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Abstract: The nuclear organelle, the nucleolus, plays a critical role in stress response and the reg-
ulation of cellular homeostasis. P53 as a downstream effector of nucleolar stress is well defined.
However, new data suggests that NF-κB also acts downstream of nucleolar stress to regulate cell
growth and death. In this review, we will provide insight into the NF-κB nucleolar stress response
pathway. We will discuss apoptosis mediated by nucleolar sequestration of RelA and new data
demonstrating a role for p62 (sequestosome (SQSTM1)) in this process. We will also discuss ac-
tivation of NF-κB signalling by degradation of the RNA polymerase I (PolI) complex component,
transcription initiation factor-IA (TIF-IA (RRN3)), and contexts where TIF-IA-NF-κB signalling may
be important. Finally, we will discuss how this pathway is targeted by aspirin to mediate apoptosis
of colon cancer cells.
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1. Introduction

Hyper-activation of the NF-κB pathway drives cancer progression and poses a serious
threat to human health [1–3]. One mechanism that has emerged for controlling this activity
is sequestration of NF-κB proteins in the nuclear compartment, the nucleolus [4,5]. Recent
discoveries have extended our understanding of the mechanisms that control this nucleolar
sequestration and the downstream consequences on cell phenotype. These studies highlight
a role for the autophagic receptor p62 (sequestosome (SQSTM1)) in transporting NF-
κB/RelA to nucleoli and, in particular, to intra-nucleolar aggresomes [6]. Remodelling
of the nucleolus occurs as an early response to cell stress [7–9]. New data suggest that
not only do nucleoli play a role in regulating the downstream transcriptional output of
NF-κB, but that a specific, non-canonical form of nucleolar stress lies upstream of NF-κB,
stimulating cytoplasmic to nuclear translocation of the transcription factor [10]. In this
review, we will describe the various points of crosstalk between nucleoli and the NF-κB
pathway and discuss the relevance of this NF-κB nucleolar stress response pathway in
the regulation of cellular homeostasis, immunity, inflammation, and aging. We will also
discuss the relevance to the treatment and prevention of cancer.

2. Regulation of Apoptosis by Nucleolar Sequestration of NF-κB/RelA
2.1. NF-κB and Disease

NF-κB is a family of highly conserved, inducible transcription factors that play a
key role in regulating innate and adaptive immune responses, cellular homeostasis, and
ageing [3,11–13]. The family comprise five members, namely, RelA (p65), RelB, c-Rel,
p105/p50 (NF-κB1), and p100/p52 (NF-κB2). All members have a Rel homology domain
which allows dimerization, translocation to the nucleus, and DNA binding, while only
RelA, RelB, and C-Rel have the ability to drive transcription. The most abundant form
of NF-κB is a heterodimer of the RelA/p50 subunits. In resting cells, this heterodimer
is retained in the cytoplasm by the inhibitor protein, IκBα. If these cells are exposed
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to specific stimuli, including cytokines, bacterial pathogens, cytotoxic agents, nutrient
deprivation, hypoxia, and physical insult, IκB is phosphorylated by inhibition of IκB (IKK)
kinase complexes (IKK1/IKKα, IKK2/IKKβ IKKγ/Nemo). This phosphorylation targets
IκB for ubiquitination and degradation by the 26S proteasome. NF-κB complexes are
then free to translocate to the nucleus, where they influence the expression of a large
and complex network of genes that regulate an array of cellular processes including
proliferation, differentiation, inflammation and, apoptosis [14].

In healthy cells, the dynamics of NF-κB activation are tightly controlled by negative
feedback mechanisms [15]. Hence, the duration of signalling is limited. However, in
many human diseases including chronic inflammatory conditions, autoimmune disorders
and age-related degenerative diseases, NF-κB signalling is constitutively active which
is causally associated with disease progression [16,17]. NF-κB is also aberrantly active
in the majority of human malignancies which stimulates cell growth, blocks apoptosis,
perpetuates an inflammatory environment, accelerates cancer progression and conveys
resistance to therapy [1,18]. Indeed, NF-κB is of paramount importance to mostly all
the hallmarks of cancer and, as such, has been aggressively pursued as a therapeutic
target [2,19,20].

