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cytoskeleton and/or contributing to the intracellular signaling pathways for the extracellular
signals that promote growth.

While this review focuses on the neuronal nucleolus, the glial nucleolus may also be
important for growth and/or maintenance of neurites. For instance, in regenerating axons of
sensory neurons, ribosome transfer from Schwann cells has been proposed as a mechanism
contributing to the local protein synthesis [56]. Likewise, desomatized axons were shown to
be recipients of Schwann cell ribosomes [57]. Further studies are needed to determine the
role of ribosomal biogenesis in glia for neuritic growth and maintenance.

As neuronal growth is critical for the development of the nervous system, nucleolar
impairment may contribute to neurodevelopmental disorders (Table 1). For instance,
mutations reducing activity of two nucleolar proteins including the essential for mitotic
growth-1 (EMG1/NEP1) and RNA binding motif protein-28 (RBM28) lead to microcephaly
and mental retardation in Bowen-Conradi- and Alopecia, Neurological deficits and
Endocrinopathy (ANE) syndromes, respectively [58, 59]. In non-neuronal cells, EMG1 and
RBMZ28 function as transacting factors of ribosomal biogenesis. However, future studies are
necessary to test whether neurological consequences of EMG1- and/or RBM28 deficiency
are due to reduced ribosomal biogenesis in developing neurons and the subsequent
impairment of their growth. Cockayne syndrome (CS) that is caused by inactivating
mutations of several components of the DNA nucleotide excision repair (NER) pathway is
associated with microcephaly, cognitive impairment and progressive degeneration of various
neuronal populations (eg. [60]). It has been proposed that its pathogenesis may be due to
reduced nucleolar transcription as products of 3 major CS-mutated genes play a direct role
as Pol1l co-factors (eg. [61]). An autism-spectrum disorder, Prader-Willi syndrome (PWS), is
caused by paternal deficiency within the 15q11-g13 chromosomal region. While this region
contains a number of genes whose deficient expression contributes to the complex PWS
phenotype, insufficiency of SNORD116 s critical for key characteristics of this disorder
including obesity, hyperphagia and hypogonadism [62, 63]. SNORD116 (HB//-85) encodes
a brain-specific C/D box snoRNA that forms a complex with the nucleolar protein fibrillarin
[64]. In contrast to most C/D box snoRNAs, which contribute to ribosomal biogenesis,
SNORD116 is not complementary to rRNA but to several MRNASs suggesting its role in
mRNA splicing [65]. Nevertheless, nucleolar atrophy has been reported in cerebellar
Purkinje neurons of PWS patients or transgenic mice with a PWS-like paternal deficiency of
gene expression indicating that SNORD116 may, at least, indirectly regulate ribosomal
biogenesis [66]. In Rett syndrome, which is caused by reduced activity of a transcriptional
regulator methyl-CpG-binding protein-2 (MeCP2), dendritic atrophy without neuronal loss
occurs in early childhood [67]. In a mouse model of Rett syndrome (MecpZ2 knockout), this
pathology is accompanied by reduced size of neuronal nucleoli [68]. It is tempting to
speculate that ribosomal biogenesis may become a novel target for therapeutic interventions
at least in some neurodevelopmental disorders.

Role of the nucleolus as a neuronal stress sensor

The requirement of the ongoing rDNA transcription for the maintenance of the nucleolus as
a structure makes it a convenient sensor of cellular stress (reviewed in [6, 7]) (Fig. 1B).
Indeed, the transcription-dependent nucleolar compartmentalization of various proteins
offers a number of potential stress messengers and/or stress effectors which can be released
upon cell injury [7] (Fig. 3). Conversely, nuclear export and inactivation of such stress
signaling molecules as p53 may require an intact nucleolus [31]. Therefore, the stress
response function of the nucleolus could remain active in many types of differentiated cells
including those which have exited the cell cycle. Direct evidence for the role of the
nucleolus in neuronal stress responses has only recently emerged.
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It has been known for some time that the morphological appearance of the neuronal
nucleolus is sensitive to various types of injuries including DNA damaging anti-cancer
drugs, ionizing irradiation, hypoxia or oxidants [69-75]. Also, in the case of pro-
neurodegenerative mouse mutations such as K/otho or Pcd, nucleolar disruption in the
sensitive neuronal populations has been associated with oxidative DNA damage [76-78].
Since most of those nucleolar stress conditions involve DNA damage, it is likely that
nucleolar disruption is a consequence of DNA lesions that directly interfere with rDNA
transcription (for review see [79]). Alternatively, stress-activated signaling cascades
including hydrogen peroxide-activated JNK2 may inhibit Pol1-driven transcription to induce
the nucleolar stress response [19].

