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Abstract All organisms sense and respond to conditions that
stress their homeostasis by downregulating the synthesis of
rRNA and ribosome biogenesis, thus designating the nucleo-
lus as the central hub in coordinating the cellular stress re-
sponse. One of the most intriguing roles of the nucleolus, long
regarded as a mere ribosome-producing factory, is its partici-
pation in monitoring cellular stress signals and transmitting
them to the RNA polymerase I (Pol I) transcription machinery.
As rRNA synthesis is a most energy-consuming process,
switching off transcription of rRNA genes is an effective
way of saving the energy required to maintain cellular homeo-
stasis during acute stress. The Pol I transcription machinery is
the key convergence point that collects and integrates a vast
array of information from cellular signaling cascades to regu-
late ribosome production which, in turn, guides cell growth
and proliferation. This review focuses on the mechanisms that
link cell physiology to rDNA silencing, a prerequisite for
nucleolar integrity and cell survival.

Introduction

The synthesis of rRNA, the first step in ribosome synthesis,
determines the cell’s capacity to grow and proliferate. As
ribosome biogenesis consumes a tremendous amount of cel-
lular energy, rRNA synthesis and ribosome production are
tightly linked to cell growth and proliferation to be responsive
to general metabolism and specific environmental challenges.
In fact, almost all signaling pathways that affect cell growth
and proliferation directly regulate rRNA synthesis; their
downstream effectors converging at the Pol I transcription
machinery (Fig. 1). These topics have been reviewed in the
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past, and readers are referred to other articles for further
reading (Grummt 2003; Russell and Zomerdijk 2005, 2006;
Moss et al. 2007; McStay and Grummt 2008; Grummt 2010;
Drygin et al. 2010; Grummt and Langst 2013).

This review focuses on how stress responses in mammalian
cells affect nucleolar function. The rationale for this is that all
organisms sense and respond to conditions that stress their
homeostasis by downregulating the synthesis of rRNA and
ribosome biogenesis. Perturbation of any of the steps of ribo-
some biogenesis, including transcription, processing, and as-
sembly of the 40S and 60S ribosomal subunits, causes nucle-
olar stress and inhibits cell cycle progression. Environmental
cues, including virtually any type of stress, have been shown
to feed into the tight regulation of rRNA synthesis as part of
cellular quality control, thus placing the nucleolus as a central
hub for coordination of cellular stress response. One of the
strategies that cells use to preserve cellular energy homeosta-
sis under stress conditions is the attenuation of ribosome
biosynthesis. Cellular stress may be caused by a variety of
unfavorable factors, including nutrient deprivation, transient
exposure to high or low temperature, anaerobiosis, oxidative
damage, heavy metals, and changes in osmolarity (Fig. 2). In
view of the intricate networking within a cell, it is not surpris-
ing that attenuation of ribosome biosynthesis can occur at
different levels, which include altered spatial distribution of
nucle(ol)ar proteins, downregulation of RNA polymerase I
(Pol 1) transcription, precursor rRNA (pre-rRNA) processing
and transport, or changes in chromatin structure. Genotoxic
agents and UV irradiation induce an almost immediate
shutdown of rDNA transcription by changing the fre-
quency of transcription initiation or by adjusting the
number of genes that are involved in transcription.
Here, 1 will discuss the current understanding of the
nucleolus and nucleolar protein pathways, both in terms
of how they modulate the cellular stress response and
how the integration of these pathways protects the ge-
netic integrity of the cell.
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Fig. 1 Regulation of nucleolar transcription in response to external
signals. The cartoon depicts some of the key signaling pathways and
major enzymatic activities that modify basal Pol I-specific transcription
factors, thereby adapting rDNA transcription to changes in extracellular
conditions. The microscopic images show fluorouridine-labeled NIH3T3
cells that were cultured under normal conditions or exposed to nutritional

Reorganization of nucleolar structure under stress

The nucleolus is composed of three structural compartments:
the fibrillar centers (FC) and dense fibrillar centers (DFC),
where transcription and processing take place, and the granu-
lar component (GC) where preribosomes are assembled
(Scheer and Hock 1999). This spatial organization is disturbed
if IDNA transcription is inhibited. Inhibition of rDNA tran-
scription by drugs, commonly by low doses of actinomycin D,
typically leads to rearrangement of nucleolar components,

stress (glucose deprivation). The red dots represent fluorouridine-labeled
nascent nucleolar RNA visualized by immunofluorescence. A Miller
spread of transcriptionally active rRNA genes showing the tandem ar-
rangement of genes and the close spacing of nascent transcripts is shown
below (from Scheer et al. 1997)

culminating in complete nucleolar disintegration. A similar
segregation of nucleolar components, i.e., condensation and
subsequent separation of FC, DFC, and GC and formation of
“nucleolar caps,” is observed after UV irradiation or upon
inhibition of topoisomerase II by drugs such as etoposide
(Govoni et al. 1994). These dramatic changes in nucleolar
morphology are caused by the simultaneous inhibition of
major nuclear pathways and specific stress responses that
affect transcription, replication, and DNA repair. The molec-
ular mechanisms underlying the nucleolar stress response are

