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Introduction

Advances over the past two decades have revealed multiple 
functions for the eukaryotic nucleolus.1,2 Beyond its primary 
function in ribosome biosynthesis, the nucleolus initiates assembly 
of the signal recognition particle and processes several other small 
RNAs such as tRNAs, the telomerase RNA, the U6 snRNA, 
and the RNase P RNA. Regulatory proteins that participate 
in genome maintenance, telomere replication, and cell cycle 
progression associate dynamically with nucleoli. The nucleolus 
also acts as a principal stress sensor within mammalian cells by 
regulating murine double minute 2 (MDM2), the E3 ubiquitin 
ligase that negatively regulates p53, a critical tumor suppressor 
protein in mammalian cells.3 In doing so, the nucleolus regulates 
mammalian cell cycle progression, senescence, and apoptosis. 
Obviously, these cell states have profound impacts on cell growth 
and organism development.

“Nucleolar stress” is the term now used to describe failures 
in ribosome biogenesis or function that ultimately leads to 

disruptions in cell homeostasis. Over the past 10 years we have 
seen a veritable explosion of papers describing nucleolar stress. 
Several recent reviews collectively cover nucleolar stress, and we 
are indebted to their authors.4-12 While nucleolar stress leading to 
p53-dependent cell cycle arrest has captured our full attention, 
several recent reports describe nucleolar stress leading to p53-
independent response pathways that also lead to cell cycle arrest 
or apoptosis. Since >50% of human cancers lack functional p53, 
understanding these p53-independent pathways could potentially 
reveal additional cancer therapies that utilize induced nucleolar 
stress. Our aim here is to compare and contrast p53-dependent 
and p53-independent nucleolar stress pathways primarily in 
metazoan systems but with glimpses of ribosome and nucleolar 
stress in yeast for perspective.

Overview of Nucleolar Biology

Comprehensive reviews on nucleolar biology have been 
provided by Busch and Smetana,13 Jordan and Cullis,14 
Hadjiolov,15 and Olson.3,16 We know from the pioneering work of 
Perry,17,18 Edström et al.,19 and Warner and Soeiro20 that nucleoli 
are responsible for ribosome biogenesis (Fig. 1), and from the 
work of Brown and Gurdon,21 Ritossa et al.,22,23 and Birnstiel 
et al.24 that chromosomal nucleolar organizers first described 
by Heitz25 and McClintock26 contain tandemly repeated genes 
that encode pre-rRNA. Indeed, our best direct visualization of 
gene transcription comes from the electron microscopic spreads 
of rRNA genes.27 Detailed mechanistic models now describe 
the tandem rDNA transcription units, recruitment of RNA 
polymerase I (Pol I) to rDNA promoters by various transcription 
factors, and cell cycle-dependent regulation of Pol I transcription 
which indirectly regulates nucleolar disassembly during prophase 
and re-assembly (nucleologenesis) beginning in telophase.28,29

By transmission electron microscopy, typical nucleoli contain 
three morphologically distinct sub-compartments (Fig. 1): the 
fibrillar center (FC), the dense fibrillar component (DFC), and 
the peripheral granular component (GC). Transcription of pre-
rRNA occurs on the boarders between the FC and DFC, while 
pre-rRNA processing and initial ribosome subunit assembly 
occur largely within the DFC. In mammals, Pol I transcription 
produces a 47S pre-rRNA transcript (35S in yeast) which is 
cleaved (processed) to generate 18S, 5.8S, and 28S rRNAs. Genes 
encoding the 5S rRNA are transcribed by Pol III; in metazoans 
the 5S genes are tandem repeats lying outside the nucleolus. In 
yeast, the 5S genes reside within intergenic regions that separate 
individual nucleolar rDNA transcription units.30
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a veritable explosion of primary research papers within the 
past 10 years focuses on nucleolar and ribosomal stress, and for 
good reason: with ribosome biosynthesis consuming ~80% of 
a cell’s energy, nearly all metabolic and signaling pathways lead 
ultimately to or from the nucleolus. We begin by describing p53 
activation upon nucleolar stress resulting in cell cycle arrest 
or apoptosis. The significance of this mechanism cannot be 
understated, as oncologists are now inducing nucleolar stress 
strategically in cancer cells as a potential anti-cancer therapy. 
We also summarize the human ribosomopathies, syndromes in 
which ribosome biogenesis or function are impaired leading to 
birth defects or bone narrow failures; the perplexing problem 
in the ribosomopathies is why only certain cells are affected 
despite the fact that the causative mutation is systemic. We 
then describe p53-independent nucleolar stress, first in yeast 
which lacks p53, and then in other model metazoans that lack 
MDM2, the critical e3 ubiquitin ligase that normally inactivates 
p53. Do these presumably ancient p53-independent nucleolar 
stress pathways remain latent in human cells? If they still exist, 
can we use them to target >50% of known human cancers that 
lack functional p53?
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Nucleolar Stress Effectors

Several ribosome assembly factors maintain their greatest 
steady-state concentrations within nucleoli under normal growth 
conditions, but assume altered functions to act as effectors under 
nucleolar stress conditions. In this section we introduce these 
factors by describing their normal nucleolar functions. In the 
next section we describe their altered roles during nucleolar stress. 
Besides these nucleolar assembly factors, the ribosomal proteins 
themselves act as stress effectors when they fail to assemble into 
small and large ribosomal subunits (in this case referred to as 
ribosomal stress).

Pol I transcription of pre-rRNA
The Pol I machinery has been well described in yeast and 

vertebrate systems.31-33 For instance, the productive Pol I 
transcription initiation complex in mouse includes the upstream 
binding factor UBF, the multi-protein complex TIF-IB (called 
selectivity factor SL-1 in humans), TIF-IA, the Pol I complex 
itself, and several other factors that regulate Pol I transcription, 
in particular SIRT7 that deacetylates the Pol I subunit PAF53 
under normal non-stress conditions to ensure occupancy of 
Pol I with the rDNA.34 UBF dimers bind the core promoter 
element that spans the transcription start site; they also bind the 
upstream control element (UCE) to perform several roles.35 Once 

Figure 1. ribosome biogenesis in eukaryotic cells occurs in the nucleolus, a nuclear compartment that displays the fibrillar center (FC), the dense fibrillar 
component (DFC), and the granular component (GC) at the ultra-structural level. Transcription of pre-rrNa (47S in mammals) by rNa polymerase I 
(Pol I) is generally thought to occur at the boarders of the FC and DFC on tandem gene repeats emanating as radial loops from more condensed rDNa 
within the FCs. The 5S rrNa is transcribed by rNa Pol III in all eukaryotes; in yeast the 5S genes reside within the nucleolus within intergenic sequences 
that lie between the larger tandem rDNa gene repeats, but in metazoans, the 5S genes reside as tandem repeats outside the nucleolus. Processing 
and cleavage of the 47S pre-rrNa occurs in the DFC as ribosomal proteins synthesized in the cytoplasm enter the nucleolus and assemble with the 
18S rrNa to form the small ribosomal subunit (SSU) and with the 5.8S, 28S, and 5S rrNas to form the large ribosomal subunit (LSU). Large and small 
ribosomal subunits continue to assemble and mature as they enter the GC which contains GTPases (e.g., GNL3) that likely function in subunit maturation 
or nucleolar release. The GC is drawn here as a heterogeneous nucleolar compartment consisting of rNa-containing and rNa-deficient zones. another 
GTPase, Nucleostemin (NS), resides in the rNa-deficient zones of the GC.50 rather than participating in ribosome biogenesis directly, NS functions 
in maintaining stem cell homeostasis and in responding to nucleolar stress.82 export of the ribosomal subunits is finally mediated by nuclear export 
factors, NMD3 and CrM1. See text for more details.
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bound, UBF participates in opening the promoter region and in 
recruiting TIF-IB and Pol I complexes to the promoter core. UBF 
may also participate in the release of Pol I from the promoter at 
transcription initiation and in transcription elongation as UBF 
also decorates the length of the rDNA transcription units.36

Of the Pol I transcription factors, TIF-IA is likely the central 
homeostatic factor in activating Pol I transcription. Under 
normal growth conditions, TIF-IA is critical in establishing 
productive Pol I transcription initiation complexes, due in part 
to its growth factor-dependent phosphorylation by ERK, or 
by its nutrient-dependent mTOR signaling and activation.37,38 
However, upon oxidative stress (H

2
O

2
) or ribotoxic stress 

with anisomycin, activated c-Jun N-terminal kinase 2 (JNK2) 
phosphorylates Thr

200
 in mammalian TIF-IA, and this not only 

abrogates TIF-IA’s interactions with both Pol I and TIF-IB, but 
redistributes TIF-IA to the nucleoplasm. Thus, pre-initiation 
complex assembly fails under these particular conditions leading 
to nucleolar stress.39,40

Pre-rRNA processing
Pre-rRNA processing and ribosome assembly occur within 

complex yet highly coordinated reactions and interactions 
within the 90S processome of the nucleolar DFC.41 In general, 
we know the major pre-rRNA processing events: box C/D 
and box H/ACA small nucleolar ribonucleoprotein particles 
(snoRNPs) catalyze nucleotide-specific 2’-O-ribose methylation 
and pseudouridylation, respectively.42 Concomitantly, pre-rRNA 
undergoes endo-nucleolytic cleavage reactions to generate mature 
18S, 5.8S, and 28S rRNAs as nascent ribosomal proteins arrive 
from the cytoplasm to assemble with these rRNA (Fig. 1).

Approximately 250 non-ribosomal nucleolar proteins act as 
ribosome assembly factors; specifically, they function as nucleases, 
helicases or chaperones to mediate the many processing and 
assembly events. Many of these nucleolar proteins are conserved 
throughout the eukaryotes. For instance, fibrillarin is the well 
conserved methyl-transferase associated with box C/D snoRNPs, 
while dyskerin (Cbf5 in yeast) is the pseudouridylase within box 
H/ACA snoRNPs. While fibrillarin and dyskerin appear to be 
limited to their sole tasks, nucleophosmin and nucleolin are 
multi-functional DFC proteins. Nucleophosmin 1 (NPM1, also 
called B23, numatrin in mammals, or NO38 in amphibians) 
binds nucleic acids, displays RNase activity, and participates in 
cleaving of the second internal transcribed spacer within pre-
rRNA, clearly making it a ribosome assembly factor. When 
overexpressed, NPM1 binds p53, suggesting a role in modulating 
p53’s abundance and function (see detailed discussion below).

Nucleolin contains four RNA recognition motifs (RRMs) 
followed by a carboxyl tail rich in Arg-Gly-Gly tri-peptide 
motifs. These RNA-binding motifs allow nucleolin to bind 
defined stem-loop structures within the pre-rRNA, perhaps 
acting as a chaperone for proper RNA folding in ribosome 
assembly.43 Nucleolin, however, also contains an N-terminal 
domain consisting of alternating acidic and basic motifs. The 
acidic motifs are rich in phospho-serine, while the basic domains 
resemble the tails of histone H1, especially with its multiple 
CDK1/Cyclin B phosphorylation sites. Studies indicate that 

nucleolin associates with nucleolar chromatin and participates 
in Pol I transcription, perhaps linking Pol I transcription with 
pre-rRNA processing in a regulatory feedback mechanism.44-46 
Similar to NPM1, nucleolin interacts with several proteins,47 
including p53.48 Takagi et al.49 showed that when overexpressed, 
nucleolin binds the 5′ UTR of the p53 transcript to suppress its 
translation; conversely, downregulation of nucleolin promotes 
p53 expression.

Ribosome assembly
During the course of ribosome assembly, equimolar amounts of 

ribosomal proteins are translated in the cytoplasm and imported 
into the nucleus. The 18S rRNA assembles with 33 proteins to 
form the small 40S ribosomal subunit (SSU in Fig. 1), while 
the 5.8S, 28S, and Pol III-transcribed 5S rRNAs assemble with  
50 proteins to form the large 60S ribosomal subunit (LSU in 
Fig. 1). Ribosomal proteins comprising the small subunit are 
designated RpS1, RpS2, etc., while large subunit proteins are 
designated RpL1, RpL2, etc. Important for discussions on 
nucleolar stress are RpS3, RpS7, RpL5, RpL11, RpL23, and 
RpL26.