While the main switch in NF-κB activation is degradation of IκB, the transcriptional
output of NF-κB is also highly dependent on nuclear pathways of regulation [21,22].
These nuclear mechanisms of regulation are extremely important for cancer progression
as they govern the genes that are activated or repressed in a specific context and hence,
the downstream consequences on cell growth, death, differentiation, and inflammation.
However, unlike cytoplasmic activation of NF-κB, nuclear pathways of regulation remain
poorly understood. Mechanisms identified include post-translational modifications of NF-
κB family members, and differential interaction with a plethora of coactivators, repressors,
and chaperones, to form a variety of chromatin bound complexes [23–25]. One other
mechanism that has emerged for regulating the nuclear activity of NF-κB, and inducing
the apoptotic death of cancer cells, is nucleolar sequestration of NF-κB proteins in bodies
known as nucleolar aggresomes [6,26].

2.2. Sequestration in Nucleoli Represses NF-κB Activity and Induces Apoptosis

The nucleolus is a highly dynamic, membrane-less nuclear organelle [7,27]. Although
its most recognised role is the site of ribosome biogenesis, it is also a key player in stress
response and the regulation of cellular homeostasis [28,29]. It is formed during late mitosis
around tandem repeats of ribosomal DNA (rDNA) known as nucleolar organiser regions
(NORs) [30]. Each nucleolus has a tri-partite organisation which is maintained through a
combination of active rDNA transcription and liquid–liquid phase separation (LLPS): the
fibrillar center (FC), where the RNA polymerase I machinery is active; the dense fibrillar
component (DFC), that is enriched in fibrillarin; and the granular component (GC) that
harbours B23 [8,9]. RNA polymerase I (PolI) activity is believed to occur at the interface
between the FC and the DFC, while processing of newly synthesized ribosomal RNA
(rRNA) and assembly with ribosomal proteins occurs within the GC [31]. When the cell is
exposed to a wide array of stresses, this tri-partite structure is lost, rDNA transcription is
inhibited, and there is a dynamic flux of proteins into and out of the organelle, which is
ultimately responsible for the downstream effects on cell phenotype [7,32,33]. This process
is broadly termed nucleolar stress and can take many forms, dependent on cell context (see
below for more details).

Translocation into the nucleolus as a regulatory mechanism was first described in
1999, when it was discovered that CDC14 is temporarily sequestered in nucleoli to arrest
cell cycle progression in yeast [34]. This phenomenon was termed nucleolar sequestration,
which is now known to be an important mechanism for controlling gene expression and
maintaining cellular homeostasis [35–37]. For example, dynamic nucleolar sequestration of
RAG-1 has recently been shown to be a negative regulatory mechanism in V(D)J recombi-
nation [38]. MDM2 is sequestered in nucleoli in response to cellular stress, which prevents
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p53 degradation and consequently promotes cell cycle arrest and apoptosis (see below for
details of this canonical nucleolar stress response pathway) [39,40]. The E3 ubiquitin ligase,
von Hippel–Lindau protein (VHL), is another example of nucleolar sequestration [41]. VHL
promotes the degradation of the transcription factor hypoxia-inducible factor (HIF) under
normal oxygen conditions. Low extracellular pH triggers nucleolar sequestration of VHL,
enabling HIF to evade degradation and promote transcription of target genes involved in
oxygen homeostasis. In 2005, Stark et al. reported that nucleolar sequestration of RelA was
also an important mechanism for regulating NF-κB activity and inducing apoptosis [26].