Fig. 2 The nucleolus is a stress
sensor. Virtually any type of stress .
feeds into regulation of rRNA Genotoxic
synthesis as part of ribosome stress
biogenesis surveillance and = —
growth control, promoting Metabolic l' Transcriptional
survival and recovery from stress stress \ / stress
RIDOtOXIC | meeep \ < | Osmotic
stress stress
Heat shock Hypoxia
Nutrient
deprivation
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complex and intertwined, underscoring the central role of the
nucleolus in regulatory activities that extend beyond rRNA
synthesis.

Basal factors required for Pol I transcription initiation

Mammalian rDNA clusters are characterized by multiple al-
ternating modules of a long intergenic spacer (IGS) of approx-
imately 30 kb and a pre-rRNA coding region of approximately
14 kb. Each active rRNA gene is transcribed by RNA Pol I to
generate a 47S pre-rfRNA. After synthesis, this primary tran-
script is subsequently processed and modified to generate one
molecule each of mature 18S, 5.8S, and 28S rRNA that,
together with 5S rRNA which is transcribed by Pol III, form
the RNA backbone of the ribosome. Initiation of rDNA tran-
scription requires the assembly of a specific multiprotein
complex at the rDNA promoter containing Pol I and a sur-
prising number of auxiliary proteins (Fig. 3). In mammals, the
transcription initiation complex is assembled at the rDNA
promoter by the synergistic action of two DNA binding fac-
tors, the upstream binding factor (UBF) (Jantzen et al. 1990)
and the promoter selectivity factor (SL1/TIF-IB) (Learned
et al. 1985; Comai et al. 1992; Clos et al. 1986). UBF is an
abundant nucleolar protein that contains several high mobility
group domains that activate rDNA transcription by stabilizing
the binding of SL1/TIF-IB and Pol I at the rDNA promoter.
Promoter specificity is brought about by SL1/TIF-IB, a
multiprotein complex comprising the TATA-box binding pro-
tein (TBP) and five TBP-associated factors (TAFs), i.c.,
TAF[110/95, TAF,68, TAF 48, TAF41, and TAF12
(Zomerdijk et al. 1994; Heix et al. 1997; Denissov et al.
2007; Gorski et al. 2007). The TAF; subunits perform impor-
tant tasks in transcription complex assembly, mediating

specific interactions between the rDNA promoter and Pol I,
thereby recruiting Pol I, together with the essential transcrip-
tion initiation factor TIF-IA and a collection of Pol I-
associated factors, to rDNA.

Stress-dependent changes of the nucleolar proteome

Apart from its traditional role in ribosome biogenesis, the
nucleolus is also involved in cellular functions not directly
related to ribosome biogenesis. These include assembly of
signal recognition particles, control of cell cycle progression,
apoptosis, DNA replication, and repair, thus providing a link
between ribosome biosynthesis, cell cycle progression, and
stress signaling. Consistent with this functional diversity, the
nucleolar proteome is likely to comprise more than 4,500
distinct proteins, including many chaperones or “nucleolar
multitasking proteins,” i.e., proteins that contribute to other
biological activities, which shuttle between the nucleolus, the
nucleoplasm, and even the cytoplasm. Accordingly, the pro-
tein profile of nucleoli is not static but is modulated by
changes in cell physiology, being altered by stress, tumor
development, viral infections, and signaling events. High-
throughput proteomics of mass spectrometry-based stable iso-
tope labeling by amino acids in cell culture (SILAC) and live
cell fluorescence microscopy of cells exposed to stress stimuli,
e.g., actinomycin D treatment (Andersen et al. 2005), viral
infection (Hiscox et al. 2010; Lam et al. 2010), or DNA
damage (Boisvert and Lamond 2010), have revealed rapid
changes in both the concentration and localization of proteins
involved in rDNA transcription, pre-rRNA processing, DNA
damage, and oxidative stress pathways (Banski et al. 2010;
Ahmad et al. 2009). This dynamic network of chaperones, co-
chaperones, and multitasking proteins is required to maintain
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Fig. 3 Cartoon depicting the structural organization of mammalian
rDNA repeats and the basal factors required for transcription initiation.
The site of transcription initiation of 47S pre-tRNA (black arrow) and
intergenic transcripts originating from the spacer promoter (red arrow)
are indicated. The red boxes upstream and downstream of the pre-rRNA
coding region represent binding sites for the transcription termination
factor TTF-1. Repetitive enhancer elements (blue boxes) located between

