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Cells typically respond quickly to stress, altering their metabolism to compensate. In mammalian cells, stress
signaling usually leads to either cell-cycle arrest or apoptosis, depending on the severity of the insult and the
ability of the cell to recover. Stress also often leads to reorganization of nuclear architecture, reflecting
the simultaneous inhibition of major nuclear pathways (e.g., replication and transcription) and activation of
specific stress responses (e.g., DNA repair). In this review, we focus on how two nuclear organelles, the
nucleolus and the Cajal body, respond to stress. The nucleolus senses stress and is a central hub for coor-
dinating the stress response. We review nucleolar function in the stress-induced regulation of p53 and the
specific changes in nucleolar morphology and composition that occur upon stress. Crosstalk between
nucleoli and CBs is also discussed in the context of stress responses.

Nucleolar Dynamics under Stress Conditions

The main function of the nucleolus is the rapid production of
small and large ribosome subunits, a process that must be highly
regulated to achieve proper cellular proliferation and cell growth
(Lempiainen and Shore, 2009). Many aspects of nucleolar orga-
nization and function are conserved within eukaryotic organ-
isms, from yeast to human (Kressler et al., 2010). This review
focuses on how stress responses in mammalian cells affect
the nucleolus and Cajal bodies (CBs), and we introduce this topic
by giving a brief overview of ribosome subunit biogenesis in
mammalian cells. For an overview of the related processes of
ribosome subunit biogenesis in yeast, we refer the reader to
the following reviews: Henras et al. (2008) and Tschochner and
Hurt (2003).

Nucleoli in mammalian cells disassemble when cells divide
and reform at the end of mitosis around the tandemly repeated
clusters of rDNA genes known as nucleolar organizing regions
(NORs). This results in a subnuclear compartment that concen-
trates the factors involved in ribosomal RNA (rRNA) transcription
and processing, as well as ribosome subunit assembly (for
detailed review, see Kressler et al., 2010). Transcription of
rDNA genes by RNA polymerase | (RNA Pol |) leads to the
synthesis of a 47S precursor ribosomal RNA transcript (pre-
rRNA). The pre-rBNA is either co- or posttranscriptionally
processed and modified by snoRNPs (small nucleolar ribonu-
cleoproteins) to generate the 28S, 18S, and 5.8S rRNAs. These
snoRNP-mediated modifications include 2’'-O-methylation and
pseudouridine formation (Matera et al., 2007). The 28S, 18S,
and 5.8S rRNAs are assembled with ribosomal proteins (RPs)
to form the small and large preribosome subunits, which are
each exported separately to the cytoplasm and undergo final
processing steps to become the mature 40S and 60S ribosome
subunits.

The three main events that occur within the nucleolus—pre-
rRNA transcription, processing, and ribosomal RNP
assembly—are reflected in its “tripartite” internal structure.
These events, or at least the molecules that mediate them, are
concentrated in three distinct subnucleolar compartments called
the fibrillar center (FC), the dense fibrillar component (DFC), and

216 Molecular Cell 40, October 22, 2010 ©2010 Elsevier Inc.

the granular component (GC), as summarized in Figure 1A. It is
generally accepted that pre-rRNA is transcribed from rDNA
either in the FC or at the border between the FC and DFC. FCs
are enriched in components of the RNA Pol | machinery, such
as UBF, whereas the DFC harbors pre-rRNA processing factors,
such as the snoRNAs and snoRNP proteins, fibrillarin and
Nop58. Both the FC and the DFC are enclosed by the GC, where
preribosome subunit assembly takes place (reviewed in Boisvert
et al., 2007; Sirri et al., 2008) (Figure 1B). The morphology and
size of nucleoli are linked to nucleolar activity, which in turn
depends on cell growth and metabolism.

Reorganization of the Nucleolus under Stress

The varied effects on ribosome subunit production and cell
growth induced by different types of cellular stress are often
accompanied by dramatic changes in the organization and
composition of the nucleolus (Table 1). A well-described
phenomenon is the nucleolar segregation caused by DNA
damage (e.g., following UV irradiation or inhibition of topoiso-
merase Il by drugs such as etoposide) and/or transcriptional inhi-
bition (e.g., by actinomycin D) (Al-Baker et al., 2005; Govoni
et al., 1994). Segregation is characterized by the condensation
and subsequent separation of the FC and GC, together with
the formation of “nucleolar caps” around the nucleolar remnant
(also called central body) (Shav-Tal et al., 2005). Different types
of caps are formed by nucleolar proteins such as UBF
(Figure 1C), nucleoplasmic proteins (mostly RNA-binding
proteins), and the CB marker, coilin. Importantly, nucleolar
segregation is different from the process of nucleolar fragmenta-
tion, which occurs following inhibition of either RNA Pol Il (but not
l) or protein kinases (David-Pfeuty, 1999; Haaf and Ward, 1996)
and leads to unravelling of the FC (Figure 1C). Viral infections
can also cause specific changes in nucleolar morphology,
such as an increase in nucleolar and/or FC size following corona
virus infection (reviewed in Greco, 2009; Hiscox, 2007).
Cellular Stress and Ribosome Subunit Biogenesis
Efficient ribosome subunit biogenesis is central to gene expres-
sion and is also a highly energy-consuming process that is tightly
coupled to cell growth, i.e., the ability of a cell to achieve a certain
cell mass before cell division can occur. A high transcription rate


mailto:angus@lifesci.dundee.ac.uk
http://creativecommons.org/licenses/by/3.0/

Molecular Cell

fibrillar centre (FC)

dense fibrillar
component (DFC)

granular
Nucleolus  component (GC)
Nop58 mergeRGB
Mock uv-C Transcription
& inhibition

coilin coilin

Merge

UBF

Coilin

Figure 1. Overview of Nucleolar Organization under Physiological
Conditions in the Mammalian Cell Nucleus, and Visualization by
Immunofluorescence of Stress-Induced Changes to Nucleolar and
Cajal Body Organization

(A) Differential interference contrast (DIC) image of live HeLa cells: nucleoli are
readily observed as phase-dense structures. Scale bar, 15 um (left panel).
Schematic representation of nucleolar tripartite internal organization, formed
by the fibrillar center (FC), the dense fibrillar component (DFC), and the gran-
ular component (GC) (right panel).