While exploring stress-mediated activation of the NF-κB pathway, it was noted that, in
response to specific stress agents, RelA translocates from the cytoplasm to the nucleoplasm
and then to nucleoli [26,42]. A nucleolar localisation signal (NoLS) was identified at the
N-terminus of RelA and, using a dominant negative mutant deleted for this signal, it was
shown that nucleolar sequestration of RelA is causally involved in repression of NF-κB-
driven transcription and the induction of apoptosis (Figure 1). Since this initial report,
nucleolar sequestration of RelA has been reported in response to chemopreventative agents
(e.g., aspirin, sulindac, and sulindac suphone [26,43]), therapeutic agents (e.g., proteasome
inhibitors, the anti-tumour agent 2-methoxyestradiol (2ME2), and TRK inhibition) [44,45]),
stress inducers (e.g., UV-C radiation and serum starvation [26]), and expression of the
homeobox transcription factor, Hox-A5 [46]. Interestingly, Campbell et al. (2021) recently
explored the RelA interactome in response to DNA damaging agents and found that one
of the top interacting clusters was proteins involved in ribosome biogenesis [24]. Nucleolar
sequestration of p50 has also been demonstrated in response to the anti-TNF therapy,
infliximab [47]. In contrast to stress inducers, RelA and p50 are retained in the nucleoplasm,
excluded from nucleoli, in response to classical stimuli of the NF-κB pathway (such as
TNF) that activate NF-κB-driven transcription and inhibit apoptosis [26]. Understanding
the molecular signals that regulate the nuclear distribution of RelA would be highly
advantageous as it may reveal a new category of therapeutics that eliminate diseased cells
by targeting hyperactive nuclear RelA to the nucleolus.
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Figure 1. Nucleolar sequestration of RelA mediates apoptosis. 1. IκB degradation allows nuclear
translocation of RelA/NF-κB complexes. 2. CommD1 is acetylated by p300, allowing it to bind
RelA and promote its ubiquitination. 3 and 4. P62 accumulates in the nucleoplasm in response to
specific stresses (including proteotoxic stress), binds RelA and other aggresome-related proteins
and transports then to nucleolar aggresomes. 5 and 6. Nucleolar RelA causes translocation of
nucleophosmin (NPM) to the cytoplasm. There it binds BAX and chaperones BAX to the mitochondria
to mediate apoptosis. 7. Schematic of p62 protein domains showing the nucleolar localisation signal
(NoLS). PB1-Phox and Bem1 domain; NLS-nuclear localisation signal; ZZ- Zinc finger domain; TB-
TRAF6 binding domain; NES-nuclear export signal; LIR-LC3 interacting region; KIR-Keap interacting
region; UBA-ubiquitin binding domain. Solid arrows depict main pathway. Dashed arrows represent
recruited, facilitating proteins.

2.3. COMMD1-Mediated Ubiquitination of RelA Signals for Nucleolar Translocation

The exact mechanisms that control nucleolar sequestration of regulatory proteins re-
mains poorly understood. One mechanism that has been proposed is detention of proteins
in “nucleolar detention centres” by stress-inducible, long noncoding RNA derived from
the ribosomal intergenic spacer region [48]. Proteins detained by this mechanism encode a
specific nucleolar detention sequence (NoDS) and include VHL, HSP70, MDM2/PML, and
POLD1 [49]. Nucleolar detention centres were recently found to have amyloidogenic-like
characteristics, therefore NoDS were renamed “amyloid converting motifs” (ACM) and de-
tention centres renamed “amyloid bodies” or A-bodies [35,37]. Despite extensive analysis,
RelA was not found to have an ACM (unpublished data), ruling out this mechanism of
detention.

Another pathway that has been implicated in nucleolar sequestration is the ubiquitin-
proteasome system. Upon chemical proteasome inhibition there is an influx of proteasome
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target proteins into nucleoli (including oncogenes, tumour suppressor genes, cyclin de-
pendent kinases, and translation factors) that accumulate in bodies known as nucleolar
aggresomes. These bodies bare similarity to cytoplasmic aggresomes observed in neu-
rodegenerative disorders in that they are rich in heat shock factors and ubiquitinated and
sumoylated proteins, and are linked to abrogated protein degradation [35,50–52]. They are
generally seeded by RNA, although the exact roles and identities of the RNA species are
still not clear. Interestingly, recent reports suggest nucleoli not only sequester ubiquitinated
proteins, but may also act as a site of protein degradation [53].