the spacer promoter and major gene promoter are also indicated. The
ellipsoids show the factors that are associated with the rDNA promoter
and Pol L, respectively. Synergistic binding of UBF and SL1/TIF-IB to the
rDNA promoter is required for the recruitment of RNA polymerase I (Pol
1) and multiple Pol I-associated factors, including the regulatory factor
TIF-IA, to the transcription start site to initiate pre-rRNA synthesis (for
details, see text)
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nucleolar organization under normal growth conditions and to
adapt nucleolar function to environmental changes elicited by
stress or disease. As under conditions of cellular stress—for
example, after heat shock, acidosis, or osmotic stress—the
local network is reorganized, nucleolar chaperones, together
with their cofactors, may provide “pillars” for the establish-
ment of a compartment-specific homeostatic network (Banski
et al. 2010).

Transcriptional inhibition by stress-dependent signaling
pathways

Acute or adaptive response to unfavorable environmental
conditions forces cells to regulate their energy expenses by
focussing their metabolic activity on pro-survival tactics.
Therefore, cells rapidly and efficiently shut down rRNA syn-
thesis after exposure to extra- or intracellular stresses. One key
nucleolar target of oxidative or ribotoxic stress is TIF-IA, a
basal transcription factor for RNA polymerase I (Pol I) that
regulates TRNA synthesis in response to external signals.
Upon exposure to stress, c-jun N-terminal protein kinase 2
(JNK2), a ubiquitously expressed member of the JNK family,
is activated by multiple cellular stresses (Schreiber et al. 1995;
Chen et al. 1996; Davis et al. 2000). Stress-induced activation
of INK2 triggers phosphorylation of TIF-IA at a single thre-
onine residue at position 200 (Thr200). Phosphorylation at
Thr200 has two effects. First, it impairs the interaction of TIF-
IA with Pol I and SL/TIF-IB, thus preventing transcription
initiation complex formation at the rDNA promoter. Second,
phosphorylation at Thr200 causes TIF-IA to move from the
nucleolus to the nucleoplasm where it is sequestered from Pol
I. Mutation of threonine 200 prevents inactivation of TIF-IA
by JNK2-mediated phosphorylation and leads to stress resis-
tance of Pol I transcription (Mayer et al. 2006). These findings
highlight the important role of JNK2 in protecting rRNA
synthesis against the harmful consequences of cellular stress,
reinforcing that nucleoli orchestrate the chain of events the
cell uses to effectively respond to stress signals.

Many of the pathways that convert stress signals into a
cellular response link the nucleolus to stabilization and activa-
tion of the tumor suppressor p5S3 (Rubbi and Milner 2003).
Although the signaling pathways rely on different mechanisms
that can mediate the increase in p53 levels, it is likely that these
pathways are interconnected, depending on the stress signal
and cellular conditions. p53, widely dubbed as “the guardian of
the genome”, is a transcription factor that triggers growth arrest,
apoptosis, and cell senescence in response to DNA damage
(Carson and Lois 1995). The levels of p53 are kept low under
normal physiological conditions due to its interaction with the
E3 ubiquitin ligase MDM2 (called HDM?2 in human), marking
p53 for proteasome-dependent proteolysis. Degradation of p53
by the ubiquitin pathway is intimately linked to nucleolar
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structure and function, which places nucleolar transcription at
the center of control pathways that are influenced by the
amount of p53. Under conditions of nucleolar stress, the p53—
MDM2 complex is disrupted and p53-dependent pathways are
activated. For example, abrogation of nucleolar activity by
genetic inactivation of the T/F-IA gene leads to disintegration
of the nucleolus, increased p53 levels, and p53-dependent
apoptosis (Yuan et al. 2005). Regulation of p53 and induction
of apoptosis in response to aberrant nucleolar activity is
brought about by proteins that interact with MDM2, including
the tumor suppressor protein ARF or several ribosomal pro-
teins, such as L5, L11, or L23. In the absence of nascent pre-
rRNA, these proteins bind to and inhibit the E3 ligase activity
of MDM2, leading to the accumulation of p53 and induction of
apoptosis (Sherr and Weber 2000; Zhang et al. 2003; Kurki
et al. 2004). A recent study showed that inhibition of Pol I
transcription by treatment with CX-5461, a specific small
molecule inhibitor of Pol I transcription, induced cell death in
malignant B cell lymphomas while allowing normal B cells to
grow and proliferate (Bywater et al. 2012). CX-5461 treatment
led to a rapid increase in p53 abundance caused by binding of
ribosomal proteins LS and L11 to MDM2. Together, the strik-
ing correlation between perturbation of nucleolar function,
elevated levels of p53, and induction of cell suicide suggests
that, depending on the gravity of the nucleolar stress, cells face
the decision whether to arrest cell cycle progression and initiate
repair mechanisms or to succumb to p53-dependent apoptosis.
These results not only reinforce the central role of p53 in
surveying cellular health and support the view that the nucle-
olus is a stress sensor that regulates the abundance of p53
(Rubbi and Milner 2003; Olson 2004; Mayer and Grummt
2005; Boulon et al. 2010), but also suggest that drugs targeting
the rDNA transcription machinery may hold great promise for
the treatment of cancer.