(B) Fluorescence microscopy images showing the three subnucleolar
compartments in human U208 cells. FC is visualized using antibodies against
UBF, DFC using antibodies against Nop58, and GC using antibodies against
B23/NPM. Scale bar, 10 um.

(C) Examples of stress-induced changes in nucleolar and CB organization in
U20S cells. (Left panel) Untreated cells. (Middle panel) UV-C-treated
cells (6 hr postirradiation, 30 J/m?). (Right panel) DRB-treated cells (3 hr,
25 pg/mL). All images show UBF (nucleolar fibrillar center) in red and coilin
(CB) in green. UV-C treatment induces nucleolar segregation and relocaliza-
tion of cailin to nucleoplasmic microfoci. In contrast, DRB treatment induces
nucleolar fragmentation and unravelling of the FC, as well as CB disruption
and association of coilin with the nucleolus in cap-like structures. Scale
bar, 5 um.

of rDNA genes and the activity of all three RNA polymerases is
required in animal cells undergoing rapid proliferation to meet
the cellular demand for ribosomes. Under stress conditions
that affect cell-cycle progression and/or intracellular energy
status, such as nutrient deprivation, alteration of ribosome

subunit biosynthesis is one strategy that can preserve cellular
energy homeostasis (Sengupta et al., 2010). This can occur at
several different levels, which include regulation of RNA Pol |
transcription and/or rRNA processing (reviewed in Chedin
et al., 2007; Grummt and Voit, 2010).

Only ~50% of the ~400 rDNA repeats in the human diploid
genome are transcriptionally active. Interestingly, a change in
growth conditions predominantly triggers a change in the tran-
scriptional efficiency of already active genes, rather than the
activation of silent genes (reviewed in McStay and Grummt,
2008; Moss et al.,, 2007). The basal transcription factors,
TIF-1A, SL1, and UBF, are essential for transcription by RNA
Pol I and appear to be modulated by different signaling pathways
in response to changes in environmental conditions (reviewed in
Grummt, 2003). A key player for the regulation of ribosomal
synthesis in response to extracellular conditions is the kinase
mammalian target of rapamycin (mTOR), which promotes pre-
rRNA synthesis by regulating the localization and/or activity of
TIF-1A, SL1, and UBF, as well as translation of RPs (Mayer
and Grummt, 2006; Xiao and Grove, 2009).

mTOR inactivation either by nutrient deprivation or treatment of
cells with the specific mTOR inhibitor rapamycin leads to reduced
pre-rRNA transcription and thereby decreased ribosome subunit
production. Although the mechanisms for starvation-induced
inactivation of mTOR are not completely understood, mTOR
activity is inhibited by an increase in the cellular AMP/ATP ratio
upon nutrient deprivation, via activation of the LKB1-AMPK
pathway (Hardie, 2005; Sengupta et al., 2010). Overall, acomplex
signaling network that integrates mTOR, PI3K (phosphatidylino-
sitol 3-kinase), and MAPK (mitogen-activated protein kinase)
pathways is involved in the regulation of ribosome subunit
production in response either to changes in nutrient levels, or
to growth factor signaling such as IGF-1 (insulin-like growth
factor 1) signaling (James and Zomerdijk, 2004).

DNA damage, such as chromosomal double-strand breaks,
transiently reduces RNA Pol | transcription in MEFs in an ATM-
dependent manner, by interfering with initiation complex
assembly and impairing efficient transcription elongation (Kruh-
lak et al., 2007). rRNA synthesis is also decreased during hypoxia
in a process requiring the interaction of the von Hippel-Lindau
(vHL) tumor suppressor protein with the rDNA promoter (Mekhail
et al., 2006). Interestingly, viral infection can either inhibit or
promote the host’s pre-RNA synthesis. For example, poliovirus
inhibits RNA Pol | activity by inducing SL1 cleavage and UBF
posttranslational modification (Banerjee et al., 2005), while hepa-
titis C virus stimulates RNA Pol | activity, thereby promoting liver
carcinogenesis (Kao et al., 2004).

Despite the consensus that stress-dependent regulation of
pre-rRNA synthesis mainly occurs by influencing the transcrip-
tional rate of already active genes, recent findings also point
toward additional regulatory pathways, such as epigenetic regu-
lation of rRNA transcription. For example, protein complexes
whose activities are responsive to intracellular energy status,
including eNoSC and NoRC, as well as the JmjC histone deme-
thylase KDM2A, can induce the formation of transcriptionally
silent heterochromatin in the nucleolus by triggering either
H3K9 dimethylation, acetylation of H4K16, or demethylation of
H3K36 in the rDNA locus, thereby repressing rRNA transcription
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Table 1. Summary of the Effects of Different Stress Types on Nucleolar and CB Organization