In 2010 Thoms et al. demonstrated that RelA accumulates in nucleoli in response to
proteasome inhibition suggesting ubiquitination may also play a role in nucleolar transport
of this protein [54] (Figure 1). Indeed, the group went on to show that RelA is ubiquitinated
in an NoLS-dependent manner in response to specific stresses and proteasome inhibi-
tion [54]. The multi-functional protein, COMMD1 (MURR1), had previously been shown to
ubiquitinylate RelA in the nucleus in response to cytokine (e.g., TNF) stimulation [55–59].
This ubiquitination resulted in proteasomal degradation of RelA. Thoms et al. found that
COMMD1 also ubiquitinates RelA in response to stress inducers. However, this ubiquitina-
tion resulted in nucleolar sequestration of RelA and apoptotic cell death [54]. In subsequent
studies it was shown that COMMD1 is acetylated by p300 in response to stress, but not
in response to TNF (Figure 1) [60]. It was also shown that p300-mediated acetylation of
COMMD1 is essential for stress-induced ubiquitination and nucleolar translocation of
RelA. These data suggest the intriguing possibility that COMMD1 acetylation, through
differential ubiquitination, controls the nuclear distribution of RelA and the consequent
downstream effects on cellular homeostasis.

2.4. RelA Is Sequestered in Nucleolar Aggresomes

Despite the dynamic nature of the nucleolar proteome, proteins sequestered in A-
bodies and aggresomes are generally present in a solid, immobile state [35,49,61–64].
RelA accumulates in specific foci within the nucleolus in response to stress inducers and
proteasome inhibition, suggesting it may also be present in immobile bodies. Lobb et al.
recently tested this hypothesis using focal correlation spectroscopy (FCS) [6]. This technique
is ideal for such studies as it can report molecular concentrations and diffusion rates of
proteins at multiple points within a cell at a microsecond timescale [65]. These studies
revealed that RelA motility increases in the cytoplasm in response to stress, in keeping
with release from IκB, while the motility of the protein is significantly reduced in nucleoli,
in keeping with retention in immobile bodies. Stable Isotope Labelling of Amino acids in
Culture (SILAC)-based quantitative proteomics and immunocytochemistry revealed that
RelA accumulates in nucleoli alongside heat shock proteins, translation factors and proteins
of the ubiquitin-proteasome system, which, as outlined above, are typical components
of nucleolar aggresomes [6]. It was concluded from this series of studies that RelA is
ubiquitinated in response to specific stresses in a manner dependent on p300-acetylated
COMMD1, and that this ubiquitination targets the protein to nucleolar aggresomes, causing
a reduction in NF-κB-driven transcription and apoptotic cell death (Figure 1).

2.5. P62 Transports Ubiquitinated RelA to Nucleolar Aggresomes

How ubiquitinated proteins, including RelA, are transported from the nucleoplasm to
nucleolar aggresomes remained unclear until a recent report uncovered a novel role for
p62 [6]. P62 is a multifunctional protein that acts as a signalling scaffold and autophagy
cargo receptor [66,67]. It colocalises with cytoplasmic aggregates and plays a significant role
in their clearance [68]. It also shuttles to the nucleus, although its role in this compartment
is still not clear [69]. It interacts with the autophagosomal marker, LC-3B I/II, which has
previously been shown to be present in nucleoli [70]. It is known to interact with RelA and
reportedly transports RelA to autophagosomes for degradation [71].