Changes in cellular energy levels modulate the activity
of the transcription factor TIF-IA

As the availability of nutrients is one of the most important
variables in maintaining cellular homeostasis and rRNA syn-
thesis is a costly process, Pol I transcription is tightly linked to
the metabolic state of a cell. It has been known for a long time
that a given nutritional state gives rise to an equilibrium in
which the synthesis of ATP and GTP is balanced by their use
in protein synthesis (Grummt and Grummt 1976).
Accordingly, rDNA promoter activity is regulated by intracel-
lular levels of ATP, providing a molecular explanation for the
growth-dependent control and homeostatic regulation of ribo-
some synthesis. The key enzyme that translates changes in
energy levels into adaptive cellular responses is the AMP-
activated protein kinase (AMPK). If energy levels are low and
the intracellular AMP/ATP ratio is elevated, AMPK switches
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Fig. 4 Glucose deprivation downregulates pre-rRNA synthesis. In glu-
cose-rich medium, TIF-IA is phosphorylated by RSK, ERK, and mTOR
at Ser649, Ser633, and Ser199, and these phosphorylations are required
for Pol I transcription. Upon glucose deprivation, elevation of the cellular
AMP/ATP ratio activates AMP-dependent protein kinase (AMPK).

on energy-producing pathways and switches off energy-
consuming pathways to restore cellular ATP levels.
Therefore, under conditions of nutrient shortage, rDNA tran-
scription is downregulated, linking nutrient availability to
ribosome biogenesis (Fig. 4). In vitro and in vivo phosphory-
lation experiments combined with in vitro transcription assays
revealed that the activation of AMPK triggers phosphoryla-
tion of TIF-IA at a single serine residue, Ser635, which leads
to the inactivation of TIF-IA and inhibition of rRNA synthe-
sis. AMPK-mediated phosphorylation of TIF-IA at Ser635
does not compromise binding of TIF-IA to Pol I, but abrogates
the interaction between promoter-bound SL1/TIF-IB and TIF-
IA, which in turn impairs transcription complex assembly
(Hoppe et al. 2009). This observation reveals a sophisticated
level of transcriptional regulation that converts changes in
intracellular energy supply into specific phosphorylation of
TIF-IA, thus leading to downregulation of Pol I transcription
in response to nutrient shortage.

Sirtuins link the cellular energy status to rDNA
transcription

Studies over the past decade have shown that the members of
the sirtuin family are major players in sensing and coordinat-
ing the responses to environmental changes. Sirtuins share
homology to the silencing factor Sir2 (silent information
regulator 2) that regulates replicative lifespan and genomic
stability in budding yeast (Imai and Guarente 2010; Haigis
and Sinclair 2010). Sir2 plays an important role in rDNA
stability and nucleolar activity links rRNA synthesis directly
to the energy prosperity of the cell (Kobayashi and Ganley
2005). Sirtuins are NAD-dependent deacetylases that sense
oxidative stress conditions and promote a protective cellular
response. Mammals have seven sirtuins, denoted SIRT1 to
SIRT7; all of which have distinct cellular locations, target
multiple substrates, and affect a broad range of cellular

AMPK-dependent phosphorylation of TIF-IA at Ser635 prevents the
interaction of TIF-IA with the pre-initiation complex comprising UBF
and SL1. Consequently, recruitment of TIF-IA/Pol I to the rDNA pro-
moter and formation of the transcription initiation complex are impaired