The first report of the possible consequences of the nucleolar stress was focused on
ischemia/hypoxia [80]. In this case, a search for binding partners of the activated death
effector protein Bax that can help to localize it to mitochondria identified the nucleolar
chaperone nucleophosmin/B23. B23 was released from the nucleolus upon hypoxia while
B23 knockdown reduced apoptotic response to hypoxia in a cell line. These findings
together with an observation that Bax is bound to B23 in a mouse model of stroke suggest
that nucleolar stress contributes to neuronal loss in hypoxia [80].

A pro-apoptotic role of Poll inhibition and the subsequent nucleolar stress has been also
proposed in developing neurons that are challenged with the DNA damaging anticancer drug
camptothecin (CPT) [9] (Fig. 3). This compound inhibits DNA topoisomerase-1 (Topol)
inducing DNA single strand breaks (SSBs) and DNA-Topol adducts [81]. In cultured
cortical neurons from newborn rats, CPT potently blocked Pol1l activity and disrupted
integrity of their nucleoli [9] (Fig 1B). The CPT-induced nucleolar stress preceded
activation of the DNA damage-regulated pro-apoptotic transcription factor p53 and
apoptosis. Nucleolar disruption also occurred if p53 and/or apoptosis were blocked. In
addition, Poll inhibition by knocking down TIF1A, was sufficient to induce p53-dependent
neuronal apoptosis that required extranucleolar transcription. Also, neuronal apoptosis was
induced by the transcriptional inhibitor Actinomycin D if it was applied at low
concentrations which were relatively more potent against Pol1 than the mMRNA-transcribing
RNA-Polymerase-2 (Pol2). Finally, Pol1 inhibition, activation of p53 and apoptosis has
been reported after TIFLA was knocked out in the neuroprogenitor cells of the developing
mouse brain [82]. Hence, Pol1 inhibition in immature neurons triggers neuronal apoptosis
that is dependent on a p53-mediated transcriptional response (Fig. 3).

In rat forebrain neurons, the nucleolar stress is specific to certain types of DNA damage

[27]. While transcription inhibitory lesions such as single strand breaks (SSBs) and/or DNA
protein adduct disrupted nucleoli, double strand breaks (DSBs) neither blocked Pol1 nor
affected nucleolar integrity [27]. In addition, nucleolar stress is not a developmentally
restricted response to DNA damage as it has been observed in both developing and mature
neurons [27]. Such observations suggest that the nucleolus may serve as a neuronal sensor of
genotoxic stress in both developing and mature nervous systems.

Apoptosis is a consequence of nucleolar stress that is restricted to developing neurons [9, 27,
82]. Conversely, adult mouse neurons with conditional knockout of TIF1A survive for
months despite a loss of ribosomal biogenesis in the nucleolus, inhibition of mTor signaling,
mitochondrial impairment and presence of oxidative stress [75, 82]. Hence, in adult neurons,
nucleolar stress likely activates a survival program that allows these cells to cope with
unfavorable conditions. In addition, in most cases, nucleolar stress is expected to be
relatively transient as Poll will resume its activity after cellular homeostasis is restored [73,
83]. Therefore, one can speculate that many of nucleolar stress effectors will mediate
compensatory responses that promote neuronal survival. Finally, under hypoxia or oxidative
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damage, a transient block of ribosomal biogenesis may be neuroprotective simply by
conserving energy [11]. Taken together, while in developing neurons, nucleolar stress
induces apoptosis, neuroprotection may be one of its major outcomes in the adult nervous
system. In addition, even in developing neurons, transient- but not prolonged nucleolar
stress may primarily support survival.

Nucleolar malfunction and neurodegeneration

As neurons are dependent on translation for cell maintenance and synaptic plasticity, one
can expect that if neuronal ribosome production is reduced by pathological factors,
neurodegeneration and/or neuronal dysfunction will follow. In fact, a hypothesis that
ribosomal biogenesis failure underlies aging dependent-neurodegeneration and/or neuronal
dysfunction was proposed almost 40 years ago by Bernard Strehler [84]. More recently,
relatively slow neurodegeneration has been reported following Pol1 inhibition by the
neuron-specific knock out of TIFLA in adult mouse brain [75, 82]. However, while these
results illustrate the importance of the nucleolus for the maintenance of adult neurons, their
relevance to the common neurodegenerative diseases is uncertain.