A recent study from our group demonstrated that p62 rapidly translocates to the
nucleus and then to the nucleolus in response to the model stress inducer, aspirin, and
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the proteasome inhibitor, MG132 (Figure 1) [6]. The dynamics of this nucleolar translo-
cation paralleled that of RelA. Furthermore, the two proteins co-localised in foci in the
compartment. Inhibition of autophagy (using BafilomycinA) had minimal influence on the
nuclear distribution of RelA or p62, ruling out the possibility that nucleolar sequestration is
a consequence of altered autophagic activity. To translocate to autophagosomes, p62 firstly
must homodimerize, which is dependent on the N-terminal PB1 domain (Figure 1) [69].
Surprisingly, the PB1 domain is dispensable for nucleolar localisation of p62, as is the
ubiquitin binding domain (UBA) and the LC3 interacting region (LIR) [6]. Rather, a 22
amino acid nucleolar localisation signal was identified at the N-terminus of p62 that is
absolutely essential for transport to nucleoli under conditions of cell stress (Figure 1) [6].
Using a dominant negative mutant deleted for this domain (p62∆NoLS), it was shown
that inhibiting p62 nucleolar transport blocks nucleolar sequestration of RelA and the
aggresome protein, SUMO-2/3. In contrast, blocking nucleolar translocation of RelA had
no effect on stress-induced nucleolar sequestration of p62. Given that p62 transports ubiq-
uitinated proteins to nucleolar aggresomes, it would be predicted that the UBA domain of
p62 is essential. However, the role of the UBA domain in nucleolar transport of RelA has
yet to be confirmed. Together, these data indicate a novel role for p62 in trafficking nuclear
proteins to nucleolar aggresomes under conditions of stress (Figure 1). They also provided
invaluable information on the mechanisms that regulate the nuclear/nucleolar distribution
of RelA that could be exploited for therapeutic purpose.

2.6. RelA-Nucleophosmin Signalling

It was originally presumed that nucleolar RelA causes apoptosis of cancer cells as the
protein is sequestered away from promoters of pro-proliferation and anti-apoptotic genes.
However, use of a nucleolar targeting construct (RelA fused to the NoLS of the HIV-rev
protein) revealed that specifically targeting RelA to this compartment triggers a cascade
of events that actively induces apoptosis (Figure 1) [72]. Central to this pro-apoptotic
pathway is the nucleolar phospho-protein nucleophosmin (NPM)/B23. Although NPM is
predominantly nucleolar, it can also be found in both the nucleoplasm and cytoplasm, and
is known to regulate multiple signalling networks [73]. In terms of NF-κB, NPM can act as a
co-activator at specific gene sites and, in specific contexts, chaperones NF-κB to the nucleus
to initiate transcription [74,75]. Reciprocally, RelA can also influence the activity of NPM. It
was shown that nucleolar RelA causes NPM to relocate from the nucleolus to the cytoplasm,
bind BAX, then transport BAX to the mitochondria to initiate apoptosis [72,76–78]. Others
have also demonstrated NPM relocalisation and an NPM-BAX interaction in response to
stress stimuli that induce nucleolar translocation of RelA (e.g., UV-C radiation) [77].

Whilst expression of the p62∆NoLS mutant inhibits nucleolar translocation of RelA
and aspirin-mediated apoptosis, our studies indicate it has no effect on aspirin-mediated
repression of NF-κB-driven transcription [6]. This is not surprising as ubiquitination
renders RelA inactive [55,79] and it is likely that expression of the p62 NoLS deletion
mutant causes accumulation of ubiquitinated RelA complexes at target promoters. What is
surprising is that this repression is not sufficient to induce apoptosis, which would suggest
the majority of the apoptotic effect of nucleolar translocation of RelA comes from activation
of nucleolar, pro-apoptotic pathways.
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3. Nucleolar Disruption Lies Upstream of NF-κB Pathway Activation in Response to
Stress