functions (Fig. 5). As sirtuins require NAD" and the cellular
redox state is paramount in cell metabolism, fluctuations of
sirtuin activity play a central role in many processes, including
gene expression, cell survival under stress, cell cycle control,
metabolic homeostasis, etc. (Houtkooper et al. 2012). Several
mammalian sirtuins have been shown to participate in gene
expression through deacetylation of histone and non-histone
proteins. SIRT1, the mammalian homolog of yeast Sir2, for
example is conserved from yeast to humans and regulates a
wide range of biological processes, including gene silencing,
aging, differentiation, and cell metabolism. Regarding rDNA
transcription, SIRT1 downregulates Pol I transcription by
counteracting PCAF-dependent acetylation of TAF68, a
subunit of the promoter selectivity factor SL1/TIF-IB. As
acetylation of TAF;68 is required for SL1/TIF-IB binding to
the rDNA promoter and nucleation of the transcription initia-
tion complex, deacetylation by SIRT1 downregulates tran-
scription (Muth et al. 2001). Notably, this mechanism of
SIRT 1-dependent repression of Pol I transcription at “normal”
energy levels is required to shut-off rRNA synthesis during
mitosis (unpublished results).

Diet-induced changes in the NAD/NADH ratio affect both
SIRT1 and SIRT7, coupling changing energy levels to rRNA
synthesis and ribosome production. However, in contrast to
SIRT1, very little is known about the function of SIRT7.
SIRT?7 is localized in nucleoli being associated with both the
promoter and the coding region of rDNA, interacts with UBF
and Pol I, and promotes cell growth and proliferation in
response to metabolic conditions by driving ribosome biogen-
esis (Ford et al. 2006). SIRT7 expression correlates with
growth, being abundant in metabolically active cells and low
or even absent in non-proliferating cells (Ford et al. 2006; Tsai
et al. 2012; Grob et al. 2009). Depletion of SIRT7 or
overexpression of a catalytically inactive point mutant leads
to decreased rDNA transcription, inhibition of cell prolifera-
tion, and apoptosis, underscoring the pivotal role of SIRT7 in
cell survival (Fig. 6). Furthermore, SIRT7-deficient mice
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Fig. 5 Sirtuins are NAD"-
dependent regulators of cellular
homeostasis. The cartoon depicts
the seven members of the sirtuin
family of NAD"-dependent
deacetylases and their role in
central biological processes. The
two nucleolar sirtuins SIRT1 and
SIRT7 are coloured
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suffer from reduced stress resistance, inflammatory cardiomy-
opathy, and premature aging (Vakrusheva et al. 2008).
Consistent with its important role in cell proliferation and
tumor initiation, SIRT7 was also found to be upregulated in
human hepatocellular carcinoma patients, and suppression of
SIRT7 reduced tumor growth in a mouse xenograft model
(Kim et al. 2013). A recent study has shown that SIRT7
deacetylates histone H3 acetylated at lysine 18 (H3K18ac),
hypoacetylation of H3K18 compromising transcription of
genes that are linked to oncogenic transformation (Barber
et al. 2012).

Although sirtuins were originally described as histone
deacetylases, the range of deacetylase targets has broadened
beyond histones and now includes transcription factors and
enzymes (Feige and Auwerx 2007, 2008; Haigis and Sinclair
2010). We have recently shown that polymerase-associated
factor 53 (PAF53), the mammalian homolog of the yeast Pol
I subunit A49 (Hanada et al. 1996), is acetylated at lysine K373
(K373) by CBP and is deacetylated by SIRT7 (Chen et al.

2013). Hypoacetylation of PAF53 facilitates the association of
PAF53/Pol I with rDNA and is required for Pol I transcription.
The importance of reversible acetylation of PAF53 on Pol 1
transcription is most evident under conditions of cellular stress.
Under normal conditions, SIRT7 is associated with elongating
Pol 1, contacting both PAF53 and nascent pre-tRNA (Fig. 7).
Apparently, the dynamic interplay of CBP-dependent acetyla-
tion and SIRT7-dependent deacetylation of PAF53 is required
for efficient transcription elongation, hypoacetylation of PAF53
promoting the association of Pol I with rDNA, and enhancing
pre-rRNA synthesis. When cells are stressed, the assembly of
transcription complexes is precluded and pre-rRNA synthesis
is inhibited. The absence of nascent pre-rRNA chains in turn
leads to the release of SIRT7 into the nucleoplasm. As a
consequence, PAF53 is hyperacetylated and binding of Pol I
to rDNA is reduced. These results uncover a novel mechanism
of transcriptional regulation, acetylation, and deacetylation of
PAFS53 translating environmental changes into modulation of
rRNA synthesis.