Immature 40S and 60S subunits emerge from the DFC to 
occupy specified sub-compartments within the GCs50 (see 
Fig. 1 and below). Subunit export to the cytoplasm is mediated 
by the adaptor protein NMD3 and the export factor CRM1.51 
We continue to discern how the ribosomal subunits achieve 
functional maturation within the cytoplasm.52-55 Cryo-EM and 
crystallographic structures of eukaryotic ribosomes provide 
opportunities to fully comprehend not only ribosome function 
during translation initiation, elongation, and termination, but 
emerging inter-relationships between ribosome biogenesis and/or 
function and cell homeostasis; that is, how cell homeostasis is lost 
when individual ribosomal proteins are mutated or deleted (the 
ribosomopathies).56-62 As discussed below, these investigations 
should allow us to select strategically nucleolar or ribosomal 
targets for novel anti-cancer therapeutics.

p53-Dependent Nucleolar Stress

In their landmark paper, Rubbi and Milner63 employed UV 
irradiation to induce DNA damage to disrupt nucleoli, which 
in turn resulted in p53 activation and cell cycle arrest. Links 
between double strand chromosomal breaks, activation of ATM, 
and the transient block of Pol I initiation complex assembly and 
in transcription elongation were subsequently established.64,65 
Rubbi and Milner63 could bypass the UV-induced stimulation 
of nucleolar stress by injecting an antibody against Upstream 
Binding Factor (UBF), the Pol I transcription and/or nucleolar 
chromatin factor. Thus, by blocking Pol I transcription 
selectively, they were again able to induce nucleolar disruption 
leading to p53 activation, but now without DNA damage. They 
concluded that the nucleolus is a major stress sensor which when 
disrupted, initiates p53-dependent cell cycle arrest. The principal 
mechanism that links nucleolar disruption with p53 activation 
and mammalian cell cycle arrest utilizes MDM2 (murine and/or 
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human double minute 2), the ubiquitin E3 ligase that negatively 
regulates p53 by marking it for ubiquitin-mediated proteasomal 
degradation (see Fig. 2A).66

Nucleolar factors that block MDM2
Upon nucleolar stress, several ribosome assembly factors that 

normally enrich within nucleoli redistribute to the nucleoplasm, 
while ribosomal proteins entering the nucleus (nucleoplasm) are 
incapable of assembling into ribosomes. Several of these assembly 
factors and ribosomal proteins bind to and block MDM2 activity 
resulting in p53 stabilization. Even the 5S rRNA is now known 
to help trigger the activation of p53 by inactivating MDM2 
(Fig. 2). Figure 3 shows where various factors bind MDM2 to 
inhibit its activity; the N-terminal domain of MDM2 binds 
p53, preventing p53 from inducing transcription of downstream 
effector genes (e.g., p21). The carboxy RING finger domain 
of MDM2 is the E3 ligase responsible for ubiquitinylation of 
p53, marking it for proteasomal destruction. The central acidic 
domain of MDM2 contains a C4 zinc finger, and it likely folds 
such that the N-terminal domain of MDM2 with its bound 
p53 now lies in close juxtaposition with the carboxy E3 ligase. 
Preventing the central domain of MDM2 from folding would 
likely interfere with MDM2-mediated p53 degradation.

Arf (alternative reading frame protein, p19Arf in mouse, p14Arf 
in humans) is a tumor suppressor protein expressed from the 
p16INK4a gene locus that also expresses p16INKa, a cyclin-dependent 
kinase (CDK) inhibitor. The locus expresses both proteins 
by alternative utilization of exons and reading frames.67 Arf 
normally localizes to nucleoli in non-stressed cells, most likely 
due to its interaction with nucleophosmin (see below). While 
exogenous Arf can sequester MDM2 to nucleoli (Fig. 2B), 
subsequent studies indicate that nucleolar stress releases Arf to 
the nucleoplasm where it binds and blocks MDM2,68,69 thus 
allowing p53 to accumulate and block cell cycle progression 

(Fig. 2). When released from nucleoli, Arf binds the central 
acidic region of MDM2 to inhibit its ubiquitinylation of p53.70-74

Nucleophosmin 1 (NPM1) is an abundant nucleolar protein 
with multiple, complex roles. As mentioned above, it acts as a 
nucleolar endoribonuclease required for ITS2 cleavage in pre-
rRNA processing,75 and it functions as a key regulator in nucleolar 
control of cell homeostasis. For example, NPM1 shuttles between 
the nucleolus and the nucleoplasm, and in so doing it may 
regulate transcription by interacting with factors such as Myc, 
NFκB, YY1, p53, and others. NPM1 is a histone chaperone that 
helps maintain genome stability by participating in DNA double-
strand break repair, blocks apoptosis when overexpressed, and 
participates in centrosome duplication at prophase and mitotic 
spindle pole formation at metaphase.76,77 NPM1 is also a critical 
regulator in the nucleolar stress response. Specifically, NPM1 
interacts with the N-terminus of Arf; one interpretation suggests 
that upregulation of Arf sequesters NPM1 to the nucleolus thus 
blocking NPM1’s shuttling to the nucleoplasm (Fig. 2A).78 
MDM2 also binds the N-terminus of Arf antagonizing the 
interaction between Arf and NPM1, and thereby reversing 
the inhibitory effects of Arf on NPM1. Itahana et al.79 further 
suggested that exogenously expressed Arf negatively regulates 
NPM1 by promoting the poly-ubiquitinylation of NPM1, leading 
to its destruction and a block in ribosome biogenesis.

A more recent interpretation, however, suggests that under 
normal growth conditions, the abundance of NPM1 exceeds that 
of Arf, and as a consequence, most Arf protein is bound to NPM1 
within the nucleolus.80,81 Sequestering Arf to the nucleolus would 
prevent its association with MDM2 in the nucleoplasm.80 The 
interaction with NPM1 in the nucleolus would also stabilize Arf 
which rapidly degrades in the absence of NPM1.

Nucleostemin (NS) is another nucleolar regulator of p53, but 
it modulates p53 indirectly by binding MDM2.82 Mammalian 

Figure 2. regulation of p53 during normal and nucleolar stress conditions. (A) During normal, non-stressed conditions, the e3 ubiquitin ligase MDM2 
associates with p53, promoting p53’s degradation.66 Nucleophosmin (NPM) and arF are located in the nucleolus.78 (B) During nucleolar stress, normal 
ribosome biogenesis and function are perturbed. The association between MDM2 and p53 is disrupted; additional proteins such as ribosomal proteins 
(rpL5, rpL11) with the 5S rrNa115,116 and arf can associate with MDM2.69 p53 is stabilized and activates the cell cycle inhibitor p21 and other p53-respon-
sive genes. These events lead to cell cycle arrest and apoptosis.
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NS consists of an N-terminal basic domain followed by a coiled-
coil domain, a central GTP-binding domain, an RNA-binding 
domain, and finally a carboxyl acidic domain. NS belongs to the 
YawG subfamily of GTPases with its central GTP-binding motifs 
arranged in permutated fashion (G5-G4-G1-G2-G3) rather than 
in the conventional G1-G2-G3-G4-G5 as found in Ras-family 
GTPases. NS is abundant in stem cells and cancer cells, but 
its abundance drops in stem cells as they enter differentiation 
pathways where cycle progression (proliferation) slows down.83 
NS localizes to nucleoli with GTP bound, but it transits 
to the nucleoplasm with GDP bound.84,85 Cycling between 
the nucleolus and the nucleoplasm likely imparts separate 
functions for NS.86 Interestingly, mammalian NS occupies sub-
compartments within the GC that are actually deficient in RNA 
(the lighter gray areas within the GC of Fig. 1).50 This suggests 
that the RNA-containing compartments of the GC function in 
ribosomal subunit maturation and release, while RNA-deficient 
compartments within the GC are reserved for maintaining cell 
homeostasis. As discussed below, mammalian NS plays a critical 
role in nucleolar stress response by interacting with p53.82

Determining the precise function(s) of mammalian NS, 
however, has been challenging. Romanova et al.87 showed that 
NS forms a large complex that co-fractionates with the pre-60S 
subunit. The complex contains processing factors Pes1, DDX21, 
EBP2, and several ribosomal proteins. Prolonged depletion of 
NS inhibited the processing of the pre-rRNA 32S intermediate 
to the mature 28S rRNA, while overexpression of NS facilitated 
32S processing. Because NS localizes to non-rRNA containing 

regions of the GC,50 it may not be 
directly involved with ribosome 
biosynthesis or maturation. Outside 
the nucleolus, NS has been reported 
to protect DNA at telomeres by 
mediating the interaction between 
PML-IV and SUMOylated telomeric 
repeat factor 1 (TRF1) which then 
recruits RAD51 to the telomeres.88 
Furthermore, NS may protect the 
genome from double-strand breaks 
associated with DNA replication 
in actively dividing stem cells by 
interacting with (perhaps recruiting) 
RAD51 to the sites of damage.89 
Recently, Lin et al.90 argued that the 
NS gene in mammals has evolved 
from an ancestral gene, GNL3, 
such that now the primary role of 
NS is to protect the genome (e.g., 
from S-phase DNA damage) while 
maintaining only a minor, perhaps 
even indirect role in ribosome 
biogenesis.

Other, paralogous NS-like family 
members have been implicated 
directly in ribosome biogenesis. For 
example, loss of Grn1 in S. pombe 

blocks 35S pre-rRNA processing while blocking the release of 
RpL25a.91 Similarly, loss of NST-1 in C. elegans reduces 18S and 
26S rRNA abundance.92 Rosby et al.93 depleted Drosophila NS1 
(homologous to vertebrate GNL3L82) by RNAi expression, and 
showed an inhibition in LSU release from nucleoli leading to 
autophagy in terminally differentiated polyploid cells, and loss of 
diploid progenitor island cells in the larval intestines.

Regulation of p53 by NS is likewise complex: both over-and 
under-expression of NS seems to activate p53 leading to cell 
cycle arrest.55,82 When overexpressed and therefore abundant 
in the nucleoplasm, NS uses its coiled-coil domain to bind the 
acidic domain of MDM2. This blocks MDM2’s E3 ubiquitin 
ligase activity, thus allowing p53 to accumulate (Fig. 3).94 
Conversely, siRNA depletion of NS causes p53-dependent cell 
cycle arrest.94,95 In this case, ribosome production is disrupted by 
the loss of NS, and unassembled RpL5 and RpL11 are thought 
to bind MDM2 to block its ubiquitinylation of p53 in the same 
nucleolar stress mechanism already described.94 Thus, MDM2 
activity is blocked either by NS itself when overexpressed, or by 
ribosomal proteins when ribosome production is disrupted by 
NS depletion.

Regulation of NS is made more complicated due to its 
interactions with other nucleolar and nuclear proteins. Ma and 
Pederson95 showed that NS abundance was inversely related to 
the abundance of Arf, a negative regulator of MDM2 (described 
above). They showed that NS levels fell by 50% when Arf 
was expressed exogenously in U2OS osteosarcoma cells which 
normally lack Arf. The instability of NS was attributed to the 

Figure 3. MDM2 and p53 regulation. MDM2 has three main functional domains: a N-terminal p53-binding 
domain, a central acidic region, and a carboxy rING finger, which has e3 ubiquitin ligase activity.72  
(A) MDM2 folds such that the carboxy rING finger domain interacts with p53 bound at MDM2’s N-terminus. 
p53 is then ubiquitinylated and targeted for degradation.66,70 (B) Protein folding is prevented when 
certain proteins such as arF, Nucleostemin (NS), or other ribosomal proteins bind to the phosphorylated 
central domain of MDM2. This results in stabilization and accumulation of p53 levels.100,103
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rise in p53 levels, perhaps due to Arf blocking MDM2 activity. 
Conversely, NS levels rose when endogenous Arf was depleted in 
HeLa cells. NS function may also be regulated by mechanisms 
that were not immediately obvious (i.e., ubiquitinylation), while 
its stability is regulated by GTP levels in mechanisms that remain 
largely unknown.55 For example, Lo et al.96 showed that NS 
undergoes proteasomal degradation in the absence of GTP, but 
in an ubiquitin and MDM2-independent fashion.

Regulation of NS may involve nucleophosmin (NPM1). 
As described above, NPM1 is a multi-functional nucleolar 
processing/assembly factor implicated in centrosome duplication, 
cell proliferation, and both oncogenic and tumor-suppressor 
activities depending on p53 levels in particular cell types. Ma 
and Pederson97 showed that in human U2OS osteosarcoma 
NS and NPM1 co-localize within the granular component of 
interphase nucleoli and to telophase pre-nucleolar bodies prior 
to nucleologenesis; they showed a direct interaction between NS 
and NPM1 by co-IP, yeast two-hybrid, and in vivo bimolecular 
fluorescence complementation.