Stress Type Trigger p53 Stabilization Effects on Nucleolus Effects on CBs References
DNA damage/ Uv-C 1% Nucleolar segregation, CB disruption and Rubbi and Milner, 2003;
genotoxic stress delocalization of Ki-67 coilin in nucleoplasmic Al-Baker et al., 2005;
microfoci Cioce et al., 2006
IR (DSB) v Nucleolar disruption, No major effect on Rubbi and Milner, 2003;
ATM-dependent inhibition coilin distribution Kruhlak et al., 2007
of RNA pol | activity
Camptothecin 17 Nucleolar disruption N/A Rubbi and Milner, 2003
Bleomycin
Temperature Heat shock [ Nucleolar disruption CBs smaller at 39 °C; Rubbi and Milner, 2003;
change micro-CBs in Xenopus Carmo-Fonseca et al.,
1993; Handwerger et al.,
2002
Cold shock CBs bigger at 32 °C Carmo-Fonseca et al.,
1993
Hypoxia - 74 Nucleolar disruption, N/A Rubbi and Milner, 2003;
VHL-dependent reduction Mekhail et al., 2006
of rRNA transcription
Osmotic stress N/A N/A Disruption of CBs Cioce et al., 2006
Viral infection Adenovirus, N/A Changes in nucleolar Coilin in nucleoplasmic Greco, 2009; Rebelo
Coronavirus, morphology and microfoci and rosettes et al., 1996; James et al.,
HCV, proteome (adenovirus); ICPO- 2010; Morency et al.,
HIV, HPV, HSV-1, induced accumulation of 2007
Poliovirus, West coilin at damaged
Nile virus centromeres (HSV-1)
Nutrient stress Serum starvation N/A Reduction in ribosomal CB number decreases Mayer and Grummt, 2006;
biogenesis Murayama et al., 2008;
Hoppe et al., 2009; Zhou
et al., 2009; Tanaka et al.,
2010; Andrade et al., 1993
Inhibition of RNA Actinomycin D 1% Nucleolar disruption, Coilin in nucleolar caps  Lindstrom, 2009; Warner
polymerase | and/or Il release of RPs into the and Mclintosh, 2009;
nucleoplasm Zhang and Lu, 2009;
Carmo-Fonseca et al.,
1992; Shav-Tal et al.,
2005
DRB v Nucleolar disruption Nucleolar association Rubbi and Milner, 2003
of coilin
a-Amanitin I Nucleolar disruption Coilin in cap-like Rubbi and Milner, 2003;
structures associated Carmo-Fonseca et al.,
with the nucleolus 1992
Inhibition of nuclear Leptomycin B I No disruption of nucleolar Nucleolar association Rubbi and Milner, 2003;
export (LMB) integrity of coilin Sleeman et al., 2001
Inhibition of Okadaic acid N/A N/A Accumulation of Lyon et al., 1997
phosphatases coilin in the nucleolus
Inhibition of DNA and RNA 5-Fluorouracil 174 Nucleolar disruption, N/A Lindstrom, 2009; Warner
synthesis release of RPs into the and Mclintosh, 2009;
nucleoplasm and p53 Zhang and Lu, 2009;
stabilisation. rRNA Burger et al., 2010
processing disrupted
in the nucleolus
Alteration of MG132 17 No disruption of nucleolar No disruption of CBs Rubbi and Milner, 2003;
proteasome activity integrity, inhibition of late Burger et al., 2010;
rRNA processing personal observation
Overexpression  N/A N/A Disruption of CBs Cioce et al., 2006
of PA28y
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Table 1. Continued

Stress Type Trigger p53 Stabilization Effects on Nucleolus Effects on CBs References
Alteration of snRNP Depletion of N/A N/A Disruption of CBs and Lemm et al., 2006
biogenesis SMN, nucleolar localization
PHAX, TGS1 of coilin
SmB N/A Increase in CB number Sleeman et al., 2001
overexpression
Oncogenic stress c-myc or Ras v Up regulation of nucleolar N/A Kruse and Gu, 2009; Lee
activation proteins p14ARF and and Gu, 2010; Chen et al.,
B23/NPM 2010

Malfunction of 17
nucleolar proteins
(e.g., Bop1, B23/
NPM,

nucleostemin)

Alteration of ribosome
subunit biogenesis

Release of RPs into the
nucleoplasm following,
in most cases,
nucleolar disruption.

N/A Fumagalli et al., 2009;
Lindstrom, 2009; Warner
and Mclintosh, 2009;

Zhang and Lu, 2009

RP knockdown

IR, gamma irradiation; DSB, double-strand breaks; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HSV-1, herpes simplex virus type 1;

RP, ribosomal proteins; N/A, not available.

in response to energy deprivation (Murayama et al., 2008;
Tanaka et al., 2010; Zhou et al., 2009).

Although most examples of mechanisms for modulating ribo-
some subunit biogenesis upon cellular stress involve control of
RNA Pol | activity, alternative pathways may also exist. For
instance, it has been shown recently that infection of human cells
with herpes simplex virus type 1 (HSV-1) affects rRNA process-
ing independently of rRNA transcription (Belin et al., 2010).

The Multifunctional Nucleolus: A Central Hub

in the Stress Response

The nucleolus appears to be involved in additional cellular func-
tions that may not be directly related to ribosome subunit
biogenesis (Pederson and Tsai, 2009; Warner and Mclntosh,
2009). The diverse functions of over 4500 nucleolus-associated
proteins identified through proteomic experiments are consis-
tent with additional roles for the nucleolus (Ahmad et al., 2009).
Classification of the molecular functions of nucleolar proteins
shows that only ~30% have a function clearly related to the
production of ribosome subunits. The other functions include
biogenesis of multiple RNPs, cell-cycle control, apoptosis, viral
infection, DNA replication, and repair, consistent with a role for
the nucleolus in providing a link between ribosome subunit
biosynthesis, cell-cycle progression, and stress signaling.