Repressor

Activator

Fig. 6 Opposing functions of SIRT1 and SIRT7 in tDNA transcription.
Both SIRT1 and SIRT7 are localized in nucleoli and play an important
role in the regulation of rDNA transcription. SIRT1 downregulates Pol I
transcription by deacetylating TAF;68, a subunit of the basal transcription
factor SL1. Deacetylation of TAF,68 impairs binding of SL1 to the IDNA
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promoter, thus preventing transcription complex assembly and transcrip-
tion initiation (Muth et al. 2001). In contrast, SIRT7 activates Pol 1
transcription by deacetylating PAF53, a subunit of Pol I, which facilitates
binding of PAF53/Pol I to rDNA and is necessary for Pol I transcription
(Chen et al. 2013)
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Fig. 7 Reversible acetylation of PAF53 regulates rDNA transcription in
response to stress signaling. Under normal growth conditions, elongating
Pol I is associated with the histone acetyltransferase CBP and the
deacetylase SIRT7. CBP acetylates the Pol I-associated factor PAF53 at
lysine 373 (K373), whereas SIRT7 counteracts CBP-dependent acetyla-
tion, removing the acetyl group from K373. Under conditions of energetic
stress, AMP-kinase (AMPK) phosphorylates TIF-IA at serine 635, which

Stress-induced relocalization of nucleolar proteins

An emerging field of nucleolar research involves subnuclear
reorganization and detention of proteins in response to envi-
ronmental stimuli (reviewed in Boulon et al. 2010). Nucleoli
are very dynamic structures that differ, both in size and ap-
pearance, from one cell type to another depending on tran-
scriptional activity. Growing evidence suggests that the nucle-
olus is used as a specific compartment where proteins can be
sequestered to or excluded from, in order to transiently stabi-
lize or destabilize them, or locally separate them from their
interaction partners. This nucleolar confinement—Ilike regu-
lated nuclear import/export pathways—appears to play an
important regulatory role in key cellular processes, such as
cell cycle control and stress response. Relocalization of pro-
teins and reorganization of nucleolar structure in response to
environmental stimuli have often been observed, indicating
that nucleolar proteins are in a constant influx and outflux

precludes transcription complex formation and inhibits transcription ini-
tiation (Hoppe et al. 2009). Binding to nascent RNA is essential for
nucleolar retention of SIRT7. Impaired transcription and lack of nascent
pre-tRNA (red line) lead to the release of SIRT7 from nucleoli and
translocation into the nucleoplasm. As a consequence, PAF53 remains
acetylated at K373, which in turn reduces rDNA occupancy of Pol I and
reinforces transcriptional repression

(Dundr et al. 2002). For example, actinomycin D-mediated
inhibition of Pol I transcription triggers the seclusion of var-
ious nucleolar components into peripheral caps, which is
accompanied by an influx of extranucleolar proteins and
drastic alterations of the nucleolar proteome (Andersen et al.
2005). Moreover, activation of JNK2 in response to oxidative
or ribotoxic stress leads to phosphorylation of TIF-IA at a
single threonine residue (Thr200) which is accompanied by
translocation of TIF-IA from the nucleolus to the nucleoplasm
(Mayer et al. 2006). Likewise, nutritional stress induced by
treatment of cells with the mTOR inhibitor rapamycin leads to
hyperphosphorylation of TIF-IA at serine 199 and to translo-
cation to the cytoplasm (Mayer et al. 2004). Translocation is
restricted to TIF-IA, whereas the nucleolar localization of Pol
I'and UBF remains unaffected (Fig. 8). Presumably, relocating
just TIF-IA rather than the entire Pol I machinery is advanta-
geous under stress conditions whereby transcription repres-
sion has to be both immediate and reversible.
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Fig. 8 Ribotoxic stress leads to

the accumulation of TIF-IA in the
nucleoplasm. Immunostaining of
TIF-IA (red) and UBF (green) in
untreated MEFs (mock) or MEFs

treated with anisomycin (10 mM,
60 min). A merged image is mOCk
shown on the right (from Mayer
et al. 2000)
Anisomycin

Recent SILAC-based and high throughput quantitative
mass spectrometry approaches have identified global changes
in the nucleolar proteome in stress-induced senescent fibro-
blasts (Kar et al. 2011). These studies revealed a distinct
response of the nucleolar proteome to chemically induced
senescence. In contrast to transcription inhibition by actino-
mycin D, an overall accumulation of proteins in the nucleolus
was observed after butyrate-induced senescence in NIH3T3
cells, including histones and chromatin remodeling factors.
Similar observations were made in other models of senes-
cence, demonstrating that reorganization of nucleolar struc-
ture is not a specific cellular response to butyrate treatment,
but more likely a general reflection of senescence.