While a complete inhibition of Poll activity such as in TIF1A knockout mice may be
unlikely, partial nucleolar insufficiency may contribute to neurodegeneration (Table 1). For
instance, reduced nucleolar size indicative of Poll inhibition has been reported in neurons
from brain regions that are affected by AD [85-87]. Moreover, reduced numbers of
ribosomes and/or extensive oxidation of rRNA have been demonstrated in hippocampal and
cerebro-cortical samples from AD brains [88-90] (Fig. 4A, B). Such rRNA damage was
associated with decreased protein synthesis [88—90]. Importantly, both rRNA oxidation and
ribosomal defects have been found in mild cognitive impairment (MCI) which often
represents an early stage AD [89, 90] (Fig. 4A, B). More recently, hypermethylation of the
rDNA promoter has been reported in the cerebro-cortical- but not cerebellar samples from
AD brains [91]. Such hypermethylation, which suggests epigenetic silencing of the nucleolar
rRNA genes, was most pronounced at the early stages of AD. While rDNA promoter
hypermethylation has been shown to reduce nucleolar transcription and ribosomal
biogenesis, it may also be a consequence of lower transcriptional activity of Pol1 [92].
Irrespective of being a cause or the result of lower nucleolar transcription, hypermethylation
of the rDNA promoter suggests nucleolar failure in AD. The resulting reduction of
ribosomal biogenesis may lower the renewal rate of neuronal ribosomes resulting in
accumulation of damaged ribosomes and the AD-associated translational insufficiency (Fig.
4C, D).

The causes of nucleolar malfunction in AD are yet to be identified. They may include such
AD-associated phenomena as accumulation of oxidative DNA damage, activation of
oxidative stress signaling pathways such as JNK, and reduced energy resources (reviewed in
[93-95]) (Fig. 4C, D). Indeed, epigenetic silencing of rDNA has been shown to protect
against energy depletion in proliferating cells, where ribosomal biogenesis is a major energy
drain [11]. Although, in neurons electrical activity or actin dynamics is expected to consume
more energy than ribosomal production, reduction of the latter could offer extra resources to
survive under unfavorable conditions [96]. While a transient protection from cell death may
be beneficial, impaired ribosomal biogenesis with time would be expected to decrease
translation affecting processes like maintenance of synapses [97] and synaptic plasticity
(reviewed in [98]). As a result, the neuroprotective reduction in nucleolar transcription could
contribute to dementia by promoting synapse loss and/or synapse dysfunction.

Although the biological consequences of neurodegeneration-associated nucleolar
deficiencies remain to be verified experimentally, questions arise whether the nucleolus may
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be a therapeutic target to reduce dysfunction of the degenerating nervous system. In support
of this possibility, hypertrophic nucleoli have been observed in both cortical and
hippocampal neurons from asymptomatic subjects with AD pathology [86, 99]. Therefore,
stimulation of nucleolar transcription may offer a strategy to compensate for
neurodegenerative damage to the brain.

Concluding remarks

Nearly 200 years after the first observations of neuronal nucleoli, recent work has provided
new insights into the functional significance of nucleolar dynamics in neurons including its
role in neuronal growth and stress response. Conversely, there is a new appreciation for how
nucleolar insufficiency may contribute to several neurodevelopmental syndromes and
neurodegenerative diseases. There are, however, several unresolved issues which are of
particular significance for further progress on nucleolar research in the nervous system (Box
1). First, the mechanisms through which nucleoli regulate neuronal growth and stress
responses remain to be identified. Second, whether partial nucleolar insufficiency plays a
direct role in pathogenesis of such neurodegenerative diseases as AD is unclear. Third,
experiments are warranted to determine whether the neuronal nucleolus can be a therapeutic
target for neuroprotection and/or neurorepair. For example, pro-nucleolar interventions
could be harnessed to correct neurodevelopmental disruptions or stimulate repair of the
damaged nervous system. Conversely, transient inhibition of the nucleolar activity could
support neuronal survival under such acute insults as stroke or neurotrauma. Taken together,
studies of the neuronal nucleolus appear to have an exciting period ahead with a potential to
change our mechanistic understanding of neuronal growth, maintenance and degeneration.

Box 1. Outstanding questions

»  What are the regulatory mechanisms adjusting nucleolar transcription to
neuronal needs? Which signaling pathways play a critical role in that process?
Do epigenetic mechanisms contribute to such a regulation?

»  What are the mechanism(s) mediating the neurite growth effects of increased
nucleolar transcription? Can such mechanism(s) include local delivery of de-
novo made ribosomes to the growing neurites and support of local protein
synthesis?