Avitabile et al.98 extended these studies to neonatal rat 
cardiomyocytes and cardiac progenitor cells, and therefore to 
heart disease. They showed that NS, NPM1, and Arf redistribute 
to the nucleoplasm upon doxorubicin-induced cardiotoxicity 
which causes nucleolar stress. Release of Arf correlated with 
increased p53 activity as measured by increased p21 gene 
expression and by induced DNA damage as measured by the 
TUNEL assay. Silencing of NPM1 in these cells caused nucleolar 
stress resulting in the redistribution of NS and Arf from m nucleoli 
to the nucleoplasm, but depletion of NS did not redistribute 
NPM1. Interestingly, they showed a re-expression of NS and 
NPM1 in border zone cardiomyocytes after pathological injury 
(myocardial infarction) indicating that reintroduction of NS in 
adult myocardial cells may be an important aspect of healing 
after myocardial infarction. Hariharan and Sussman99 review 
the role of the nucleolus and nucleolar proteins in cardiovascular 
pathophysiology, especially the nucleolus as a stress sensor in 
cardiac disease.

Ribosomal proteins
Besides nucleolar assembly factors, several ribosomal proteins 

are known to bind MDM2 to block its ubiquitinylation of 
p53 (Fig. 3).100,101 These include RpS3,102 RpS7,103,104 RpL5,105-

107 RpL11,71,108-110 and RpL23.111 Upon nucleolar stress (failure 
in ribosome biogenesis), rather than being released from the 
nucleolus, these ribosomal proteins likely bind MDM2 in the 
nucleoplasm as they first enter the nucleus from the cytoplasm. 
Like Arf, these ribosomal proteins bind to the acidic central 
domain of MDM2. The functional significance of MDM2’s 
central domain for normal ubiquitinylation of p53 is well 
established.72 One hypothesis suggests that binding of ribosomal 
proteins and other nucleolar factors reduces the flexibility of 
MDM2’s central domain, preventing the N-terminal domain 
of MDM2 with its bound p53 from folding to form a close 
juxtaposition with its carboxy domain that displays E3 ubiquitin 
ligase activity.100

Disruption of nucleoli may not be the only trigger that 
liberates ribosomal proteins that then block MDM2. Fumagalli 

et al.110 conditionally depleted RpS6 and thus the 40S subunit in 
mouse hepatocytes, but under these conditions nucleoli remained 
intact and biogenesis of the 60S subunit continued. Interestingly, 
when the 40S subunit is depleted, extra amounts of RpL11 were 
produced by a selective recruitment of rpL11 mRNA to actively 
translating polysomes. The rpL11 mRNA contains a translation-
repressive 5′ poly-pyrimidine tract (5′-TOP). This transcript and 
others with 5′-TOP sequences (those encoding RpS8, RpS16, 
RpL26) actually maintain translational activity upon loss of the 
40S subunit, suggesting a de-repression of the 5′-TOP upon loss 
of the 40S subunit. Thus, when the 40S subunit is depleted by 
loss of RpS6 (or RpS7, RpS23), translation of 5′-TOP transcripts 
(e.g., rpL11) produces excess RpL11 which then blocks MDM2 
to ultimately activate p53 and arrest the cell cycle. How 
de-repression of 5′-TOP transcripts is mediated by loss of the 40S 
remains an intriguing question.

While most ribosomal proteins degrade rapidly within 
proteasomes during nucleolar stress,112-114 RpL5 and RpL11 
tend to accumulate selectively.107 This is in contrast to other 
ribosomal proteins known to bind MDM2. L5 and L11 
accumulate by continued de novo protein synthesis, and by 
mutual protection from proteasomal degradation. During 
nucleolar stress (actinomycin D-mediated inhibition of Pol I 
transcription), these two proteins co-localize with each other, 
p53, MDM2, and the promyelocytic leukemia (PML) protein 
within remnant nucleoli. Based upon their co-localizations, 
Bursac et al.107 suggest the nucleoli serve as the staging site for 
RpL5 and RpL11 binding and inhibition of MDM2, resulting 
in p53 activation (Fig. 2B). Two subsequent reports further 
showed that RpL5 and RpL11 interact with the 5S rRNA 
to form a trimeric RNP complex that then blocks MDM2 
(HDM2).115,116 Sloan et al.115 noted the accumulation of the 
trimeric L5/L11/5S rRNA complex within the nucleoplasm 
rather than in nucleoli as observed by Bursac et al.,107 but this 
may be due to the different cell types used in the respective 
studies.

Drugs and Environmental Insults that Induce 
Nucleolar Stress

Blocking Pol I transcription
Nucleolar stress (often referred to as ribosomal stress) is any 

disruption in ribosome biogenesis. The term ribosomopathy 
describes phenotypes associated with non-functional ribosomes 
within the cytoplasm. Nucleolar stress can be induced at multiple 
steps within the nucleolus, from Pol I transcription initiation 
and elongation to early and late pre-rRNA processing (ribosome 
assembly), and eventually to ribosome maturation and eventual 
release from the GC. Perturbations in ribosome biogenesis can 
cause disruptions in nucleolar integrity which releases nucleolar 
and ribosomal proteins to the nucleoplasm where they take 
on secondary functions as stress response effectors.63 Here we 
briefly look at the various methods that have been used to block 
ribosome biosynthesis to induce nucleolar stress, beginning with 
Pol I transcription.



408 Nucleus Volume 5 Issue 5

RNA Pol I transcription can be blocked by several drugs leading 
to nucleolar disruption.4,117 Early on we knew that actinomycin D 
at low concentrations (<5 nM) intercalates preferentially within 
GC rich rDNA to block Pol I transcription elongation. Inhibition 
of Pol I by actinomycin D causes nucleolar segregation where 
the FC and DFC form a crescent shaped “cap” over a somewhat 
centralized GC.29 Other intercalating agents known to disrupt 
nucleolar transcription include mitomycin C, mitoxantrone, 
and doxorubicin; the latter two block topoisomerase function. 
The alkylating and DNA-crosslinking agents, cisplatin and 
oxaliplatin also block Pol I transcription effectively, as does the 
anti-metabolic drug, methotrexate. All these drugs have been 
used as chemotherapeutic agents in various cancer treatments.4,117 
Depending upon the drug, nucleoli could also fragment 
into smaller “spots” or into “necklaces” as observed by the 
redistribution of nucleolar markers such as fibrillarin.117 Newer 
drugs currently in Phase I and II clinical trials include ellipticine 
which blocks Pol I transcription initiation,118 CX-3543 which 
blocks Pol I elongation by disrupting nucleolin interactions with 
rDNA,119 and CX-5461 which blocks Selectivity Factor-1 (SL-
1) from binding rDNA promoters to thus prevent pre-initiation 
complex assembly.120 Expectations in cancer therapy may be 
high regarding these latter two drugs as they have exceptional 
specificity for targeting transcription by Pol I vs. Pol II and Pol 
III.4,5

Drugs that block pre-rRNA processing and ribosome 
assembly

While the drugs described above block Pol I transcription, 
other drugs target pre-rRNA processing. Camptothecin, 
flavopiridol, and roscovitin block early pre-rRNA processing as 
measured by inhibitions in 47S pre-rRNA cleavage. MG-132, 
homoharringtonine, and 5-fluorouracil block later processing 
events as measured by loss of mature 18S and 28S despite 
the presence of the 32S pre-rRNA intermediate.117 While 
5-fluorouracil blocks thymidylate synthetase, it also incorporates 
into nascent RNA which blocks subsequent pseudo-uridylation 
and marks these RNAs for destruction by the exosome.117

Environmental insults
Besides drugs, environmental insults such as heat shock, 

oxidative stress, hypoxia, and UV irradiation can induce 
nucleolar re-organization or disruption. Several reports show 
that heat shock disrupts nucleoli and redistributes nucleolar 
proteins.121,122 Interestingly, mRNAs can transit through the 
yeast nucleoli during heat shock.122 Trypanosoma cruzi at the 
epimastigote stage (the life cycle stage at which the tail is 
anterior to the nucleus) also accumulates mRNAs within its 
nucleoli during severe heat shock.123 Hypoxia and acidosis can 
also downregulate rDNA transcription via the hypoxia-inducible 
factor (HIF) and the von Hippel-Lindau tumor suppressor 
protein (VHL).124 UV irradiation damages genomic DNA thus 
blocking RNA Pol II transcription, and this ultimately leads to 
nucleolar disruption. Hypotonic shock is also known to quickly 
and reversibly disrupt nucleoli,125 while hypertonic shock 
disrupts related Cajal bodies.126 As far as we know, however, the 
effects of osmotic shock on nucleolar stress pathways have not 
been described.

Blocking mTOR signaling
Pre-rRNA transcription by RNA polymerase I is the rate-

limiting step in ribosome biogenesis.28 As such, it is tightly 
regulated by growth factor signaling and nutrient availability 
(e.g., TOR signaling). The mammalian target of rapamycin 
(mTOR) kinase regulates Pol I transcription by positively 
controlling transcription factors TIF-1A, SL-1, and UBF.32,40 
mTOR also regulates protein translation by phosphorylating 
4E-BP and S6 kinase that then respectively regulate eIF4E for 
cap-dependent translation initiation and RpS6 which influences 
elongation factor 2 kinase.127 Starvation or treatment with 
rapamycin downregulates mTOR in yeast and mammalian 
cells, and this leads to a significant reduction in nucleolar size 
and a block in rDNA transcription. Tsang et al.128 showed that 
upon inhibiting mTOR in yeast, the histone deacetylase, Rpd3-
Sin3, rapidly associated with rDNA to deacetylate K5 and K12 
of histone H4 in a rDNA-specific manner. Consequently, Pol I 
redistributed from the nucleolus and rRNA transcription was 
blocked. Deleting the rpd3 gene or H4 hyper-acetylation mutants 
blocked these adverse effects on nucleolar structure and function 
caused by inhibiting mTOR.

Endogenous Mutations: The Ribosomopathies

In their comprehensive review, Narla and Ebert129 defined the 
ribosomopathies as a collection of human disorders with defined 
clinical phenotypes caused by impaired ribosome biogenesis 
and function. These disorders result from natural mutations 
in genes that encode ribosome assembly factors within nucleoli 
or the ribosomal proteins themselves. The mutations can lead 
to craniofacial malformations, skin lesions, or an absence of 
erythroid progenitor cells in the bone marrow leading to anemia. 
Why only certain tissues are affected remains an intriguing 
question.130 Here we briefly describe the ribosomopathies and 
the nucleolar or ribosome stress associated with each, but keep 
in mind that these diseases may not result simply from a defect 
in protein synthesis. The possibility that unassembled mutant 
ribosomal proteins may exert toxic effects on non-translation 
events has not been completely ruled out.12

Treacher Collins syndrome (TCS) is most frequently 
associated with mutations in Tcof1/treacle, an assembly factor 
within the dense fibrillar component of nucleoli. TCS presents 
as a collection of craniofacial malformations that arise during 
early development.131,132 Treacle is similar to Nopp140 in 
motif composition and likely function;133,134 both proteins are 
considered chaperones for nucleolar snoRNPs, however, treacle 
(and perhaps Nopp140) may also play a vital role in recruiting 
UBF and Pol I to the rDNA promoter.135 Haplo-insufficiencies 
in treacle (Tcof+/−) cause a block in 2’-O-ribose methylation,136 
an overall loss of cytoplasmic ribosomes,137 and most telling, a 
loss of specialized embryonic neural crest cells that ostensibly 
have a high demand for protein synthesis and thus functional 
ribosomes.131 These cells die by apoptosis prior to their normal 
migration into branchial arches I and II that give rise to the 
craniofacial structures that are adversely affected in TCS. 
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Interestingly, most other stem and progenitor cells in Tcof+/− 
embryos survive treacle insufficiencies, again indicating diverse 
ribosome requirements in different progenitor cell populations 
at defined points in embryonic development. Using a Trp53 gene 
deletion in mouse or pifithrin-α, a drug that specifically blocks 
p53, Jones et al.137 blocked apoptosis in these Tcof+/− neural crest 
cells, thus preventing the cranial abnormalities and confirming 
p53-dependent nucleolar stress. While mutations in Tcof1 have 
been most often associated with TCS, haplo-insufficiencies in 
POLR1D or mutations in both alleles of POLR1C (POLR1D and 
POLR1C encode subunits for both RNA Pol I and III) have also 
been linked to TCS.138 Therefore, in terms of nucleolar stress, 
haplo-insufficiencies in treacle or Pol I and Pol III result in the 
loss of ribosome production, and this leads to p53-dependent cell 
cycle arrest and apoptosis principally in the neural epithelium 
and neural crest. Ellis139 discusses the dissimilar phenotypes 
associated with the TCS vs. the hematopoietic failures observed 
in other ribosomopathies as described below. These phenotypic 
differences may result from errors in pre-rRNA transcription and 
early processing (i.e., mutations in Pol I and treacle for TCS) vs. 
mutations in individual genes encoding the ribosomal proteins 
themselves.