Ribosome biogenesis is a well-orchestrated process that is the most energy consum-
ing in the cell and, as such, is tightly linked to metabolic and proliferative activity [7,80].
The rate limiting step is transcription of ribosomal DNA (rDNA), which is mediated
by the pre-initiation complex (PIC), consisting of the primary components: upstream
binding factor (UBF), SL-I, transcription initiation factor-IA (TIF-IA (RRN3)), and PolI
(Figures 2 and 3) [81,82]. If cellular homeostasis is disrupted, for example by nutrient depri-
vation, exposure to cytotoxic agents, viral infection, or oncogene inactivation, PolI-driven
transcription is rapidly downregulated, nucleolar stress pathways are activated, and a
cascade of signalling events is triggered that influences cell phenotype [28,83–85]. Processes
altered as a consequence of nucleolar stress include differentiation, metabolism, cell cycle
progression, autophagy, senescence and, as outlined above, apoptosis (Figures 2 and 3).
Indeed, perturbations in nucleolar function are associated with many common diseases,
including ischaemic heart disease, neurodegenerative disorders, and cancer.
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homeostasis. Ribosome biogenesis starts with transcription of the 47S pre ribosomal RNA (rRNA) by the PolI preinitiation
complex. The 47S transcript is cleaved, processed and packaged to eventually generate the 40S and 60S ribosomal sub-units.
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within the cell. Black stars and yellow dots represent assembly factors. Arrows depict the direction of influence.
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Figure 3. The TIF-IA-NF-κB nucleolar stress response pathway. When cells are exposed to specific
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IA(TIF-IA) in a manner dependent on the second messenger ceramide, inhibition of cyclin dependent
kinase 4 (CDK4) (depicted by T shaped line), recruitment of the nucleolar protein p14ARF (ARF) and
the RNA polymerase I (PolI) complex component, upstream binding factor (UBF). Specifically, serine
(s) 484 of this protein. This TIF-IA degradation results in degradation of IκBα, which allows NF-kB to
translocate to the nucleus and regulate expression of target genes that control cellular processes such
as apoptosis, proliferation, differentiation and senescence. Solid arrows depicts pathway to NF-κB
nuclear translocation. Dashed arrows depict TIF-IA degradation pathway. NSAIDs: non-steroidal
anti-inflammatory drugs.

The most recognised effector of nucleolar stress is the L5/11-MDM2-p53 pathway [86–88].
However, a number of p53-independent pathways have emerged that play an equally
critical role in the maintenance of cellular homeostasis downstream of nucleolar disrup-
tion [87,89]. For example, Pecoraro et al. recently demonstrated that a G-Quadruplex TBA
derivative causes nucleolar stress, cell cycle arrest, and apoptosis in a manner independent
of p53 but dependent on the ribosomal protein UL3 [90]. In another study, the Russo lab
demonstrated that mimicking perturbed ribosome biogenesis, in the absence of p53, caused
the formation of an RpL3-Sp1-NPM complex at the p21 promoter and, consequently, cell
cycle arrest and apoptosis [91]. Increasing evidence suggests that NF-κB signalling also lies
downstream of nucleolar disruption, which may play an important role in innate immunity,
senescence, and maintenance of cellular homeostasis.

3.1. TIF-IA-NF-κB Nucleolar Stress Response

The mechanisms by which multiple heterogeneous stresses converge on the NF-κB
pathway have been far from clear but, given the parallels between stresses that disrupt
ribosome biogenesis and those that activate NF-κB, nucleolar disruption could provide a
unifying mechanism [4]. Our lab recently explored this possibility and uncovered a novel
nucleolar stress response pathway. This pathway is dependent on the PIC component,
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TIF-IA, and lies upstream of IκB degradation. We have named this novel signalling axis
the TIF-IA-NF-κB nucleolar stress response pathway (Figure 3) [10].

TIF-IA is an essential component of the PIC as it recruits PolI to the rDNA pro-
moter [81,92,93]. In response to environmental perturbations, TIF-IA is targeted by a
plethora of signalling pathways (e.g., mTOR, AMPK, ERK, and PP2A) which alters its
phosphorylation status to fine-tune the PolI transcriptional output [93–95]. Although
microscopically it appears to be mainly nucleolar, Szymanski et al. found that the ma-
jority of the protein is in the cytoplasm and that it shuttles rapidly between there, the
nucleoplasm, and nucleoli [96]. Genetic deletion of TIF-IA in mice causes embryonic lethal-
ity [97]. Deletion or depletion in mouse embryonic fibroblasts (MEFs), cancer, and neuronal
cells induces nucleolar segregation, suggesting the protein plays a role in maintaining the
structure of the organelle (see below) [9,96]. Depletion also induces cell cycle arrest and
apoptosis, indicating TIF-IA inactivation has important downstream consequences on cell
phenotype [93,98,99].