Interestingly, the protein content of the nucleolus is dynamic
and alters under stress conditions. Proteomic studies have
analyzed the dynamics of the nucleolar proteome in response
to stress stimuli, including actinomycin D-mediated inhibition
of transcription, viral infection, and DNA damage (Andersen
et al., 2005; Boisvert et al., 2010; Boisvert and Lamond, 2010;
Emmott et al., 2010; Lam et al., 2010), revealing a complex reor-
ganization of the nucleolus during the stress response. In these
studies, mass spectrometry (MS)-based SILAC (stable isotope
labeling by amino acids in cell culture) quantitative proteomics
(Ong et al., 2002) provide an unbiased and high-throughput
approach for characterizing the nucleolar proteome and its
dynamics under stress conditions. Rather than defining a nucle-
olar proteome without reference to the rest of the cell, the
“spatial proteomics” approach measures the relative distribu-

tion of cellular proteins between different cell compartments.
For example, measurement of protein levels between cytoplasm,
nucleus, and nucleolus was used to characterize dynamic
changes in protein localization following etoposide-induced
DNA damage (Boisvert et al., 2010; Boisvert and Lamond,
2010) (Figure 2). Furthermore, spatial proteomics performed in
parallel on two HCT116 cell lines, either p53** or p53~'~,
showed that etoposide-induced redistribution of RPs from the
nucleolus to the nucleoplasm is p53 dependent (Boisvert and La-
mond, 2010).

Quantitative MS-based proteomics and live-cell fluorescence
microscopy can be used as a “dual strategy” to study intracel-
lular protein dynamics and generate quantitative time-lapse
measurements of changes in protein levels in different cellular
compartments. A complementary fluorescence imaging
approach has measured the levels and locations of more than
1000 endogenously tagged proteins in individual living cells
before and after CPT (camptothecin) treatment, a specific topoi-
somerase | inhibitor. This revealed rapid changes in concentra-
tion and localization of proteins involved in nucleolar stress,
DNA damage, and oxidative stress pathways (Cohen et al.,
2008). Interestingly, most proteins that translocated in response
to CPT are nucleolar proteins. For example, nucleolar intensity of
tagged topoisomerase |, the drug target, decreases in less than 2
min after treatment while other nucleolar proteins, including RPs,
show a decrease in nucleolar intensity in less than 1 hr following
the addition of the drug. This suggests that nucleolar stress is an
immediate effect of CPT and that the nucleolus is involved in
early steps of the cellular stress response.

In addition to high-throughput proteomics and imaging
methods, many individual studies have characterized the
stress-induced reorganization of the nucleolus and analyzed
the underlying mechanisms. For example, the NPM/B23-
p14ARF-p53 pathway has been well described and represents
a good example of nucleolar proteins that are translocated to
the nucleoplasm under stress conditions, leading to the stabili-
zation of p53 via interaction of p14ARF with Hdm2, a major
player in the negative regulation of p53 (described in detail
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Figure 2. “Spatial Proteomics” Approach to Study Nucleolar
Proteome Dynamics in Response to Stress

(A) Typical “spatial proteomics” protocol. Cells are labeled with heavy-isotope
containing amino acids (SILAC-based labeling) prior to fractionation into cyto-
plasm, nucleoplasm, and nucleolus. A whole-cell extract is created by recom-
bining differentially labeled subcellular fractions and analyzed by LC-MS/MS.
This can be used to measure the relative distribution of cellular proteins
between the three compartments (medium/light [M/L] ratio, nucleoplasm/
cytoplasm; heavy/medium [H/L] ratio, nucleolus/cytoplasm ratio) and analyze
the stress-induced changes in protein localization, as visualized in (B).

below) (Gjerset and Bandyopadhyay, 2006). In yeast, detailed
molecular mechanisms that link cdc14B translocation from the
nucleolus to the nucleoplasm upon DNA damage with the activa-
tion of the G2 checkpoint have been deciphered, showing that
nucleoplasmic accumulation of cdc14B stabilizes both Claspin,
an activator of the DNA damage checkpoint, and Wee1, an inhib-
itor of cell-cycle progression (Bassermann et al., 2008). In
contrast, RelA(p65), a subunit of NF-kB, is targeted to the nucle-
olus in a stress-dependent manner and triggers apoptosis
(Thoms et al., 2010). Nucleolar stress signaling pathways rely
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on the dynamic sequestration and/or release of proteins in
response to stress stimuli, which raises the question of the
molecular mechanisms involved in protein nucleolar targeting
(discussed by Emmott and Hiscox, 2009). It is anticipated that
posttranslational modifications (PTMs) of nucleolar proteins
may also play a major role in stress-induced changes in protein
localization.

Recent analysis of the nucleolar proteome has uncovered
a network comprising chaperones, cochaperones, and multi-
tasking proteins within the nucleolus (Banski et al., 2010a). For
example, viral infections induce the nucleolar accumulation of
chaperones such as HSP70 (Greco et al., 2010), while other
proteins, such as Hsc70s (heat shock cognate proteins 70),
can accumulate in the nucleolus when cells are recovering
from stress (Banski et al., 2010b). This relocalization results
from a combination of a constitutive nucleolar targeting signal
along with an autoinhibitory motif indicating that this is a tightly
controlled mechanism and not just an indirect effect of stress
(Banski et al., 2010b). These observations suggest that the
cellular stress response requires the coordinated action of these
chaperones and associated proteins in the nucleolus, possibly
because essential cellular activities that are particularly sensitive
to stress require special attention from chaperones.

Nucleolar Signaling of p53 in the Stress Response
Mechanisms underlying the nucleolar stress response are
complex and intertwined. We discuss below the essential role
of the nucleolus in the activation of p53 under stress conditions.
Several p53-independent pathways that require nucleolar
proteins, such as ARF and/or NPM, have also been well studied
(reviewed in Li and Hann, 2009, and Sherr, 2006) but are not dis-
cussed here due to space limitations.