Dyskeratosis congenita (DC) is a human skin and 
hematopoietic disorder associated with mutations in the X-linked 
DKC1 gene which encodes dyskerin, the box H/ACA snoRNP 
enzyme responsible for pseudouridylation of targeted residues 
within non-coding RNAs (e.g., pre-rRNA, spliceosomal). 
Dyskerin also interacts with the human telomerase RNA 
component (TER) due to the H/ACA-like domain at the RNA’s 3′ 
end of the RNA140,141 and is required for telomerase biogenesis.142 
Mutations in DKC1 are associated with premature aging, a 
propensity for certain cancers,129 abnormalities in the skin and 
mucous membranes, and with bone marrow defects.142 Hoyeraal-
Hreidarrson syndrome is a severe form of DC with earlier onset, 
additional neurological disorders, and higher morbidity.142 At the 
molecular level defects have been observed in rRNA processing 
and reduced telomere length,143,144 both of which could lead to 
losses of bone marrow stem cells.145

Besides mutations in the X-linked DKC1 gene, less severe forms 
of DC are associated with autosomal mutations in the TERT gene 
that encodes telomerase reverse transcriptase146 or in the TERC 
gene that encodes the RNA component of telomerase.147,148 These 
mutations cause a haplo-insufficiency in functional telomerase 
leading to shortened telomeres. Using zebra fish, Pereboom et 
al.149 showed that loss of Nop10, one of the other three proteins 
within box H/ACA snoRNPs besides dyskerin (the other being 
Nhp2), caused a failure in 18S rRNA processing, loss of 40S 
ribosomal subunits, and a loss of hematopoietic stem cells. 
Similar to the loss of treacle in embryonic neural crest cells, these 
hematopoietic cells in zebra fish could survive if they carried a 
loss-of-function p53 allele indicating a p53-dependent nucleolar 
stress. Interestingly, however, telomere length in these cells was 
not restored, suggesting that nucleolar stress rather than shortened 
telomeres was the principal defect in the zebra fish model of DKC 
when nucleolar pseudouridylase activity is impaired.

Thumati et al.,142 however, expressed TERT and TER in 
fibroblasts from X-linked DC patients to restore stable telomere 
maintenance but still in the presence of the mutant dyskerin 
protein. These cells continued to show slight but reproducible 
depletions of pseudouridine in the rRNA, but compared with 
wild type cells that also expressed exogenous TERT and TER, 
there were no detectable differences in protein synthesis, internal 
ribosome entry site translation initiation, in tolerances to ionizing 
radiation, or in endoplasmic reticulum stress in these modified 
DC cells. Thumati et al.142 proposed that DC etiology is based 
primarily on the loss of telomere maintenance rather than on the 
loss of ribosome function.

Diamond-Blackfan anemia (DBA) in humans is a diverse 
collection of clinical disorders resulting from mutations 
consistently observed in genes encoding 40S subunit ribosomal 
proteins RPS7, RPS10, RPS17, RPS19, RPS24, or RPS26, or in 
genes encoding 60S subunit ribosomal proteins RPL5, RPL11, 
RPL26, or RPL35A.139,150,151 Most are missense or nonsense 
mutations, but deletions have also been observed.152,153 All appear 
to be haplo-insufficiency-type mutations meaning that the wild 
type allele cannot provide sufficient product to prevent the 
disorder. DBA phenotypes vary depending on the particular 
mutation. While DBA patients could display short stature, an 
increased risk of malignancies, craniofacial, thumb, urogenital, 
and heart defects,129,139 the principle defect is congenital bone 
marrow failure (erythroid precursor failure) leading to anemia, 
macrocytosis, and reticulocytopenia.154 Loss of erythroid 
precursor cells occurs by apoptosis155 due to p53 accumulation 
and activation.156,157 The zebra fish model for DBA similarly 
shows developmental defects and failures in erythropoiesis upon 
loss of RpL11 or RpS19.158-160 The developmental defects can be 
rescued by depleting p53, but the erythropoietic defects appear to 
be p53-independent.161,162 Interestingly, both the developmental 
defects and the erythroid defects in RpL35A-deficient zebra fish 
embryos could be improved by stimulating the mTOR pathway 
with either leucine or arginine treatments. This suggests that 
the efficiency in protein translation by a limited number of 
functional ribosomes may have been bolstered by the now hyper-
activated mTOR pathway.

Related to these findings in zebra fish, Narla and Ebert129 
suggested that loss of erythroid progenitors by apoptosis could 
occur by one of two mechanisms. In the first pathway, loss of 
the ribosomal proteins could induce nucleolar stress leading to 
p53-dependent apoptosis as described above. If this mechanism 
is correct, we have to assume that erythroid progenitors have a 
higher demand for functional ribosomes than most other stem 
and/or progenitor cells within the body. In the second pathway, 
insufficient ribosomes would cause an under-production of 
hemoglobin in these erythroid progenitor cells, leading to an 
accumulation of excess heme that then induces oxidative stress 
leading to apoptosis and loss of the erythroid progenitors.139 This 
argues for both p53-dependent and independent nucleolar stress 
responses not only in the same organism, but perhaps within the 
same cell. We describe various other p53-independent nucleolar 
stress responses below.
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The 5q- syndrome in humans is another disease associated 
with erythroid failure. A deletion on the long arm of human 
chromosome 5 eliminates several genes, but a systematic RNAi 
screen identified RPS14 as the critical gene associated with 
erythroid failure when haplo-insufficient.163,164 The loss of RPS14 
increases the 32S/18S processing ratio in cells derived from 
patients, and ectopic expression of RPS14 can rescue these cells. 
Cells expressing RPS14 shRNAs recapitulated the syndrome as 
these cells were deficient in 40S subunits.163

Schwachman-Diamond syndrome (SDS) is another failure 
in hematopoiesis, but it also presents exocrine pancreatic 
failures and increased risks to myelodysplasia and leukemia. 
The syndrome is associated with hypomorphic mutations in the 
SBDS (Schwachman-Bodian-Diamond Syndrome) gene.165 The 
SBDS protein is well conserved from archaea to vertebrates, and 
is likely multi-functional.166 SBDS co-enriches with the 60S 
subunit presumably in the cytoplasm; Finch et al.167 report that 
mouse SBDS acts in the cytoplasm to release eIF6 from the large 
60S subunit by stimulating the GTPase activity of elongation 
factor-like 1 (EFL1). Mechanistic similarities between SBDS and 
the bacterial ribosome recycling factor (RRF) support the role 
of SBDS in activating ribosomes for protein translation. Finch 
et al.167 used a liver-specific deletion of exon 2 in mouse SBDS 
which uncoupled GTP hydrolysis by EFL1 from the release of 
eIF6. It is unknown if other SBDS mutations associated with 
SDS affect the same coupling mechanism.166 SBDS also forms a 
protein complex with nucleophosmin presumably within nucleoli 
as determined by reciprocal co-immuno-precipitations.169 While 
mutations in SBDS do not seem to affect nucleophosmin’s 
abundance or nucleolar localization, interaction between SBDS 
and nucleophosmin suggests that SBDS could play a role in 
ribosome biosynthesis. Indeed, bone marrow cells from SDS 
patients showed dysregulation in genes involved with pre-rRNA 
transcription and processing, as well as dysregulation in many of 
the genes encoding ribosomal proteins.168

Cartilage hair hypoplasia (CHH) is an autosomal recessive, 
highly pleiotropic disease that displays short stature, hair and 
hematological defects, and abnormal cellular immunity.129 CHH 
patients also have an increased propensity for non-Hodgkin 
lymphoma and basal cell carcinoma. The primary lesion in CHH 
lies in the RMRP gene170 which encodes the RNA component 
within the mitochondrial RNA processing (MRP) complex. 
MRP is an endonuclease with several functions in eukaryotic 
cells; one function is to cleave the RNA primers at the origins 
of mitochondrial DNA replication, another is the 5′ maturation 
of the 5.8S rRNA in the nucleolus.171,172 The RNA component 
in MRP is transcribed by RNA Pol III; several mutations in the 
RNA have been linked with CHH.170

Werner and Bloom’s syndromes
The Werner syndrome (WS) is a rare autosomal recessive 

mutation that causes premature aging in young adults (often 
called the adult progeria) and an increased propensity for cancer. 
The WS protein, WRN, is a member of the RecQ DNA helicase 
family. As a group, the RecQ helicases function in both the stress 
generated during DNA replication and in DNA repair that uses 
homologous recombination. WRN functions in genome stability 

with roles in DNA replication and repair, transcription, and 
in telomere maintenance. Several studies located WRN in the 
nucleolus and in other nuclear foci including telomeres.173,174 
WRN redistributes from nucleoli to the nucleoplasm during 
nutrient starvation, actinomycin D-mediated inhibition of 
Pol I transcription, its post-translational acetylation, and upon 
downregulation of the deacetylase, SIRT1, thus indicating a 
tight regulation of WRN by an acetylation and/or deacetylation 
cycle. While its precise role in ribosome biogenesis remains 
unknown, WRN co-precipitates with one of the Pol I subunits, 
augments promoter clearance of Pol I, and associates with the 
few active rDNA genes in quiescent cells.174,175 Finally, Werner 
patient fibroblasts display enhanced rDNA methylation,176 again 
suggesting transcription is impaired. Thus, the possibility that 
nucleolar stress could result from the loss of WRN function 
remains quite viable.

Bloom’s syndrome (BS) is another autosomal recessive disorder 
linked to defects in the DNA RecQ helicase referred to as BLM. 
Loss of BLM causes increased intra- and inter-chromosomal 
recombination events, and increased recombination between 
rDNA genes. Like WS, BS displays predispositions to cancer, but 
it is characterized specifically by growth inhibition (dwarfism), 
sensitivities to sun light, immunodeficiency, and infertility.177 
BLM localizes to promyelocytic leukemia nuclear bodies (PML-
NBs) under normal conditions.178 Grierson et al.179 described 
the localization of BLM to nucleoli as well as PML-NBs; they 
showed that BLM could co-precipitate with the largest subunit of 
Pol I, RPA194, and that BLM facilitated RNA Pol I transcription 
of pre-rRNA perhaps by unwinding GC-rich rDNA. Within 
nucleoli, BLM interacts with topoisomerase I to modulate 
RNA:DNA hybrids and to relax excess supercoils in the rDNA 
upon Pol I transcription.180

Tikoo et al.,181 however, placed less emphasis on BLM 
function within nucleoli. In their functional model for BLM, 
mono-ubiquitinylated BLM located with RAP80 to nuclear 
PLM bodies under normal conditions. Upon replication stress 
or chromatin damage, however, BLM was poly-ubiquitinylated 
by the E3 ligase, RNF8. This allowed BLM to interact with the 
ubiquitin-interacting motifs of RAP80 now positioned at sites 
of replication stress or chromatin damage. Depletion of RNF8 
caused disruption of the PML-NBs and the redistribution of 
BLM to nucleoli.

Diseases associated with the small ribosomal subunit (SSU) 
processome

Sondalle and Baserga182 reviewed several human diseases 
associated with mutations in proteins associated with the SSU 
processome, and we briefly mention three of them here. The 
SSU processome is responsible for 18S rRNA maturation and 
assembly of the small ribosomal subunit (SSU). The processome 
contains the U3 snoRNA and about 70 proteins, many of which 
are referred to as U3 proteins (UTPs). A R565W mutation 
in hUTP4/Cirhin is implicated in North American Indian 
childhood cirrhosis (NAIC) which afflicts the Ojibway-Cree 
population. The R565W mutation in hUTP4/Cirhin likely 
interferes with its normal associations with NOL11, another 
SSU processome component, presumably impairing normal 
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SSU biogenesis. Like the other ribosomopathies, NAIC afflicts 
primarily one tissue type, in this case the liver.