»  Does the nucleolus determine regenerative growth of neurons? If so, can the
nucleolus be harnessed for the therapeutic neurorepair?

»  Does the neuronal nucleolar insufficiency contribute to neurodevelopmental
disorders such as Bowen-Conradi-, ANE, Cockayne-, Prader-Willi- or Rett
syndrome?

»  Does neuronal activity regulate nucleolar transcription? Is such a regulation
required for synaptic plasticity?

e What are the neuronal effector mechanisms of the nucleolar stress?

» s neuronal growth and/or neuronal maintenance affected by such non-classical
functions of the nucleolus as non-rRNA processing, transcription factor

regulation, extranuclear export of proteins and RNAs or chromatin
maintenance?

» Isthe nucleolar insufficiency a cause or a result of neurodegeneration?

» What are the biological consequences of partial nucleolar insufficiency in
degenerating neurons?
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e Can the nucleolar modulation be a valid therapeutic approach to
neurodevelopmental disorders and/or neurodegeneration?

*  What are the contributions of the glial nucleolus to neuronal growth and
maintenance?
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Figure 1. The nucleolusisa subnuclear structure, which carries out ribosomal biogenesisand is
generated by the Pol1-dependent transcription of the nucleolar rRNA genes (rDNA)

a, Ultrastructurally, the nucleolus has a tripartite organization that reflects spatial separation
of various steps of ribosomal biogenesis (as reviewed in [2]). That process is initiated in the
fibrillar centers (FC), where the 45S rRNA (pre-rRNA) is transcribed by Poll from rDNA.
Note the “Christmas tree” structure of the transcribed rDNA loci/elongating pre-rRNA
molecules at the edges of the FC. Further steps of ribosomal biogenesis including pre-rRNA
modifications and processing to mature rRNAs (18S, 5.8S and 28S) as well as rRNA
assembly with ribosomal proteins and the 5S rRNA occur in the dense fibrillar component
(DFC) and granular component (GC) of the nucleolus. Final products of this process, the
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40S and 60S ribosome subunits are exported out of the nucleus, where, following final
maturation, they may form ribosomes. b, The nucleolus is a transcription-dependent
structure. Upon 1 hr treatment with Actinomycin D to block Poll (0.05 pg/ml), the nucleoli
of cultured rat cortical neurons disintegrate as demonstrated by nucleoplasmic translocation
of the immunofluorescent nucleolar chaperone B23 [9]. Arrows (left panel) indicate neurons
with intact nucleoli as suggested by predominantly nucleolar presence of B23; arrowheads
(right panel) depict neurons with nucleolar disruption as indicated by diffusion of B23
throughout the nucleoplasm. Reproduced, with permission, from [9].
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Figure 2. A hypothetical model of a nucleolar mechanism that supports neurite growth in
responseto extracellular signals

a, Without growth-promoting signals, basal activity of Pol1 maintains neuronal homeostasis
by replacing ribosomes that were damaged by oxidation. b, Upon growth-promoting signals
(e.g. BDNF), Poll is stimulated to produce more ribosome subunits. In BDNF-treated rat
forebrain neurons, Pol1-driven transcription is activated by the TrkB-ERK1/2 signaling
pathway [41]. The newly made ribosome subunits (marked in red and green) may be
preferentially transferred to the growing portions of neurites supporting their growth. Such
growth support may include local protein synthesis as indicated by the contribution of the
newly generated ribosomes to the translating polysomes (arrowheads).
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Figure 3. The nucleolusisa neuronal stress sensor that controlsthe pro-apoptotic activity of p53

in developing neurons

a, Under normal conditions, RNA-polymerase-1 (Poll)-dependent transcription ensures
nucleolar sequestration of proteins that may disrupt murine double minute- 2 (MDM2)-
dependent ubiquitination of the killer transcription factor p53 in the nucleoplasm, enabling
its proteasome-mediated degradation in the cytoplasm. While the identity of p53 regulators
in the neuronal nucleolus is not known at present, nucleophosmin/B23 as well as ribosomal
proteins L5, L11 and L23 play that role in non-neuronal cells (reviewed in [7]). In non-
neuronal cells, the negative regulation of p53 may also involve its nucleolus-dependent
nuclear export [31]. b, Upon an insult by a pro-apoptotic agent that blocks Poll (e.g.
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inducers of DNA single strand breaks and/or large DNA adducts [9, 27]), the nucleolus

disintegrates and p53 degradation is inhibited. The accumulated p53 induces Pol2-
transcribed killer genes which activate neuronal apoptosis [9].
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Figure 4. A hypothetical model for therole of nucleolar insufficiency in AD
a-b, Reduced ribosomal content and increased rRNA oxidation in AD pathology-affected
parietal cortex. a, Representative examples of ribosomal isolations from parietal cortex

samples of a control, a mild cognitive impairment (MCI)- and a late stage AD patient.
Sucrose gradient centrifugation fractions (fraction numbers are on the X-axis) were
monitored for RNA content (UV 260 nm absorbance is depicted on the Y-axis using

Page 19

arbitrary units) [90]. In MCI, which often represents early stage AD, and late stage AD, the

content of 60S large ribosomal subunit- and 80S ribosome/polysomes is decreased.