Many of the pathways that convert stress signals into a cellular
response link the nucleolus to the stabilization and activation of
the tumor suppressor and so-called “guardian of the genome,”
p53 (Olson, 2004; Pederson and Tsai, 2009; Rubbi and Milner,
2003). p53-nucleolar signaling pathways rely on different mech-
anisms that can mediate the increase of cellular p53 levels (illus-
trated as separate pathways in Figure 3). However, it is likely that
in reality these pathways are interconnected, depending on the
particular stress and cellular conditions.

The main nuclear role of p53 is to upregulate transcription of
RNA polymerase ll-transcribed genes such as p21, Bax,
Puma, and Noxa, whereas in the cytoplasm p53 activates the
mitochondrial apoptotic pathway (Lee and Gu, 2010). p53 can
also function as an inhibitor of RNA Pol | transcription in the
nucleolus by disrupting SL1-UBF interactions, which results in
a decrease in ribosome subunit biogenesis (Figure 3D; Zhai
and Comai, 2000).

p53 levels are kept low under normal physiological conditions
due to its interactions with E3 ubiquitin ligases, the best-studied
of which is Hdm2 (also called Mdm2 in mouse), resulting in p53
nuclear export (following monoubiquitinylation), degradation
(following polyubiquitinylation), and/or inhibition of its transacti-
vation domain (Kruse and Gu, 2009; Lee and Gu, 2010; Olson,
2004; Vousden and Prives, 2009). p53 activation is essential
for both stress-induced cell-cycle arrest and apoptosis. Indeed,
failure of a cell to properly regulate p53 activity following
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Figure 3. Overview of the Nucleolar-Related, Stress-Induced Mechanisms that Result in Increased p53 Activity

The different mechanisms have been separated into three broad categories, namely those that primarily involve either (A) alterations of protein-protein interac-
tions, (B) changes to the translational profile, or (C) prevention of coribosomal export of p53 and Hdmd2. The size of each quadrant represents their relative impor-
tance according to current literature. Grayscale text and objects indicate processes that occur during normal physiological conditions, whereas orange text and
objects show the changes that occur following stress that result in increased p53 levels and activity. The outcomes of increases p53 are summarized in (D),
namely the upregulation of p53 target genes which ultimately leads to either cell-cycle arrest or apoptosis, and the inhibition of ribosome biogenesis via the inhi-
bition of rRNA transcription. Refer to text for detailed explanations of these pathways and for references.

disruption of ribosome biogenesis (ribosomal stress) has been
linked to human disorders such as Diamond Blackfan Anaemia
and TCOF1 (Treacher Collins-Franceschetti syndrome 1) (re-
viewed in Narla and Ebert, 2010). In mice, mutations in genes en-
coding RPs Rps19 and Rps20 cause p53-dependent pigmenta-
tion defects (McGowan et al., 2008).

Nucleolar-related mechanisms to activate p53 can be broadly
separated into three categories: alterations to protein-protein
interactions, prevention of coribosomal export of p53-Hdm2,
and changes to the cellular translational profile (Figures
3A-3C). All three mechanisms involve the relocalization of
proteins, and in many ways, the nucleolus can be seen as
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a “barrier” to promote or inhibit particular p53-based interac-
tions. It has been observed that most types of cellular stress
that result in an increase in p53 stability also involve the disrup-
tion of nucleolar integrity, leading to the hypothesis of the nucle-
olus being a stress sensor responsible for the suppression of
p53 levels (Table 1; Rubbi and Milner, 2003). This model pro-
vides an explanation for the ability of disparate stress pathways,
including DNA damage, transcriptional inhibition, depletion of
nucleotide pools, oncogene expression, viral infection, and
heat shock, to converge and result in a similar outcome. How-
ever, some stress pathways, such as those activated following
bleomycin treatment, or disruption of 40S ribosome subunit
biogenesis, lead to the activation of p53 with minimal disruption
of nucleolar integrity (Fumagalli et al., 2009; Olson, 2004), sug-
gesting that Rubbi and Milner’s nucleolar disruption model
explains many, but not all, of the mechanisms that activate
p53 following stress.

Stress-Induced p53 Stabilization Mechanisms that
Mainly Involve Changes to Protein-Protein Interactions
The first example of a mechanism that regulates p53 stability at
the level of protein-protein interactions involves the upregulation
of the tumor suppressor protein, p14ARF. This occurs following
oncogenic or genotoxic stresses, such as hyperproliferative
signals emanating from oncogenic Ras and overexpressed
Myc. p14ARF, like p53, is maintained at low levels at steady state
in most cell types due to ubiquitin-mediated degradation. Upre-
gulation of p14ARF prevents the proliferation of cells bearing
damaged DNA via the stabilization of p53, and consistent with
this, p14ARF is often mutated or silenced in tumor cells (Monta-
naro et al., 2008). p14ARF binds Hdm2 and blocks its interaction
with p53. Although p14ARF is a nucleolar protein, it is not clear if
relocalization of Hdm2 to the nucleolus is necessary to prevent
its interactions with p53, or if it is sufficient for p14ARF to inhibit
the ubiquitin ligase activity of Hdm2 in the nucleoplasm (Kruse
and Gu, 2009; Lee and Gu, 2010). Indeed, the C-terminal region
of ARF, which includes the nucleolar localization sequence, is
not essential for the regulation of p53 ubiquitinylation by Hdm2
(Zhang and Xiong, 1999).