Mutations in the SSU processome protein, hUTP14c, are 
implicated in male infertility and ovarian cancer. hUTP14c is 
an intronless retrogene copy of hUTP14a. While hUTP14a is 
expressed ubiquitously, hUTP14c is expressed only in human 
testes and in ovaries of some, but not all women. The Y738X 
mutation in hUTP14c is implicated in male sterility, while 
expression of wild type hUTP14c in the ovary may destabilize 
p53, leading to increased incidence of tumor formation.182

Mutations in the SSU processome protein, EMG1 (essential 
for mitotic growth 1), are implicated in Bowen-Conradi 
syndrome, which afflicts the Hutterite community living on 
the Great Plains of the US and Canada. EMG1 is a highly 
conserved pseudouridine (N1) methyl-transferase, but its role 
as a ribosome assembly factor likely takes precedence over its 
methylase activity.182 Interestingly, EMG1 in yeast interacts with 
SSU processome protein, Utp30, to help recruit RpS19 to the 
small subunit; overexpression of RpS19 can rescue the growth 
defect associated with a mutant EMG1. As described above, 
RpS19 is mutated in DBA, thus Bowen-Conradi and DBA may 
be linked.182

Neurodegenerative diseases
Linking neurodegenerative diseases to nucleolar stress is 

an emerging field with tremendous potential in revealing 
molecular pathologies and eventual therapeutic strategies.9,183,184 
Neurodegenarative diseases associated with nucleolar stress 
include Parkinson disease,184 trinucleotide repeat (polyglutamine) 
disorders such as spinocerebellar ataxias and Huntington’s 
disease,185,186 Alzheimer disease,187 and amyotrophic lateral 
sclerosis (ALS).188 Each of these diseases has direct and/
or associated links to altered nucleolar function.184 Here we 
mention only a few examples. For instance, a conditional 
ablation of TIF-IA in Nestin-Cre transgenic mice offers an 
excellent model for the loss of nucleolar function in post-
mitotic dopaminergic neurons leading to the slow loss of these 
neurons and pathologies reminiscent of Parkinson disease.189 
In addition, an L166P mutation in PARK7/DJ-1 is associated 
with early onset Parkinson disease. The mutation causes DJ-1 
to mis-fold resulting in either proteasomal degradation of 
DJ-1 or its accumulation in cytoplasmic Lewy Bodies that are 
typical within brain neurons of Parkinson patients. Formation 
of the cytoplasmic aggregates correlates with the redistribution 
of the tumor necrosis factor (TNF) receptor associated protein 
(TTRAP) from the nucleolus to these cytoplasmic granules.190 
Huntington disease also presents problems for nucleoli. For 
example, the expanded CAG repeat region of the Huntingtin 
transcript physically interacts with nucleolin, the prominent 
ribosome assembly factor that also regulates rRNA transcription 
within nucleoli. Nucleolin is thus titrated away from UBF and 
the Pol I transcription machinery, finally resulting in a loss of pre-
rRNA transcription.185 We refer the reader to the recent review 
by Parlato and Liss184 for a comprehensive discussion of these 
various associations between these and other neurodegenerative 
diseases and nucleolar stress. The one common feature between 
these different neurodegenerative diseases seems to be nucleolar 

stress, with defined pathogenic phenotypes that could someday 
be targets for therapeutic treatments.

Ribosomopathies in non-mammalian metazoans
We already mentioned above several contributions from 

zebra fish to our understanding of ribosomopathies. The rDNA-
deficient 0-nu mutation in Xenopus was instrumental in defining 
the nucleolus as the site for ribosome biogenesis.21 Tadpoles 
homozygous for the mutation fail to synthesize 18S and 28S 
rRNA; they have only maternal rRNA provided by the fertilized 
oocyte, but without the ability to synthesize new ribosomes, 
they die in the early swimming stages some three days post 
fertilization.

As we begin to transition toward p53-independent forms of 
nucleolar stress (see below), we briefly describe ribosomopathies 
in C. elegans and Drosophila, both of which have functional p53, 
but lack MDM2. Lee et al.191 recently showed that dao-5 in C. 
elegans encodes a Nopp140 homolog. A null mutation in dao-5 
disrupts rRNA synthesis leading to delays in gonadogenesis 
and an increased incidence of apoptosis in the germ line. An 
intriguing study in C. elegans by Fuhrman et al.192 showed that 
mutation in the conserved nucleolar protein, NOL-6, actually 
enhanced resistance to bacterial infection (e.g., the mutation 
enhanced innate immunity) by activating p53/CEP-1 and thus 
its target gene, SYM-1. This study linked the nucleolus and p53 
to an ancient form of innate immunity, further establishing the 
nucleolus as a stress response organelle.

The list of ribosomopathies is far from complete if one 
considers the many Drosophila mutations known to disrupt 
ribosome biogenesis or function. Some of these mutations have 
been known for decades. For instance, deletions in rDNA 
transcription units referred to as bobbed (bb) mutations have 
been well studied since the discovery of bb1 by Calvin Bridges in 
1915.193,194 The vast majority of Minute genes encode ribosomal 
proteins; one encodes a translation initiation factor.195,196 
Mutations in these genes lead to haplo-insufficient phenotypes 
of delayed development, shortened and thin bristles, and 
reduced viability and fertility. Other Drosophila genes known 
to encode nucleolar processing and/or assembly factors have 
also been characterized in terms of their mutant phenotype; 
those that have been better characterized include minifly,197 
modulo,198-200 viriato,201 dribble,202 jumeaux,203 pitchoune,204 and 
Nopp140.205,206 The minifly gene (also called Nop60B) encodes 
a pseudouridylase homologous to human DCK1. Mutations in 
minifly not only inhibit pseudouridylation of rRNA, but disrupt 
normal pre-rRNA cleavage patterns. This leads to reduced 
body size (thus the name) and to several other developmental 
abnormalities.197,207,208 Modulo is a multi-functional, nucleolin-
like protein in Drosophila that locates to nucleoli, but also to 
non-nucleolar chromatin where it can affect (modulate) gene 
expression by position effect variegation. Interestingly, modulo 
locates to nucleoli when phosphorylated, but to non-nucleolar 
chromatin when un-phosphorylated.199 While its role in ribosome 
assembly remains unknown, nucleolar modulo also participates 
in centromere organization by interacting with the Chromosome 
Alignment 1 protein (CAL1), a centromere assembly factor 
required for the localization of the H3-variant, CENP-A (CID 
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in Drosophila).209 As in mammalian systems, nucleolar activity 
in Drosophila is regulated by Myc; Grewal et al.210 demonstrated 
the necessary requirement of Myc in upregulating RNA Pol I 
transcription during Drosophila development. The modulo, 
viriato, pitchoune, and Nopp140 genes are also known targets for 
Myc in controlling proliferation and growth.200,201,204 

Clearly, many nucleolar processing and/or assembly 
factors are multi-functional. Comparative siRNA screens of  
625 nucleolar proteins in HeLa cells identified 286 that are 
required for pre-rRNA processing. Of these, 27% have either 
distinct or additional functions in pre-rRNA processing as 
compared with their yeast orthologs.211 Thorough understandings 
of intracellular and whole-organism phenotypes caused by null 
or partial-loss-of function mutations in genes encoding these 
factors are critical before devising strategies to induce nucleolar 
stress in potential cancer therapies (see below). Toward this end, 
Neumüller et al.212 performed comparative genome-wide loss-of-
function analyses of genes necessary for the regulation of nucleolar 
size (Pol I–mediated transcription) in both yeast and Drosophila. 
Their comparative approach defined an evolutionarily conserved 
network of genes required for cell growth. This gene network 
may provide new insights in limiting tumor cell growth.

p53-Independent Nucleolar Stress

Nucleolar stress in yeast
Ribosome biogenesis in yeast shares many commonalities with 

its metazoan counterpart.213 Specifically the number of rRNA 
species, biogenesis factors and ribosomal proteins is roughly 
equivalent.214,215 However, with this high degree of process 
conservation there are some major differences in the yeast and 
mammalian response to stalled or aberrant ribosome biogenesis. 
As described above, the best studied pathway for the nucleolar 
stress response in mammals is mediated through a p53-dependent 
mechanism. However, yeast does not express a characterized 
p53 or MDM2.216,217 Therefore, the several described p53 
dependent pathways do not apply to the yeast nucleolar stress 
response.95,97,100,218,219 This observation can be interpreted in a few 
ways. First, nucleolar stress responses in yeast could be a mediated 
through a unique pathway that is not conserved in mammals, or 
second, yeast might have a conserved ancestral pathway that has 
been further enhanced in metazoans to address their complex 
cellular needs, and this enhanced pathway has become epistatic 
to the ancestral pathway. The current data support the latter 
scenario. Unfortunately, the stress response factors involved in 
yeast nucleolar stress are poorly understood.

In both yeast and mammalian models, cell cycle defects 
associated with aberrant ribosome biogenesis often precede 
bulk protein synthesis defects.220-227 As ribosome biogenesis is 
sensed at START,221 we expect mutations that lead to defects 
in ribosome biosynthesis would also lead to cell cycle defects at 
the G1/S transition. In fact, this is the case for several ribosome 
biogenesis factors. However, there are examples where disruption 
of ribosome biogenesis leads to specific defects at other steps in 
the cell cycle.228-231 In a comprehensive study, Thapa et al.228 

systematically depleted ribosomal proteins in yeast and showed 
that perturbation of ribosome biogenesis manifests in several cell 
cycle and morphological defects. Interestingly, depletion of 22 of 
26 small subunit R-proteins placed under Gal-regulation (S0–
S6, S9–S11, S13–S15, S17, S19–S22, S26, S27, S29, and S30) 
resulted in a G1 arrest, while depletion of the remaining four 
(S8, S23, S24, and S31) showing no change in flow cytometry 
profiles. In contrast to depletion of small subunits proteins where 
a relatively uniform phenotype was observed, depletion of large 
subunit R-proteins that had been placed under Gal-regulation 
yielded varying phenotypes. Depletion of nine different large 
subunit ribosomal proteins (L1, L3, L9, L16, L19, L21, L25, L30, 
and L43) resulted in a G1 arrest, while 11 of the depletions (L2, 
L5, L8, L10, L13, L20, L23, L27, L32–L34) showed no change 
in their flow cytometry profiles. In addition, the authors noted 
that depletion of eight large subunit proteins (L3, L4, L7, L18, 
L28, L35, L37 and L40) resulted in a unique peak in which 
cells had greater than 2N DNA content. Using microscopy, they 
determined that the >2N peak was caused by chains of cells that 
were arrested in the G2/M and/or cytokinesis.228 Importantly, 
the various phenotypes observed in this study highlight the 
complexity of ribosome biogenesis, and strongly suggest that in 
yeast, multiple pathways exist for nucleolar stress responses.

An even greater level of complexity has been observed for the 
nucleolar stress response to depletion of Nop7. The yeast Nop7 
gene is required for processing the 27SA3 pre-rRNA in the 
formation of 27SBS intermediate and subsequently the mature 
5.8S rRNA.232 Nop7 is also required for export of the large 
ribosomal subunit.232 Interestingly, two temperature sensitive 
alleles of the Nop7 gene arrest at different points in the cell cycle. 
When grown at the non-permissive temperature, cells harboring 
the Yph1–24 allele arrested at G1, while cells harboring the 
Yph1–45 allele arrested in G2.233 This interesting result supports 
the hypothesis of multiple mechanisms for “sensing” ribosome 
biogenesis.

In budding yeast, the best described coordination between 
ribosome biogenesis and the cell cycle is through the Whi5 
protein (the functional equivalent to the Retinoblastoma tumor 
suppressor protein in metazoans).221,234,235 Under healthy growing 
conditions, Whi5 normally binds to SBF/MBF preventing 
pre-mature transcription of the G1/S regulon that comprises 
approximately 200 genes. Whi5 is displaced from SBF/MBF 
upon phosphorylation by Cln3/Cdc28 CDK, at which point 
SBF/MBF initiates transcription of the G1/S regulon.236,237 
Using Gal::Pwp2 (90S pre-ribosomal component), Bernstein 
et al.220,221 demonstrated that depletion of this SSU processome 
component resulted in a G1 cell cycle arrest and an increased 
nuclear retention time for Whi5-GFP, consistent with its role in 
the G1 regulon repression. In a separate experiment, cells were 
depleted of Pwp2 within a wild type or a whi5 null background. 
In the wild type background, depletion of Pwp2 caused an 
accumulation of unbudded cells. In contrast, even after an 
extended Pwp2 depletion, the whi5 null cultures accumulated far 
fewer unbudded cells, indicating Whi5 plays a role in regulating 
the G1/S checkpoint upon depletion of a ribosome biogenesis 
factor, and that deletion of Whi5 delays the G1 accumulation that 
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is normally observed with Pwp2 depletion.220 Another interesting 
observation from this study was that upon Pwp2 depletion, 
the delayed cell cycle was independent of Cln3, a major Whi5 
antagonist. Thus, in the absence of a functional Whi5, the critical 
cell size checkpoint at (START) is bypassed, allowing the cells to 
continue dividing in the absence of ribosome biogenesis.