Reproduced, with permission, from [90]. b, Slot blot analysis of the peak 40S, 60S and 80S

Trends Neurosci. Author manuscript; available in PMC 2013 May 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hetman and Pietrzak

Page 20

fractions for the content of the marker of oxidized nucleic acids, 8-hydroxyguanosine using
an anti-8-hydroxyguanosine-specific antibody [90]. Samples from two representative cases
of each group (control-, MCI-, and late stage AD) are shown. RNA specificity of the signal
was confirmed using RNase-pretreated samples (see reference [90] for more details).
Reproduced, with permission, from [90]. c, In healthy neurons, proficient ribosomal
biogenesis ensures appropriate renewal of the ribosome pools and normal protein synthesis
that is required for synaptic maintenance and synaptic plasticity. d, In degenerating neurons
(for example, in AD-affected brain regions), nucleolar transcription may be reduced by such
factors as lowered energy resources, DNA damage and/or stress signaling activated by the
excessive generation of the reactive oxygen species (ROS) [11, 19, 27, 91]. That would
result in lower production of ribosomes and consequent inability to replace ribosomes whose
rRNA is damaged by oxidation (marked in black) [88-90]. As a result, the number of active
ribosomes would decrease and the declining protein synthesis would be insufficient to
support neuronal maintenance including structural and functional integrity of neurites and
synapse [88-90].
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Evidence supporting a role for nucleolar dysfunction in neurological disorders

DISORDER

EVIDENCE OF NUCLEOLAR DYSFUNCTION

Morphological

Biochemical

Genetic/Epigenetic

Alzheimer’s Disease

Reduced nucleolar size in
the cerebro-cortical,
hippocampal and Meynert’s
nucleus neurons [85-87, 99]

Increased oxidation
of rRNA and
ribosomal failure in
the hippocampus
and/or cerebral
cortex [88-90]

CpG hypermethylation of the rDNA promoter in
the cerebral cortex [91]

ANE Syndrome

Inactivating mutation of the nucleolar LSU
biogenesis factor RBM28 cause the disease [59]

Bowen-Conradi Syndrome

Inactivating mutation of the nucleolar SSU
biogenesis factor EMGL1 causes the disease [58]

Cockayne Syndrome

Inactivating mutations of the NER mediators and

Pol1 co-factors CSB, XPBY and XPDC cause the
disease ([61] and references therein).

Huntington’s Disease (HD)

Reduced nucleolar transcription and levels/
activity of the nucleolar transcription factor
UBF?in a mouse striatal cell line with an HD-
associated mutation in the mouse A€ and in the
striatum of transgenic mice overexpressing an

HD mutant fragment of human H77 (R6/2
mouse line) [23].

Parkinson’s Disease

Reduction in nucleolar size
and the nucleolar marker
B23 in nigral neurons of PD
patients [75, 100]

Mouse nigral neuron degeneration following
dopaminergic-neuron-specific knock out of the
Pol1 co-activator TIF1A [75]

Prader-Willi Syndrome (PWS)

Reduced nucleolar size in
neurons from PWS patients
and transgenic mice with the
PWS-like paternal
deficiency of gene
expression [66]

Microdeletions within the chromosome 15 PWS
region that selectively disrupt the snoRNA gene
cluster SNORD116 (HBII-85) are sufficient to
causes the key features of the disease [62, 63]

Rett Syndrome

Reduced nucleolar size in
the Mecp2 mouse knockout
model of Rett syndrome [68]

childhood

Suicide with history of abuse in

Reduced levels of
18S rRNA in the
hippocampus of
affected individuals
[101]

CpG hypermethylation of the rDNA promoter in
the hippocampus ofaffected individuals [101]

a .
no data available;

b .
XPB, xeroderma pigmentosum group B;

CXPD, xeroderma pigmentosum group D;

dUBF, upstream binding factor;

eHTT, huntingtin
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