While long-term upregulation of p14ARF involves increased
synthesis at the transcriptional level (Gil and Peters, 2006),
short-term p14ARF stabilization is achieved by promoting its
nucleolar localization via interactions with B23/NPM, which in
turn prevents its association with ubiquitin ligases, such as
ULF, in the nucleoplasm. B23/NPM is also upregulated following
oncogenic stress (Chen et al., 2010). Failure to activate these
p14ARF-B23/NPM-p53 pathways responsible for p14ARF stabi-
lization is observed in many forms of cancer; for example, a high-
mutation rate of B23/NPM is observed in primary acute myeloid
leukemia, and the overexpression of ULF is detected in many
human tumors (Chen et al., 2010). These pathways are also
subjected to a negative feedback loop, since p14ARF promotes
the ubiquitinylation and degradation of B23/NPM, leading to inhi-
bition of pre-rRNA processing and subsequent disruption of
ribosome subunit biogenesis (Olson, 2004).

Another example of changes to protein-protein interactions
resulting in increased p53 activity is the release of RPs from
the nucleolus following ribosomal stress. This stress can be
triggered by serum starvation, cell contact inhibition, depletion
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of nucleotides such as GTP, treatment with low doses of actino-
mycin D (1—5 nM) or 5-Fluorouracil, or the malfunction of nucle-
olar proteins involved in ribosome subunit biogenesis (such as
expression of a Bop1 dominant-negative mutant, inhibition of
B23/NPM activity by p14ARF, overexpression of nucleostemin,
or the reduction of particular RPs) (Deisenroth and Zhang,
2010; Lindstrom, 2009; Warner and Mclintosh, 2009; Zhang
and Lu, 2009). Nucleoplasmic RPs such as L5, L11, L23, and
S7 have been shown to directly interact with Hdm2 and thus
prevent the ubiquitin-mediated degradation of p53, which
delays proliferation under unfavorable conditions (Zhang and
Lu, 2009).

RPL11 is a well-studied example of a RP that participates in
a p53-nucleolar stress response pathway. RPL11 is normally
modified by the ubiquitin-like modifier NEDD8 following its trans-
lation in the cytoplasm. NEDD8 modification is promoted by
Hdm2 and is required for RPL11 stabilization and nucleolar local-
ization. Following stress, RPL11 is de-NEDDylated, resulting in
its nucleoplasmic accumulation. Although this leads to RPL11
degradation, it can first interact with Hdm2 and mediate p53
stabilization (Sundqvist et al., 2009). The release of RPL11 into
the nucleoplasm appears to be acommon link between a number
of pathways that survey the maturation of the small and large
ribosomal subunits (e.g., 18S and 28S rRNA production) and
regulate p53 stability in response to defects in these processes
(Holzel et al., 2010).

Translation-Mediated Mechanisms to Increase p53
Levels

In addition to the nucleolar deNEDDylation discussed above, an
increase in nucleoplasmic RPL11 levels and subsequent inhibi-
tion of Hdm2-mediated p53 degradation can also result from
increased translation of RPL11 mRNA. This can be triggered
by stress resulting from disruption of 40S ribosome subunit
biogenesis (Fumagalli et al., 2009). The RPL11-encoding
mRNA (along with many other RP-encoding mRNAs) contains
a TOP (5'-terminal oligopyrimidine) sequence, which allows
a subset of MRNAs to be translated under conditions in which
global protein synthesis is otherwise inhibited (Caldarola
et al., 2009).

RPL26 also increases the translation of p53 mRNA by binding
to its 5' untranslated region. Under normal conditions, this is
prevented by Hdm2-mediated ubiquitinylation and degradation
of RPL26. However, following genotoxic or ribosomal stress,
both a release of RPL26 from the 60S ribosomal subunit and
a decrease in Hdm2 activity (possibly via PTMs) result in an
increase of free RPL26, which upregulates p53 translation
(Ofir-Rosenfeld et al., 2008; Zhang and Lu, 2009).

Prevention of Coribosomal Export of p53/Hdm2

Based on the observation that p53 and/or Hdm2 can interact
with a number of RPs (such as RPL5 and RPL11), as well as
with the 5.8S and 5S rRNAs (Fontoura et al., 1992; Riley and
Mabher, 2007; Zhang and Lu, 2009), it has been suggested that
p53/Hdm?2 are cotransported with the ribosomal subunits during
their export from the nucleolus to the cytoplasm. This may either
prevent p53 interacting with its target genes in the nucleoplasm
or promote its ubiquitin-mediated degradation in the cytoplasm,
or both. Following stress, both production and export of the ribo-
some subunits are decreased and p53/Hdm2 are no longer



Molecular Cell

transported to the cytoplasm, thus increasing the opportunity for
p53 to activate transcription of its target genes in the nucleo-
plasm.

The Role of p53-Related Posttranslational Modifications
in the Nucleolar Stress Response

There is evidence that PTMs of p53 play a role in nucleolar stress
responses that result in the activation of p53. As already dis-
cussed, under normal conditions, ubiquitination of p53 via E3
ligases such as Hdm2 is associated with the suppression of
p53 activity. Many stress-responses pathways lead to adecrease
in p53 ubiquitination, via mechanisms that involve either
increases, such as for p14ARF and B23/NPM, or decreases,
such as for RPs, in the nucleolar levels of particular proteins
(see above; Hock and Vousden, 2010; Lee and Gu, 2010).
Furthermore, following cellular stresses/oncogenic activation
that upregulate p14ARF, there is evidence that SUMOylation of
p53 is upregulated in an Hdm2-dependent manner, which may
result in an increase in the nucleolar localization of p53 and
thus suppress nucleoplasmic functions of p53. However, the
precise role of SUMQylation in p53 function is yet to be clearly
elucidated (Carter and Vousden, 2009; Stehmeier and Muller,
2009).

Acetylation of lysine residues in p53 also appears to be impor-
tant for the accumulation of p53 following nucleolar stress.
Under normal conditions, p53 acetylation is actively suppressed
by Hdm2. However, ribosomal stress induced by actinomycin D
treatment specifically leads to p300/CBP-mediated acetylation
of both p53 and Hdm2, which in turn upregulates p53 transcrip-
tional activity and inhibits Hdm2 E3 ubiquitin ligase activity
(Carter and Vousden, 2009; Lee and Gu, 2010).