Chen et al. found that multiple stress stimuli of NF-κB, including aspirin, UV-C, and
the second messenger ceramide, not only alter the phosphorylation status of TIF-IA, but
also induce degradation of the protein (Figure 3) [10]. This effect lies downstream of CDK4
inhibition, which is a common response to stress stimuli of the NF-κB pathway [100]. It
is also specific, as it is not observed in response to TNF or the DNA damaging agent,
camptothecin. It is dependent on both lysosomal and proteasomal degradation, but is
distinct from the previously reported pathway to TIF-IA degradation that is facilitated
by the E3 ligase, MDM2 [94]. It was shown that TIF-IA is dephosphorylated at Serine 44
in response to specific stress stimuli and that this dephosphorylation, along with the
PolI complex associated factors UBF and p14ARF, are essential for TIF-IA degradation
(Figure 3).

Characteristic consequences of nucleolar stress are inhibition of ribosomal DNA
(rDNA) transcription, a reduction in nucleolar size and segregation of the FC and DFC
to nucleolar caps at the periphery of the organelle [7,86]. Stress-mediated degradation of
TIF-IA also causes inhibition of rDNA transcription and segregation of nucleolar marker
proteins [10]. However, uncharacteristically, it causes a reduction in nucleolar number and
a significant increase in nucleolar size. These changes are suggestive of altered nuclear
biophysics and merging of the organelles. An increase in nucleolar volume, associated with
altered rRNA transcription and nucleolar architecture, has also been observed in response
to the proteasome inhibitor, MG132 [101], and the NEDD8 inhibitor, MLN4924 [102].

The first indication that nucleolar disruption stimulates NF-κB signalling came from
studies demonstrating that siRNA depletion of TIF-IA (or other components of the PolI
complex) activates the cytoplasmic NF-κB pathway, as indicated by degradation of IκB,
phosphorylation of RelA at the critical S536 residue, nuclear translocation of NF-κB/RelA,
increased NF-κB-driven transcription, and increased transcription of NF-κB target genes
(Figure 3) [10]. This effect was independent of rDNA transcription as it was not mimicked
by potent PolI inhibitors (CX5461, BMH21, and ActD). Stress effects on TIF-IA stability and
nucleolar morphology preceded degradation of IκB and nuclear/nucleolar translocation of
RelA. Furthermore, siRNA, genetic mutants and chemical inhibitors indicated that blocking
TIF-IA degradation not only blocked stress effects on nucleolar size, but also blocked IκB
degradation, nuclear/nucleolar translocation of RelA and apoptosis [10] (Figure 3). The
link between TIF-IA degradation and NF-κB pathway stimulation was confirmed using
explants of human colorectal tumours treated ex vivo with low dose aspirin. These studies
revealed a very strong inverse correlation between tumour levels of TIF-IA following as-
pirin exposure (as indicated by Western blot analysis) and activation of the NF-κB pathway
(as indicated by quantitative immunohistochemistry for RelAp536) [10]. Together, these
results demonstrated for the first time that nucleolar disruption can stimulate pathways
upstream of IκB degradation/NF-κB nuclear translocation to regulate cellular homeostasis.

Although the signalling networks that link TIF-IA to IκB degradation are not yet clear,
a number of nucleolar shuttling proteins are known to impact NF-κB signalling. The most
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promising candidate is CK2, as it binds TIF-IA at the PolI complex [95] and facilitates IκB
phosphorylation/degradation in response to UV-C radiation [103]. eIF2α is also known
to modulate both PolI and NF-κB activity in response to ER stress [104–106]. Ribosomal
proteins themselves can regulate NF-κB signalling. The ribosomal protein L3 reportedly
binds to and stabilises IκB, thus repressing NF-κB activity [107,108]. In contrast, S3 pro-
motes activity by interacting with NF-κB complexes in the nucleus [109]. An interesting
new study by Beji et al. demonstrated that NPM is secreted from cardiac mesenchymal
progenitor cells in response to doxorubicin and UV-C-mediated nucleolar stress [110]. They
also demonstrated that the secreted NPM binds Toll-like receptor 4 (TLR4), thus inducing
cytoplasmic to nuclear translocation of NF-κB and a pro-inflammatory phenotype. Further
research into the links between nucleoli and NF-κB will help us fully understand how both
pathways regulate cellular homeostasis under normal and stress conditions and reveal
potential new targets for anti-inflammatory agents.