In recent studies, Gomez-Herreros et al.238,239 established that 
upon stalled ribosome biogenesis, budding yeast accumulate free 
ribosomal proteins L5 and L11 which leads to a G1 cell cycle 
arrest. To induce the yeast G1 arrest, the authors treated cells 
with the nucleotide depleting drugs (NTDs) 6-azauracil (6AU) 
and mycophenolic acid (MPA) which disrupt transcription 
elongation by inhibiting inosine monophosphate dehydrogenase 
to thereby limit the synthesis of guanine nucleotide.240,241 In 
human cells, MPA has been used to stall rRNA synthesis which 
disrupts nucleoli leading to the release of the ribosomal proteins 
L11 and L5.242 L5 and L11 bind to and inhibit the E3 ubiquitin 
ligase MDM2 and activate of p53 which ultimately leads to a 
p53 dependent G1 arrest.218,242 Interestingly, even in the absence 
of a p53 homolog, yeast cells treated with NTDs also arrested in 
G1. To establish the role of RpL5 and RpL11 in the observed G1 
arrest, the authors used 6AU to stall pre-rRNA synthesis, and 
examined polysome profiles. Surprisingly, in 6AU treated cells 
there was an accumulation of the ribosomal proteins L11 and 
L5 within the “free” portion of the fractions. This experiment 
was repeated in an rrs1 null background. Because Rrs1 is required 
for assembly of L5 and L11 within the large ribosomal subunit, 
one would expect that upon stalling biogenesis in an rrs1 null 
background with an NTD there should be an enhanced cell cycle 
arrest phenotype. As expected, upon treating cells with 6AU in 
the rrs1 null background, the authors observed an enhanced 
G1 arrest as compared with when wild type cells were treated 
with 6AU. This result suggests a role for L5 and L11 in the yeast 
nucleolar stress response. Gomez-Herreros et al.238 previously 
showed that the amount of free cellular L5 increases upon 
depletion of L11. Therefore, in a separate experiment, the authors 
repeated the treatment with 6AU while depleting L11, and saw 
an increase in the G1 accumulation compared with cells treated 
without depleting L11. This experiment suggested that upon 
depleting L11, the pool of free L5 was increased leading to a more 
severe growth arrest. In a contrasting experiment, the authors 
repeated the 6AU treatment in a dst1 null background because in 
the absence of Dst1, L5 mRNA transcription is hindered leading 
to a reduction in L5 protein. Surprisingly, in this experiment 
the G1 cell cycle arrest induced by 6AU was delayed by several 
hours.239 This result again reiterates the importance for L5 and 
L11 in the yeast nucleolar stress response.

Considering the various phenotypes observed when yeast 
ribosome biogenesis is disrupted, it is intriguing that relatively 
few pathways have been described that lead to these phenotypes. 
The Whi5 mechanism for repression of the G1 regulon has 
been very well characterized,220,221,234-236 but the Whi5 mediated 
mechanism can only account for cell cycle arrest at G1/S; there 
may be different mechanisms to elicit G1 arrest when different 
ribosomal proteins and biogenesis factors are depleted. In 
addition, relatively little is known about G2/M-phase arrest upon 

depletion of yeast ribosome biogenesis factors. These factors may 
be more complex in terms of abundance and functional diversity 
as they may be required for mitosis. While nucleolar stress in 
yeast may be considered ancestral, it will likely be as complex as 
that described for metazoan model systems.

p53-Independent Nucleolar Stress in Metazoans

p53-independent cell cycle control
We begin this section by describing metazoan cell cycle arrest 

induced by nucleolar stress but in p53-independent manners. Key 
papers include Donati et al.,243 Iadevaia et al.,244 and Li et al.245 
Each example includes some disruption in ribosome biogenesis 
leading to nucleolar stress, involving E2F-1 downregulation or 
p27 Kip1 expression, all resulting in cell cycle arrest.

POLR1A encodes the catalytic subunit of RNA Pol I.32 
Expressing siRNA to deplete POLR1A function specifically 
and effectively reduces nucleolar rDNA transcription without 
disturbing ribosome components made by Pol II and Pol III.243 
Silencing POLR1A to inhibit rDNA transcription in U2OS 
osteosarcoma and HCT-116 colon cancer cells lines (both are 
p53+/+) resulted in p53 stabilization, increased expression of 
the cell cycle inhibitor p21, and a decrease in phosphorylated 
retinoblastoma protein (pRb). As expected, these events led to 
an accumulation of cells in G1 phase and a significant reduction 
in S-phase cells as measured by BrdU incorporation.243 To 
investigate the link between p53 and pRb, both POLR1A and 
TP53 were silenced in U2OS and HCT-116 cells by siRNA 
expression. Similar to the previous result in p53+/+ cells, 
depletion of both p53 and POLR1A activity resulted in a 
significant reduction of cells in S phase. In a second experiment, 
a dominant negative inactive form of murine p53 (p53DD) was 
exogenously expressed in HCT-116 cells; POLR1A-silencing 
in these p53-deficient cells also caused a significant reduction 
in DNA synthesis.243 With these two results, we can conclude 
that cell cycle arrest after POLR1A-silencing can occur in a p53-
independent manner.

To assess pRb’s control of cell cycle progression in the absence 
of rRNA synthesis, Donati et al.243 measured expression of E2F-
1, the transcription factor whose activity is negatively regulated 
by pRb. After 48 h of POLR1A silencing, E2F-1 expression 
was reduced in both p53+/+ (U2OS) and p53-mutant (HCT-
116 p53DD) cells. Both cell types arrested in G1. Since E2F-1 
is primarily expressed in S phase, cells expressing p53DD and 
siRNA to target POLR1A were also treated with siRNAs to 
silence Retinoblastoma 1 (RB1). Silencing of RB1 and POLR1A in 
these p53-mutant cells actually rescued the cell cycle arrest.243 In 
other words, after POLR1A-silencing, sufficient E2F-1 was made 
available to activate genes necessary for entry and progression 
through S phase, but only in the absence of pRb. After silencing 
RB1 and POLR1A in a p53DD mutant background, overall 
E2F-1 protein levels still declined however. These results indicate 
that downregulation of E2F-1 expression after POLR1A silencing 
is not just a consequence of changes in cell cycle progression and 
regulation by pRb; other E2F-1 regulators must be involved.
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MDM2 is known to bind E2F-1 in human cancer cells 
(PC3 and DU145 prostate cancer cells) and to protect it from 
proteasome-dependent degradation by displacing SCFSKP2, 
the E2F-1 E3 ligase, in a p53-, p14Arf-, and pRb-independent 
manner.246 Donati et al.243 focused on discerning the role of 
RpL11, because it is an important regulator of MDM2.247 
Silencing of RPL11 caused an increase in POLR1A expression, 
likely as a consequence of Myc activation.243,248 In p53-mutant 

(HCT-116 p53DD) cells treated with siRNAs to deplete both 
RpL11 and POLR1A mRNA levels, E2F-1 protein levels did 
not change. These results contrast with those presented above; 
recall that in cells expressing RpL11, POLR1A depletion caused a 
significant decrease of E2F-1 protein levels. Therefore, availability 
of RpL11 is necessary for the downregulation of E2F-1.243 The 
model presented by Donati et al.243 suggests that ribosomal stress 
releases RpL11 that then binds to MDM2 (Fig. 4A). Without 

Figure 4. p53-Independent responses to Nucleolar Stress. (A) Donati et al.243 expressed rNai to silence POLR1A, a subunit of Pol I, in order to mimic 
nucleolar stress in p53-deficient HCT-110 human cancer cells. Donati et al.243 proposes a model in which, during perturbations in ribosome biogenesis, 
modeled by silencing of POLr1a, rpL11 is released from ribosomes and subsequently associates with MDM2. The e2F-1-MDM2 interaction is severed, 
leading to proteasomal degradation of e2F-1 and cell cycle arrest. (B) In p53−/− erythroid cells, PIM1 kinase normally associates with rpS19. PIM1 kinase 
also phosphorylates the cell cycle inhibitor p27Kip1 at Thr157, thus marking it for degradation, allowing normal cell cycle progression. Iadevaia et al.244 
disrupted the rpS19/PIM1 kinase interaction, either by expressing rNai against rpS19 or applying treatments known to induce nucleolar stress in 
human erythroleukemic TF-1 (p53+/+) and K562 (p53−/−) cell lines. PIM1 kinase, being unable to associate with the small subunit of the ribosome, is 
degraded, allowing p27Kip1 stabilization, cell cycle arrest, and apoptosis, even in K562 (p53−/−) cells.244 (C) russo et al.267 overexpressed rpL3 in order to 
mimic a disruption of ribosome biogenesis. Upon rpL3 overexpression, a multi-protein complex containing rpL3, Sp1, and NPM formed at the p21 gene 
promoter, activating its expression, which resulted in cell cycle arrest or apoptosis. (D) arf functions as a negative regulator of ribosome biogenesis. In 
Arf+/+ murine embryonic fibroblasts (MeFs), arf associates with DDX5, a DeaD-box rNa helicase, sequestering it in the nucleoplasm, allowing normal 
ribosome production. In Arf−/− MeFs, DDX5 localizes to the rDNa promoters in the nucleolus, resulting in increased ribosome production. In p53−/−, 
Mdm2−/−, Arf−/− MeFs, exogenous expression of Ha-arf resulted in reduced ribosome production once again.271
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an association with MDM2, E2F-1 becomes unstable and is 
eventually degraded, resulting in cell cycle arrest at G1.243,246 In 
summary, Donati et al.243 demonstrated that the inhibition of 
rRNA synthesis downregulates the expression of E2F-1, which, 
in cells lacking p53, hinders cell cycle progression in a pRb-
dependent manner. Loss of E2F-1 results from its release from 
MDM2 as RpL11 binds MDM2 during the ribosomal stress 
response.

While considering the study by Donati et al.,243 it is important 
to note that an inhibition in rRNA synthesis is not always 
associated with the downregulation of E2F-1. Previous studies 
investigating the link between nucleolar stress and the cell cycle 
have found that treatment with certain DNA-damaging drugs 
(actinomycin D, cisplatin, or etoposide) causes an accumulation 
of E2F-1.249,250 However, in current efforts to develop anti-
neoplastic drugs that target p53-deficient cancer cells, the ability 
to specifically target Pol I activity, reduce rRNA synthesis, and 
downregulate E2F-1 to induce cell cycle arrest without genotoxic 
effects should prove most useful, in essence preventing new 
mutations that may give these cancer cells an ability to evade cell 
death.243

Besides E2F-1 and Rb, other regulators affect p53-independent 
nucleolar stress. For example, PIM1 is a constitutively active 
serine/threonine kinase involved in cell cycle regulation and 
apoptosis.251,252 Two-hybrid screens and co-immunoprecipitation 
experiments showed that PIM1 interacts with RpS19 and 
co-sediments with ribosomes in sucrose gradients.253 Iadevaia 
et al.244 examined the PIM1/ribosome interaction by expressing 
RNAi against RpS19 or by applying treatments (such as 
actinomycin D, camtothecin, and cisplatinum) to disrupt 
ribosome synthesis in human erythroleukemic TF-1 (p53+/+) 
and K562 (p53−/−) cell lines. They then measured the resulting 
expression of PIM1 (Fig. 4B), and showed that nucleolar 
stress caused a drop in PIM1 protein levels due to proteasomal 
degradation. With the loss of PIM1, levels of the cell cycle 
inhibitor p27Kip1 increased with a corresponding block in cell 
division, even in p53−/− cells (K562 cells).244 PIM1 kinase 
phosphorylates Threonine-157 in p27Kip1 which marks the protein 
for degradation.254 Indeed, lower levels of Thr157-phosphorylated 
p27Kip1 were present after PIM1 destabilization in both p53+/+ and 
p53−/− cells as measured by western blot. Therefore, a decrease of 
PIM1 activity leads to stabilization and accumulation of p27Kip1 
and consequently cell cycle arrest regardless of the p53 status 
of the cell. It is currently unclear if PIM1-dependent sensing of 
nucleolar stress acts independently or concurrently with known 
p53-dependent pathways.244

Another example involves PeBoW, the nucleolar complex in 
mammalian cells that plays an essential role in processing pre-
rRNA during 60S ribosomal subunit assembly. The complex is 
comprised of pescadillo (Pes1), Bop1 (block of proliferation), 
and WDR12 (WD repeat) proteins.225,255 In a study linking 
the function of pescadillo to human breast cancer, Li et al.245 
surveyed seven breast cancer cell lines, all of which demonstrated 
upregulation of pescadillo at the mRNA and protein levels 
compared with normal breast epithelial tissue. Knockdown of 
pescadillo expression by RNAi in both p53−/− (MDA-MB-435) 

and p53+/+ (ZR-75–30) breast cancer cells led to an inhibition 
of cell division and to a decrease in the cells’ colony forming 
ability on soft agar.245 Pescadillo depletion also led to decreased 
expression of the cell cycle protein cyclin D1, upregulation of 
the CDK inhibitor p27Kip1, and consequent reduction of pRb 
phosphorylation, which led to cell cycle arrest in both p53−/− and 
p53+/+ breast cancer cell lines.245

Drug induced nucleolar stress in the absence of p53
More than 50% of human cancers lack functional p53.256 