Stress-induced intergenic transcripts immobilize proteins
in the nucleolus

Numerous proteins with functions generally not ascribed to
ribosome biogenesis are captured and immobilized in the
nucleolus under certain cellular conditions, thus rendering
them immobile and functionally inert (Scherl et al. 2002;
Mekhail et al. 2005). For example, a recent study has demon-
strated that RNA originating from the intergenic spacer (IGS)
separating individual rDNA transcription units plays a key
role in stimuli-specific nucleolar immobilization of proteins,
including DNMT]1, Hsp70, POLDI, and VH. The dynamic
profile of these proteins changed from a high mobility state to
a state of static detention under both heat shock and acidotic
conditions (Audas et al. 2012). Sequestration of proteins in the
nucleolus is mediated by several stimulus-specific RNAs that
originate from the IGS. Extracellular cues, such as heat shock
and acidosis, trigger transcription of [GS-RNAs to immobilize
selected proteins and orchestrate rapid and drastic remodeling
of the nucleolar structure. Condition-specific IGS-RNAs are
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capable of associating with a peptide code, referred to as the
nucleolar detention sequence (NoDS), to target proteins for
immobilization in the nucleolus and tether NoDS-containing
proteins to the IGS. Knockdown of IGS-RNA enables proteins
to retain their dynamic properties and prevents immobilization
of NoDS-containing proteins. Thus, the intergenic spacer is a
complex transcription unit from which RNA expression is
induced in response to specific environmental cues. Given that
a large number of proteins contain NoDS, nucleolar detention
by inducible IGS RNAs is most likely a prevalent posttrans-
lational regulatory mechanism.

NoRC—a chromatin remodeling complex that safeguards
genome integrity

Although rRNA synthesis accounts for more than 50 % of
cellular transcriptional activity, a significant fraction of IDNA
repeats is constitutively silent (McStay and Grummt 2008).
rDNA silencing plays an important role in genome stability,
suppressing nonhomologous recombination pathways. Loss
of silencing correlates with rDNA instability, nucleolar disin-
tegration, and cellular senescence (Kobayashi 2008; Peng and
Karpen 2007). Though the consensus is that stress-dependent
regulation of pre-rRNA synthesis mainly occurs by influenc-
ing the transcription rate of already active genes, recent find-
ings also point toward additional regulatory pathways, such as
epigenetic regulation of rDNA transcription. Generally, tran-
scriptionally active genes are characterized by an accessible
“open” euchromatic structure, whereas silent ones exhibit a
more compact heterochromatic structure. Specific histone
modifications are associated with transcriptionally active and
silent IDNA repeats, acetylation of histone H4 and H3K4me3
correlating with transcriptional activity, whereas histone H4
hypoacetylation and trimethylation of H3K9, H3K27, and
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H4K20 correlate with transcriptional silencing (Santoro et al.
2002; Zhou et al. 2002; Santoro and Grummt 2005; Peng and
Karpen 2008; 2009). The evolutionarily conserved packaging
of a fraction of rDNA into heterochromatin is not only impor-
tant for nucleolar structure and function, but also protects the
integrity of rDNA repeats and safeguards genomic stability by
entailing the assembly of a generally repressive chromatin
domain that is less accessible to the cellular recombination
machinery. Switching between the active and silent state of
rRNA genes is mediated by a chromatin remodeling complex,
termed nucleolar remodeling complex (NoRC), a member of
ATP-dependent chromatin remodeling machines comprising
the ATPase SNF2h and a large subunit, termed TIP5 (Strohner
et al. 2001). Targeting NoRC to rDNA leads to rewriting the
histone code, increased DNA methylation, and ultimately
heterochromatinization and transcriptional silencing of
rRNA genes.

Like rRNA genes, centromeres and telomeres are orga-
nized in tandemly repeated gene clusters and exhibit a repres-
sive heterochromatic structure. Maintenance of this hetero-
chromatic structure at centromeres and telomeres is pivotal for
kinetochore integrity and function as well as for protecting
chromosome ends from exposure to the DNA damage re-
sponse machinery, thus safeguarding chromosome stability.
Considering the structural similarities and heterochromatic
features of rRNA genes, centromeres, and telomeres and
given that telomeres and centromeres are adjacent to rDNA
at acrocentric chromosomes, it can be reasoned that NoRC
function may not be restricted to silencing of a fraction of
rRNA genes but may also be involved in heterochromatin
formation at other repetitive sequences. Repetitive elements,
comprising 30-50 % of mammalian genomes, are embedded
in a compact heterochromatic structure, protecting genomic
integrity by inhibiting DNA recombination and counteracting
mutagenic rearrangement caused by uncontrolled transposi-
tion events (Peng and Karpen 2008, 2009). For this, specific
histone-modifying enzymes are guided to these sequences to
deacetylate and methylate specific lysine residues in histone
tails, thus leading to chromatin compaction. Indeed, NoRC
has been found to localize not only in nucleoli, but also at
chromosome ends and centric repeats. This suggests that
NoRC function is not restricted to heterochromatin formation
and repression of rDNA transcription, but also plays a general
role in the establishment of higher order chromatin structure at
major clusters of repetitive sequences, including telomeres
and centromeres. Consistent with NoRC sustaining the integ-
rity and stability of telomeres and centromeres, enhanced
recombination between telomeric repeats, chromosomal trans-
locations, and mitotic defects has been observed after knock-
down of TIPS, the large subunit of NoRC. Loss of chromatin
compaction at pericentric regions leads to disorganized mitot-
ic spindles, unaligned chromosomes in metaphase plates, and
increased abundance of anaphase bridges (Postepska-Igielska