The mechanistic role of p53 PTMs in the nucleolar stress
response is not yet fully understood, given the plethora of p53
PTMs that have been observed during both normal homeostasis
and following stress. For example, more than 36 different amino
acids within p53 have been shown to be modified (Kruse and
Gu, 2008, 2009). These modifications include phosphorylation,
methylation, NEDDylation, O-linked N-acetylglucosamine, ADP-
ribosylation, prolyl isomerization, and oxidation of methionine.
Many of the p53 PTMs are targeted to overlapping residues,
suggesting that some are in direct competition (Carter and Vous-
den, 2009). Moving forward, it will be important to understand
how such a diverse range of stress types can result in so many
differently modified forms of p53 and yet elicit similar cellular
responses.

Crosstalk between Cajal Bodies and the Nucleolus

in the Stress Response

CBs are distinct nuclear bodies that function in coordinating
maturation of certain nuclear RNAs, including small nuclear RNA
(snRNA), small nucleolar RNA (snoRNA), and histone mRNA
processing (reviewed in Kiss et al., 2006; Matera et al., 2007;
Nizami et al., 2010; Stanek and Neugebauer, 2006). CBs were
first identified in human neurons in 1903 by the Spanish neurocy-
tologist Santiago Ramon y Cajal but have since been described
in many other organisms and cell types (Matera, 2006). They
are characterized by the p80-coilin protein, a main structural
component of CBs, which is commonly used as a signature
marker. In addition to coilin, CBs contain an ever-growing list of

residents that are involved in distinct cellular pathways, including
snRNP and snoRNP biogenesis, as well as histone mRNA
processing (reviewed in Cioce and Lamond, 2005). Recent
studies performed in zebrafish and mice showed that depletion
of p80-coilin leads to CB dispersal, defects in snRNP biogenesis
and splicing, and developmental arrest (Strzelecka et al., 2010;
Walker et al., 2009), indicating that the formation of CBs plays
an essential role in snRNP processing during embryogenesis. In
addition, CBs are linked to the regulation of cell-cycle progres-
sion. CB number and composition vary throughout the cell cycle,
with CB size being maximal at G1/S phase transition (Andrade
et al., 1993). In S phase, the recruitment of the cyclinE/cdk2
complex to CBs leads to the phosphorylation of NPAT and the
subsequent activation of histone mRNA transcription (Marzluff
et al.,, 2008). The observation that CBs contain factors that
are functionally related to cell proliferation, such as ZPR1 and
FGF-2 (Cioce and Lamond, 2005), suggests an additional role
for CBs in the transduction of proliferative signals to the nucleus.

CBs are intimately linked with the nucleolus, both on physical
and functional levels. CBs were originally called “nucleolar
accessory bodies” because of their close association with
nucleoli in neurons (Gall, 2000; Lafarga et al., 2009). CBs are
even sometimes found within the nucleolus and a budding yeast
counterpart of the CB, termed the “nucleolar body,” is part of the
nucleolus (Cioce and Lamond, 2005; Verheggen et al., 2002). In
addition, CBs are involved in the maturation of snoRNPs, which
are subsequently transported to the nucleoli, where they partic-
ipate in rRNA processing. In general, both nucleoli and CBs are
involved in the production of non-poly(A)-tailed RNAs that are
tightly connected to cell growth, including histone mRNAs,
snRNAs, and snoRNAs in CBs, and rRNAs in nucleoli. Consistent
with this, both structures are prominent in cells that are transcrip-
tionally and metabolically active, such as neuronal and cancer
cells (Berciano et al., 2007).

Altogether, these findings suggest an intimate link between
CBs and nucleoli. Given that the nucleolus acts as a major hub
in coordinating the stress response, it is not surprising that the
related CBs are also involved in the cellular response to stress.
Dynamics of CBs upon Cellular Stress
The structure of CBs is altered by different types of stress, such
as UV irradiation, heat shock, transcriptional inhibition, osmotic
stress, starvation, and viral infection, all of which correlate with
a decrease in cellular metabolism and RNA processing.
However, the redistribution of coilin, and other CB components,
varies according to the type of stress, as summarized in Table 1.
Nutrient deprivation results in a decreased number of CBs
(Andrade et al., 1993), whereas UV-C irradiation, osmotic stress,
and heat shock reversibly disrupt CBs, as visualized by the redis-
tribution of coilin to nucleoplasmic microfoci (Cioce et al., 2006;
Handwerger et al., 2002) (Figure 1C). A subset of UV-C-irradiated
cells also forms coilin-containing nucleolar caps, similar to those
observed upon the inhibition of RNA Pol | and Il by actinomycin D
(Andersen et al., 2005; Shav-Tal et al., 2005). In cells treated with
DRB (5,6-dichloro-1-B-D-ribobenzimidazole), a kinase inhibitor
that inhibits RNA polymerase Il transcription, coilin relocalizes
to cap-like structures associated with the nucleolus (Fig-
ure 1C). Following viral infection, different types of CB-like struc-
tures have been observed. In HSV-1-infected cells, ICPO (viral
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protein infected cell protein 0) expression induces the destabili-
zation of centromeres and the subsequent redistribution of coi-
lin, SMN, and fibrillarin to the damaged centromeres (Morency
et al., 2007). In contrast, adenovirus-induced “rosettes” reflect
the recruitment of coilin and other CB components to the
periphery of viral replication centers, where they are involved in
processing of late-phase viral transcripts (James et al., 2010).
Similarly, in plants, groundnut rosette virus (GRV) infection leads
to the reorganization of CBs into CB-like structures containing
viral protein ORF3, which fuse with the nucleolus and facilitate
the formation of viral RNP particles that are efficient for systemic
infection (Kim et al., 2007). The redistribution of coilin observed
upon viral infection may reflect that the CB RNA processing
machinery is “hijacked” by the virus.