For instance, deletion of p53 has been reported in 10% of newly 
diagnosed multiple myeloma (MM) tumors; also, the occurrence 
of a p53 deletion is much greater in advanced and extra-
medullary tumors, which correlates with a poor prognosis.257,258 
Therefore, drugs that trigger cell death in p53-null cells could 
have great potential in the treatment of many cancers. As cyclin 
dependent kinases (CDKs) represent a large family of proteins 
that regulate the cell cycle and transcription,259 small molecule 
multi-targeted CDK inhibitors (CDKIs) have shown anti-
tumor activity regardless of the p53 status of the tumor cell. The 
compound RGB-286638, a new type of indenopryazole family 
of cyclin dependent kinase (CDK) inhibitors, is potent against 
transcriptional-type CDKs in both p53-wild type and p53-null 
MM cells.260

To investigate the dose- and time-dependent effects of RGB-
286638 treatment, Cirstea et al.260 used both p53-wild type 
(MM.1S, MM.1R, and H929) and p53-null MM cells (U266, 
OPM1, RPMI). Cell viability was measured 48 h after a 50 nM 
RGB-286638 treatment; p53-wild type cells (MM1.S, which had 
p53 stabilization and activation) were slightly more sensitive than 
p53-null cells. Apoptosis was induced in both p53-wild type and 
p53-null cells, as measured by cleavage of PARP and activation 
of caspases-8, -9, and -3 after a 4-h treatment with RGB-286638. 
Expression of shRNA to knock down p53 function in MM.1S 
cells led to a partial rescue of apoptosis (14% of cells), suggesting 
that p53 does have some role in RGB-286638-induced cell 
death. RGB-286638 treatment (50 nM) of p53-mutant cells 
caused reduced total RNA synthesis after 2 h and a significant 
reduction after 24 h as measured by [3H]-uridine incorporation. 
Additionally, RGB-286638 treatment (50 nM) of p53-wild type 
cells for 3 h triggered formation of numerous nuclear speckles 
as seen by immunofluorescence, which is indicative of nucleolar 
segregation. These results indicate that the CDK inhibitor, 
RGB-286638 can induce cell death in p53-wild type MM cells 
by activation of p53, as well as in p53-null MM cells through 
p53-independent mechanisms. Significant advances in targeting 
cancer cells that lack functional p53 requires a thorough 
understanding of predictably latent, more ancestral mechanisms 
that lead to cell cycle arrest or apoptosis in the absence of p53.

p53-independent autophagy
Autophagy is a pro-survival process that involves sequestration 

of cytoplasm into membrane bound vesicles that fuse with 
lysosomes resulting in the recycling of cellular components.261 
Boglev et al.262 reported a newly discovered link between nucleolar 
stress and the induction of autophagy, which occurs in a p53-
independent manner. Boglev et al.262 described the novel zebra 
fish mutant titania (ttis450), a recessive lethal mutation located in 
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pwp2h, the gene that encodes a subunit of the small ribosomal 
subunit processome. Pwp2h is especially necessary for 18S 
rRNA maturation during ribosome biogenesis. In yeast, Pwp2h 
was shown to be an essential scaffold component of the 90S 
pre-ribosomal processome, aiding in the interaction of proteins 
between the U3 snoRNP and the 5′ end of pre-rRNA.263,264 
titanias450 larvae exhibit defects in intestinal, liver, pancreas, 
and craniofacial development. Northern blots and polysome 
profiles using titanias450 larvae showed an accumulation of rRNA 
processing intermediates and a reduction of 40S subunits and 
80S monosomes respectively.262 These results support previous 
findings that Pwp2h is necessary for proper maturation of the 
small ribosomal subunit. Transmission electron microscopic 
comparisons of intestinal epithelial tissues between titanias450 
and wild type larvae indicated the presence of autophagosome- 
and autolysosome-like structures present in titanias450 larvae. 
Immunohistochemical studies were also conducted using 
mCherry-LC3IIl, the membrane-bound mammalian ortholog 
of Atg8a and a robust marker for autophagosome formation.262 
The results of this experiment confirmed the TEM results, 
showing intestinal epithelial cells that had lost Pwp2h function 
experienced significantly more autophagy compared with similar 
wild type tissues. Autophagy induction in titanias450 larvae 
extends their lifespan and prolongs the survival of the intestinal 
cells.262 Expression of a p53 mutant, which is unable to bind DNA, 
failed to rescue the autophagy phenotype in titanias450 larvae. 
Autophagy induction in titanias450 larvae is also independent of 
the level of activation of the Tor pathway and the levels of RpS6, 
a downstream target of Tor activity.262 From this study, we can 
conclude that autophagy is a survival mechanism that can be 
induced by ribosomal stress, even in a p53- and Tor- independent 
manner. In the context of cancer research, it is important to 
consider that certain therapeutic agents may promote autophagy, 
contributing to cancer cells’ evasion cell death.262

Role of ribosomal proteins in p53-independent nucleolar 
stress

c-Myc is a master regulator of cell division, as it controls the 
transcription of all three RNA polymerases and therefore affects 
all steps in ribosome biogenesis. In particular, c-Myc facilitates 
the recruitment of SL1 to Pol I promoters and controls expression 
of UBF, which is essential for Pol I transcription.265 c-Myc also 
facilitates expression of ribosomal proteins by increasing Pol II 
transcription and enhances Pol III activity by interacting with 
TFIIIB.266 When overexpressed, RpL11 binds both c-Myc and 
its mRNA, which promotes degradation of this mRNA, thus 
revealing an elegant auto-regulatory feedback mechanism as 
c-Myc also activates expression of RpL11.248 Overexpression 
of RpL11 was used to mimic what can occur in cells during 
ribosomal stress; specifically, free RpL11 is available to bind 
factors.107 RpL11 and c-Myc were expressed from recombinant 
adenovirus, and BrdU incorporation was used to monitor cell 
cycle progression.248 While overexpression of c-Myc alone 
significantly increased the number of U2OS cells undergoing 
DNA synthesis as expected, co-expression of RpL11 and c-Myc 
reduced the number of cells in S phase, suggesting that RpL11 
blocked c-Myc function. The same experiment using p53-null 

MEF cells also generated RpL11-dependent cell cycle arrest. 
Immuno-precipitation analysis revealed that c-Myc and RpL11 
interact in both Arf-null U2OS cells and in p53−/-mdm2−/− MEF 
cells. On the other hand, transient RNAi depletion of RpL11 led 
to an increase in c-Myc protein levels.248 RpL11 may also inhibit 
c-Myc activity by preventing the recruitment of its co-activator, 
TRRAP, to c-Myc target genes transcribed by Pol I and Pol II.248 
These findings suggest an expanded role of RpL11, beyond its 
well-studied interaction with MDM2 during ribosomal stress 
leading to p53 activation and apoptosis (described above).

RpL11 is not the only ribosomal protein reported to have 
extra-ribosomal function during p53-independent nucleolar 
stress. Russo et al.267 described a new p53-independent role for 
RpL3 in modulating cell cycle progression through its positive 
regulation of p21 expression (Fig. 4C). p21 is a main inhibitor 
of cyclin dependent kinases and its p53-dependent expression 
results in cell cycle arrest at the G1/S phase transition. Russo 
et al.267 overexpressed RpL3 in an attempt to mimic situations 
of altered ribosome biogenesis. As mentioned before, during 
nucleolar stress, certain ribosomal proteins can accumulate either 
by de-novo synthesis or by protection from degradation when 
ribosomes disassemble.107,110,242 In human Calu-6 cells, which lack 
a functional p53, overexpression of RpL3 led to a corresponding 
dose-dependent increase in p21 expression as measured by 
RT-PCR.267 ChIP assays suggested that RpL3 interacts with the 
promoter of p21, but mobility shift assays (EMSA) revealed that 
RpL3 does not bind to the promoter directly, so other factors 
must be involved.267 ChIP assays identified nucleophosmin 
(NPM), a regulator of RpL3 alternative splicing, and Sp1, a 
known regulator of p21 expression, present at the p21 gene 
promoter with RpL3.267-269 In addition, luciferase expression 
assays engineered with the Sp1 promoter showed that RpL3 and 
Sp1 expression had a greater positive effect on p21 expression 
than did expression of either RpL3 or Sp1 alone.267 These data 
suggest a model in which overexpression of RpL3 causes the 
formation of a multi-protein complex containing at minimum 
RpL3, NPM, and Sp1; this complex binds to the p21 promoter, 
causing an upregulation of p21 expression thus leading to either 
cell cycle arrest or mitochondrial-dependent apoptosis.267

p53-independent functions of Arf
p19Arf functions as a tumor-suppressor in mammals, but 

it also functions in the regulation of ribosome biogenesis; 
specifically, Arf regulates nucleolar export of nucleophosmin 
(NPM1) as well as MDM2, suggesting that it plays a role as 
a nucleolar stress sensor or monitor of nucleolar function.78 
Sugimoto et al.270 demonstrated that nucleolar Arf inhibits pre-
rRNA processing, retarding the processing of 47/45S and 32S 
precursors. This experiment was conducted using NIH-3T3 
cells which lack endogenous Ink4a-Arf alleles, so exogenous Arf 
was expressed using a zinc-inducible metallothionin promoter. 
Arf ’s interference with pre-rRNA processing and its interaction 
with the 5.8S rRNA require the N-terminus of Arf, but neither 
MDM2 nor p53.270 However, this finding did not quite elucidate 
the mechanism by which Arf regulates rRNA processing.

To approach this mechanism, Saporita et al.271 performed a 
proteomics screen using wild type and Arf −/− mouse embryonic 
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fibroblasts (MEFs) to determine how levels of Arf might affect 
nucleolar composition and function. DDX5, a DEAD-box 
RNA helicase (also known as p68), was among the proteins 
enriched in the nucleolus upon Arf depletion. There, it associates 
with UBF at rDNA promoter sites.36 Arf prevents DDX5 from 
localizing to nucleoli in a p53-independent fashion (Fig. 4D).271 
In the Arf −/− MEFs, DDX5 occupancy at rDNA promoters was 
2-fold greater than that in wild type cells. DDX5 localization at 
rDNA promoters resulted in an increase in rRNA synthesis and 
processing. Increased production of 47S rRNA transcripts still 
occurred upon expression of an ATP-binding mutant of DDX5, 
therefore the helicase activity of DDX5 is not necessary for Pol 
I transcription. Conversely, knockdown of DDX5 by shRNA 
reduced cell division of Arf −/− and p53−/− MEFs. To further 
investigate p53-independent functions of Arf, the authors used 
triple knockout MEFs (p53−/−, Mdm2−/−, Arf −/−), thus eliminating 
the entire Arf-MDM2-p53 cascade. Expression of HA-tagged 
Arf in these cells resulting in a reduced number of cytoplasmic 
ribosomes in the polysome fraction of sucrose gradients. These 
results are consistent with earlier observations indicating Arf 
actually inhibits ribosome biogenesis in a p53-independent 
manner. Saporita et al.271 concluded that Arf acts to protect 
against non-oncogene driven ribosome biogenesis in order to 
prevent cell transformation.

p53-independent nucleolar stress in Drosophila 
melanogaster

To this point, our discussion has described p53-independent 
nucleolar (ribosomal) stress in yeast which lacks p53 and in 
vertebrate (mammalian) cells where the p53-independent 
pathways remain minor compared with the preferred MDM2- 
and p53-dependent pathways. C. elegans and Drosophila express 
p53, but they lack MDM2 and Arf, thus nucleolar stress in these 
organisms is necessarily quite different than in mammalian 
cells. Is p53 required for nucleolar stress in Drosophila? If p53 
is not required for nucleolar stress in Drosophila, what forms of 
nucleolar stress occur in Drosophila, and how are they activated? 
If similar mechanisms still exist in mammalian cells but remain 
latently silent, can oncologists one day induce these pathways as 
therapies to target cancer cells that lack p53?