et al. 2013). Such abnormal chromosome segregation during
cell division has been shown to occur after disruption of
pericentric heterochromatin and has been attributed to the
increased rate of mutations in cancer cells (Ting et al. 2011).
Although further analyses are required to explore the mecha-
nism and consequences of NoRC function on regulation of
chromatin structure and genomic stability, the finding that
NoRC—probably among other players—is able to trigger
the establishment and/or support the maintenance of compact
chromatin conformation at major genomic clusters of
tandemly repeated sequences may have wide-ranging impli-
cations for genomic structure and function.

A metabolic throttle regulates the epigenetic state of rDNA

Epigenetic control is not restricted to the formation of a stable,
inheritable chromatin state but may also dynamically adapt the
chromatin configuration to the physiological state of cells.
However, the pathways that alter the chromatin structure in
response to environmental or developmental cues remain
largely unknown. Murayama et al. (2008) have uncovered
an interesting interrelationship between the cellular energy
status and rDNA transcription. They have shown that glucose
starvation affects the epigenetic state of rRNA genes,
suggesting a fine-tuned mechanism by which rDNA silencing
may cut back energy expenditure and protect cells from ener-
gy deprivation-induced apoptosis. They identified a protein
complex, dubbed energy-dependent nucleolar silencing com-
plex (eNoSC), which represses tDNA transcription in re-
sponse to the cellular energy status. eNoSC comprises three
subunits, a nucleolar protein, termed nucleomethylin (NML),
the protein deacetylase SIRT1, and the methyltransferase
SUV39H1. NML binds to H3K9me2 throughout the rDNA
transcription unit and affects rDNA transcription by modulat-
ing histone H3K9 methylation at the rDNA promoter. As a
consequence, rDNA transcription is repressed. Silencing in
response to glucose starvation requires the other eNoSC
components, the NAD -dependent deacetylase SIRTI,
and the heterochromatic methyltransferase SUV39HI.
Overexpression of SIRTI, the principal NAD"-dependent
deacetylase for histones H4K 16 and H3K9 and other proteins,
augments the repressive effect of NML, while knockdown of
SIRT1 or treatment of cells with nicotinamide (an inhibitor of
NAD -dependent deacetylases) prevents NML-dependent
transcriptional repression and increases H3K9 acetylation.
NML and SIRT1 interact with SUV39HI1, which leads to
elevated levels of H3K9 methylation. Significantly, the histone
methyltransferase activity of SUV39H1 is strongly reduced by
acetylation, deacetylation by SIRT1 relieving this inhibition,
suggesting that a change in the NAD/NADH ratio induced by
reduction of the intracellular energy status activates SIRT1
which then leads to deacetylation of histone H3 and to
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dimethylation at Lys9 (H3K9me2) by SUV39HI1 (Vaquero
et al. 2007). Given that shortage of intracellular energy supply
decreases the cellular ATP concentration and increases the
NAD*/NADH ratio, activation of SIRT1 and SUV39H1 cou-
ples energy levels to ribosome production and links the cellular
energy balance to epigenetic silencing of rDNA.

Perspectives

Recent years have seen remarkable progress in our under-
standing of traditional and nontraditional nucleolar functions.
The nucleolus is a major target of signaling pathways that are
activated by the cellular stress response network, leading to
complex changes in nucleolar structure and protein content.
Actually, the nucleolus plays a key role in sensing and
responding to external signals, coordinating surveillance and
stress control systems. As ribosome biogenesis is an extreme-
ly energy-consuming process, alteration of rRNA synthesis is
one strategy that can preserve cellular homeostasis. Although
the mechanisms controlling stress signaling pathways have been
extensively analyzed, many details remain uncharacterized. This
exciting and emerging field of research is of great importance
not only to fundamental molecular and cellular biology, but also
for the understanding of cellular aging and major diseases.
Therefore, further characterization of nucleolar stress signaling
pathways, identification of specific nucleolar biomarkers, and
design of drugs that specifically inhibit components of the Pol I
machinery will not only yield important insights into the mech-
anisms that regulate nucleolar function but may also provide
tools to combat cancer and other stress-dependent diseases.
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