Most stress signals that induce CB disruption are accompa-
nied by transcription inhibition. In particular, snRNA transcription
is inhibited upon UV-C irradiation, in a p53-dependent manner
(Gridasova and Henry, 2005), as well as histone mRNA transcrip-
tion (Bongiorno-Borbone et al., 2010). This supports the idea that
UV-C-induced CB disruption is associated with CB activity
being, at least partially, shut down. However, is the inhibition of
CB activity the cause or the consequence of CB disruption? In
fact, the inhibition of either transcription, or snRNP biogenesis,
can induce CB disruption (Carmo-Fonseca et al., 1992; Lemm
et al., 2006). Conversely, CB disruption induced by coilin deple-
tion induces defects in snRNP biogenesis (Strzelecka et al.,
2010). It is therefore likely that mechanisms involved in snRNA
processing inhibition and CB disruption are intimately intercon-
nected.

Given the functional link between CBs and nucleoli, it would
not be surprising that common mechanisms are involved in the
stress-induced rearrangements of these two organelles. Inter-
estingly, p53 has been detected in CBs upon UV-C treatment
(Young et al., 2002). In addition, different types of stress that
affect CB integrity, such as the inhibition of transcription and/
or snRNA processing, induce the redistribution of coilin to the
nucleolus (Figure 1C and Table 1). An important question is
whether the stress-induced redistribution of coilin to the nucle-
olus is associated with a specific role of coilin, and other CB
components, in the stress response. Given that coilin is required
for efficient viral infection (James et al., 2010; Kim et al., 2007)
and that coilin is sometimes found associated with remnants of
nucleolar transcription upon UV-C irradiation and with the unrav-
elled rDNA transcription units upon a-amanitin treatment (Cioce
et al., 2006; Haaf and Ward, 1996), it is possible that CB-like
structures are involved in the processing of specific subsets of
RNA transcripts produced under stress conditions. Altogether,
although underlying mechanisms remain to be deciphered,
these observations suggest a possible crosstalk between the
nucleolus and CBs during the stress response.

Mechanisms Involved in CB Disassembly upon Stress

Kaiser and colleagues showed that CB assembly exhibits hall-
marks of a self-organizing structure (Kaiser et al., 2008). There-
fore, it is likely that stress-induced disassembly of CBs results
from specific mechanisms that affect interactions between CB
components, and/or provoke the degradation of one or several
CB components. Changes in the CB protein interaction
network could result from posttranslational modification of
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key CB components. In particular, SUMOylation of CB compo-
nents has been proposed to increase upon stress (Navascues
et al., 2008). Other modifications of coilin, such as phosphory-
lation and methylation, could play a role in stress-induced coilin
redistribution. Indeed, coilin phosphorylation, as well as coilin
demethylation, affects its self-association properties and
results in its nucleolar accumulation (Hebert, 2010; Tapia
et al., 2010).

UV-C-induced coilin redistribution is mediated, at least in part,
by the proteasome activator subunit PA28y (Cioce et al., 2006).
This suggests that proteasomal activity is required for CB disrup-
tion and that active mechanisms are responsible for stress-
induced CB fragmentation. Although coilin levels show little or
no change upon UV-C irradiation (Cioce et al., 2006), a recent
study demonstrated that FLASH, an essential component of
CBs, is degraded by the proteasome upon UV-C treatment
(Bongiorno-Borbone et al., 2010). Since PA28y and FLASH
interact in a yeast two-hybrid assay (Mao et al., 2008), it will be
interesting to analyze whether this degradation is PA28y depen-
dent, and whether other CB components are also specifically
degraded upon stress. More generally, the role of the protea-
some in the stress-induced reorganization of nuclear architec-
ture also needs to be deciphered. At this stage, it is tempting
to draw a parallel with the proteasome impairment observed in
several neurodegenerative diseases, such as Huntington’s or
Parkinson’s, which leads to the accumulation of misfolded
proteins in nuclear aggregates (Rubinsztein, 2006). Could these
aggregates be linked to a defect in the proteasome-mediated
reorganization of the nucleus upon stress? Future studies to
analyze the role of the proteasome and PA28y in stress-induced
reorganization of nuclear architecture may provide further
insights into our understanding of these diseases.

Perspectives

The nucleolus and related CBs are morphologically distinct
subnuclear organelles that are involved in coordinating major
RNA-protein assembly and modification processes in prolifer-
ating cells. It is therefore not surprising that the structure and
function of both entities are affected by cellular stress. Both
the nucleolus and CBs appear to be major targets of signaling
pathways that are activated by the cellular stress response, re-
sulting in a complex range of changes in the organization, size,
and protein content of these two nuclear organelles. Nucleolar
function in coupling ribosome subunit biogenesis and cell-cycle
progression, by controlling the activity of the tumor suppressor
protein p53, places the nucleolus as a central hub in coordinating
the cellular stress response. Although the mechanisms control-
ling these stress signaling pathways have been analyzed exten-
sively, and a wide range of stress-responsive protein complexes
have been identified, many details remain uncharacterized. In
particular, the molecular mechanisms that affect nucleolar and
CB structure and function under stress conditions need to be
elucidated. Hence, valuable new insights should be provided
by studying the dynamics of large-scale protein-protein interac-
tion networks and the changes in PTMs of key nuclear factors
under stress conditions. Given the essential role of ribosome
subunit biogenesis in cell growth, further characterization of
nucleolar stress signaling pathways and the subsequent
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identification of new biomarkers and molecular targets will be
important for defining and manipulating mechanisms involved
in cancer and neurodegenerative diseases.
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