Functions of p53 in Drosophila melanogaster
In vertebrates, the p53 paralogs p63 and p73 present a challenge 

in studying p53 function.272 D. melanogaster, however, contains 
one p53 gene (Dp53) within the haploid genome, and its protein 
product is highly conserved in gene structure compared with 
mammalian p53. The single Dp53 gene, however, contains two 
alternative promoters that can give rise to three possible protein 
isoforms: Dp53, DΔNp53 (discovered first), and Dp53ΔC (the 
third of which has not been experimentally confirmed).273 Dp53-
null flies are viable and fertile. Apart from a defect in primordial 
germ cells, no developmental defects are observed in these Dp53-
null flies.274,275 While conserved in sequence, the activation 
of Dp53 in flies is quite different than activation of p53 in 
mammalian cells. There are no obvious MDM2 homologs in 
D. melanogaster, suggesting that either Dp53 is not regulated by 
protein turnover, or the sequence of the fly homolog of MDM2 
is too dissimilar from its mammalian counterpart to have been 

identified already by sequence searches.274 Additionally, Dp53 
does not contain a conserved MDM2 binding domain as does 
mammalian p53 (Fig. 2), thus supporting the fact that Dp53 is 
not regulated by MDM2 association and protein degradation 
and as it is in mammals.276

The consequence of activating Dp53 in D. melanogaster is also 
quite different than activating p53 in mammals; Dp53 is unable 
to induce cell cycle arrest upon radiation treatment nor is it able 
to activate decapo, the gene encoding the p21 homolog.274,277-279 
While cell cycle control may not respond to Dp53, the pro-
apoptotic function of Dp53 seems to be conserved, as both 
Dp53 and DΔNp53 are capable of activating apoptosis, but 
through distinct mechanisms involving different pro-apoptotic 
regulators, reaper, hid, and grim, which are often referred to the 
RHG proteins. These are pro-apoptotic proteins as they inhibit 
Drosophila Inhibitor of Apoptosis (DIAP). Dp53 induces reaper 
while DΔNp53 induces hid.280 Expression of Dp53 from the GMR 
promoter (specific for the eye imaginal disc) or from a modified 
upstream activating sequence (UAS)-Gal4 system induces 
apoptotic cell death of third instar eye disc cells, as visualized by 
anti-cleaved caspase-3 and TUNEL labeling.280 This expression 
of Dp53 resulted in small, rough eyes with a glossy appearance; 
this phenotype can be rescued by co-expression of a dominant 
negative form of Dp53 or by expressing siRNA to silence Dp53.281 
Of the RHG proteins, hid is the primary mediator of apoptosis 
induced after expression of Dp53 in the eye disc; expression of 
null-mutants of hid suppressed most of the Dp53-induced cell 
death in the eye disc.281 On the other hand, co-expression of 
Dp53 and the caspase inhibitor p35 (in order to block apoptosis) 
did not rescue the eye phenotype, so GMR-controlled expression 
of Dp53 causes cell differentiation defects independently from its 
apoptosis-inducing function in photoreceptor neurons and cone 
cells.281

Interestingly, expression of either human p21 or Drosophila 
decapo from the GMR-promoter suppressed Dp53-induced 
apoptosis and developmental defects as well as a significant 
reduction of hid expression. This suggests that p21 and decapo 
act upstream of Dp53 (in contrast to in mammals, where p21 
is a transcriptional target of p53). decapo expression did not 
affect Dp53 protein levels, indicating that it does not interfere 
with its expression or stability. Fan et al.281 hypothesize that 
p21 may interact with Dp53’s ability to bind to downstream 
gene promoters (like hid) or by other indirect methods, but 
acknowledge that further investigation is required to decipher 
this mode of regulation.

p53-independent nucleolar stress in D. melanogaster
As described above, TIF-IA is a critical transcription initiation 

factor for RNA Pol I, and as in mammals it is required for 
ribosome biogenesis in Drosophila.282 In flies, loss of TIF-IA 
induces p53-independent phenotypes; tifia−/− p53−/− had the 
same growth arrest as did tifia−/− larvae. This finding contrasts 
with studies using mammalian cells, where cell cycle arrest and 
apoptosis caused by the loss of TIF-IA could be rescued upon 
genetic loss of p53.283

Brodsky et al.274 described a DNA damage induced pathway 
that arrests the cell cycle and initiates apoptosis in Drosophila. 
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After treating larval imaginal eye and wing discs with ionizing 
radiation (IR), Dp53 protein levels did not change, but its 
phosphorylation pattern changed; this phosphorylation is 
sufficient for its activation.274 MNK (Chk2 in Drosophila) is 
required for IR induced phosphorylation and/or activation of 
Dp53, and MNK along with Dp53 are required for IR-induced 
gene expression in Drosophila.274 Microarray and qPCR methods 
identified several genes activated by IR treatment. These include 
Mre11 and Rad50, two proteins that form part of a larger 
complex including NBS1.284 This complex has been implicated 
in DNA repair mechanisms such as homologous recombination 
and non-homologous end joining (NHEJ), and with cell cycle 
delay. Ku70, Ku80 were also upregulated; these proteins are 
required for NHEJ. Reaper, Sickle, and Hid (the RHG proteins) 
were upregulated within 30 min of IR treatment. Mutant 
Dp53−/−, MNK−/− cells failed to activate apoptosis and gene 
expression upon IR treatment, suggesting that MNK is required 
for phosphorylation of p53 following IR-induced damage. As 
visualized by an antibody specific for mitotic cells (anti-histone 
H3), IR-induced cell cycle arrest at G2 still occurred in Dp53-
deficient cells.274 Also, decapo (p21 homolog) was repressed 
following IR treatment of Dp53-deficient cells, adding evidence to 
previous reports that Dp53 is not necessary for cell cycle arrest.274 
On the other hand, ATR and GPRS (Chk1 in Drosophila) were 
necessary for cell cycle arrest upon IR treatment.274

Brodsky et al.274 also observed that IR induced a p53-
independent decrease in mRNA levels of at least 17 genes, many of 
which were developmental regulators. The authors favor a model 
that includes MNK-dependent cell cycle delay upon IR treatment 
with developmental gene induction as a secondary effect.274 
They conclude that MNK activates diverse pathways including 
Dp53-dependent gene expression. The phosphorylation of p53 
by Chk2/MNK is conserved among metazoans. MNK, however, 
has Dp53-independent roles as well. For meiotic checkpoint 
regulation, MNK activation requires MEI-41 (ATR).274 MNK, 
but not p53, is also necessary for damage-induced inactivation of 
centrosomes.285 The presence of MDM2 in mammals likely adds 
an evolutionarily advanced layer of control over p53 timing and 
function.274

McNamee and Brodsky286 also described a Dp53-independent, 
but JNK- and HID-dependent apoptotic pathway that was 
activated upon haplo-insufficiency of ribosomal proteins after 
ionizing radiation (IR) treatment. In flies, ribosomal protein genes 
are spread throughout the genome,198 therefore chromosomal 
breaks prior to mitosis often cause segmental aneuploidy of the 
ribosomal protein genes resulting in a Minute phenotype in the 
daughter cells. McNamee and Brodsky286 treated larval wing 
discs with ionizing radiation (IR), and then counted the number 
of shorter, thinner Minute bristles after the adult flies eclosed. 
There was no difference in the number of defective (Minute) 
bristles after IR treatment and in several lines that either harbored 
Dp53−/− or Dp53+/+ genotypes. Thus, Dp53 function was not 
necessary for the elimination of cells that were haplo-insufficient 
for ribosomal protein genes (the Minute phenotype).

Phenotypes normally associated with the Minute phenotype 
involve increased expression of c-Jun N-terminal kinase (JNK) 

and Brinker (brk, the upstream kinase and activator of JNK), 
and reduced expression of the survival factor decapentaplegic 
(dpp).287,288 Indeed, brk expression was observed in wild type cells 
4 h after IR treatment, which was sufficient to activate JNK-
dependent apoptosis.286,289

McNamee and Brodsky286 also monitored the activity of 
JNK after IR treatment of imaginal disc cells. An important 
downstream target of JNK signaling is puckered (puc), which 
encodes the JNK phosphatase that acts as a repressor of JNK 
function, forming a negative regulatory loop. Recall, IR-treated 
cells likely have mutations in genes encoding ribosomal proteins, 
which, as described earlier, would be considered Minute 
mutations. JNK activity in these cells can be modulated by way 
of changing puc expression. There was a 3- to 4-fold increase in 
apoptosis in puc-/+, p53−/− mutant wing discs compared with just 
p53−/− cells at 16 to 24 h following IR treatment as visualized by 
anti-cleaved caspase staining. So, with only one functional copy 
of puc present, negative regulation of JNK activity was reduced 
in p53−/− cells, and apoptosis was able to proceed more efficiently. 
Conversely, overexpression of puc led to greater negative 
regulation on JNK activity, and to reduced hid expression and 
apoptosis. These results indicate that the JNK pathway plays an 
important role in the elimination of Minute wing disc cells upon 
IR treatment. JNK activates the transcription of hid (which then 
leads to activation of the caspase pathway, including caspase-3). 
Therefore p53-independent apoptosis must use the same core 
apoptotic machinery that is activated in most Drosophila cell 
stress and developmental signals.286

McNamee and Brodsky286 further investigated cell cycle 
regulation along with reducing the level of negative feedback 
signaling after IR treatment of wing discs. Drosophila grp is the 
Chk1 kinase homolog.290 Triple mutant wing discs (grp−/−, puc-/+, 
p53−/−) displayed higher levels of apoptosis, as visualized by anti-
caspase 3 staining, compared with either grp−/−, Dp53−/− or puc-

/+, Dp53−/− double mutant wing discs.285 Therefore, decreasing 
the negative feedback signal from puc to JNK further increased 
the number of cells that underwent p53-independent apoptosis 
following IR.286 In Dp53−/− and mnk−/− mutant discs, IR-induced 
apoptosis was seen only after cells recovered from damage 
induced cell cycle delay.286 The apoptotic response was accelerated 
in these double mutant discs that failed to arrest at G2/M due 
to mutations in grp (Chk1). Overall, these results suggest that 
cell cycle arrest helps delay p53-independent activation of JNK 
signaling and apoptosis following IR.286

McNamee and Brodsky286 concluded that this p53-independent 
pathway acts in parallel with the canonical DNA damage response 
pathway to eliminate cells with altered genomes following IR. 
Also, JNK activation acts as compensation upon loss of p53 to 
preserve genome integrity, and that JNK may be activated upon 
loss of certain genes, such as the ribosomal genes in aneuploid 
cells. In support of these conclusions, Titen and Golic291 reported 
that p53-independent apoptosis is activated upon telomere loss 
only if the resultant chromosome leads to aneuploidy.

Direct nucleolar stress responses induced in Drosophila
As described above, Nopp140 is an assembly nucleolar factor 

or chaperone for Box C/D and Box H/ACA snoRNP complexes 
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that modify pre-rRNA during ribosome biogenesis. Loss of 
Nopp140 function upon expression of shRNA leads to several 
phenotypes in D. melanogaster.  These include apoptosis within 
larval imaginal wing disc cells, autophagy of larval polyploid gut 
cells, an increase in activated phospho-JNK levels, a reduction 
of RpL23a and RpL34 protein levels as visualized by immuno-
blot, reduction of cytoplasmic ribosomes as seen by TEM, and a 
reduction of protein synthesis as measured by metabolic labeling 
assays.206 Apoptosis occurred after expressing Nopp140-RNAi 
within the larval wing discs as observed by immuno-fluorescence 
with an anti-cleaved caspase-3 antibody. When these larvae 
eclosed as flies, their wings showed a vestigial-like phenotype in 
which they were shriveled and blistered. Following the murine 
Treacher Collins study by Jones et al.137 in which nucleolar 
stress was rescued by the depletion of p53 (described above), we 
reasoned that blocking Dp53 function would rescue this wing 
phenotype. However, expressing Nopp140-RNAi in the Dp53−/− 
background failed to rescue the apoptosis in wing disc cells 
and the resulting shriveled (vestigial) wing phenotype. Thus, a 
Dp53-independent, but JNK-dependent pathway must activate 
apoptosis upon depletion of Nopp140. Our findings supported 
the observations of McNamee and Brodsky.286

Prospects

We have seen how ribosomal proteins in mammalian cells, 
released under nucleolar stress conditions, bind and suppress 
MDM2 leading to p53 stabilization and/or activation that 
then induces cell cycle arrest or apoptosis. Discovery of this 
phenomenon has rekindled our attempts at selectively inducing 
nucleolar stress in highly metabolic cancer cells, hopefully 
forcing these cells into cycle arrest or apoptosis while normal 

cells with reduced requirements for ribosome synthesis remain 
relatively unscathed. These are exciting times for nucleolar 
biologists as they work with structural biochemists and organic 
chemists to devise new drugs that specifically block ribosome 
biogenesis at the level of Pol I transcription or pre-rRNA 
processing in the hopes of using nucleolar stress as an effective 
cancer treatment. Many types of cancer cells, however, lack 
functional p53, and the question remains: can oncologists still 
use nucleolar stress as an effective strategy in treating these 
p53-minus cancers? We cited several examples of mammalian 
cells undergoing p53-independent cycle arrest upon nucleolar 
stress, but the detailed mechanisms of how this comes about 
remain sketchy. Future studies will likely reveal the details 
of p53-independent nucleolar stress mechanisms that either 
remain generally silent in mammalian cells due to evolutionary 
emergence of the predominant MDM2-p53 pathway, or are 
active in mammalian cells but have simply gone unrecognized. 
A careful examination of nucleolar stress in non-mammalian 
systems such as yeast that lacks p53 or C. elegans and Drosophila 
that express p53 but lack MDM2, may reveal conserved aspects 
of p53-independent nuclear stress pathways throughout the 
eukaryotes. Our full understanding of these p53-independent 
pathways may likewise reveal targets for effective cancer 
treatments.
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