3.2. TIF-IA-NF-κB Nucleolar Stress Response in Senescence and Ageing

One other scenario where enlarged nucleoli are associated with NF-κB pathway
activation is in cellular senescence, which is a state of permanent cell cycle arrest induced
by DNA damage (e.g., telomere shortening that leads to replicative senescence) and other
stresses (e.g., activated oncogenes- oncogene induced senescence (OIS)) [111,112]. It plays
an important role in development, tissue remodeling, and cancer, and contributes to
organismal aging [113,114]. A striking characteristic of senescence is a huge increase in
nucleolar size and a reduction in number [115]. Another important characteristic is the NF-
κB-dependent senescence associated secretory phenotype (SASP), which can reinforce cell
cycle arrest, lead to paracrine senescence, promote the activation of senescence surveillance
and also promote tumour progression [112]. Given the similarity between the phenotype
of senescent cells and those showing loss of TIF-IA, it would be interesting to speculate
that TIF-IA-NF-κB nucleolar stress plays a role in senescence. In keeping with a link
between the two pathways, Nishimura overexpressed TIF-IA in IMR90 fibroblasts to mimic
altered rDNA transcription and observed an increase in nucleolar size, activation of NF-
κB, and an increase in SA-β-Gal positive cells (a marker of senescence) [116]. Nucleolar
enlargement, such as that seen in response to altered TIF-IA levels, has recently been
identified as a hallmark of aging tissue [113,114], as is chronic activation of the NF-κB
pathway (inflammaging) [117].

4. Aspirin Acts against Colon Cancer Cells by Targeting the NF-κB Nucleolar Stress
Response Pathway

Colorectal cancer remains the third most common cause of cancer death worldwide,
with 1.93 million deaths annually (https://www.who.int/news-room/fact-sheets/detail/
cancer) (accessed on 18 August 2021). Early detection and prevention are widely recognised
to be key in combatting this disease. Aspirin and related non-steroidal anti-inflammatory
drugs (NSAIDs) are one group of agents that have shown remarkable potential in the
prevention of colorectal cancer [118–120]. Indeed, it has been suggested that long term
aspirin use could lower colon and rectal cancer risk by up to 50%. However, the side effect
profile of aspirin limits its use in the general population. Understanding the mechanisms
by which aspirin acts against colon cancer cells is now paramount, as it would reveal
biomarkers that could be used to improve the benefit to risk ratio, especially for patients
diagnosed with pre-cancerous lesions.

In our lab, we have used aspirin extensively as a tool to explore nucleolar-NF-κB
signalling [121]. These studies revealed that aspirin (at pharmacological doses) causes
degradation of TIF-IA and inhibition of rDNA transcription, both in vitro and in explants
of colorectal tumours treated ex vivo with the agent [10] (Figure 3). They also revealed that
this TIF-IA degradation causes nuclear translocation of NF-κB/RelA, which is essential
for the apoptotic effects of the agent [42]. COMMD1 levels are reduced in multiple cancer
types, which contributes to invasion and progression [122]. In independent studies, we
demonstrated that aspirin causes an increase in levels of COMMD1 through p300 acety-

https://www.who.int/news-room/fact-sheets/detail/cancer
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lation [54,60] (Figure 1). We have also shown that this increased COMMD1 facilitates
ubiquitination of newly translocated RelA/NF-κB which, alongside p62, targets RelA to
nucleolar aggresomes [6,54] (Figure 1). The presence of RelA in the nucleolus kills colon
cancer cells thorough a nucleophosmin-dependent pathway [72] (Figure 1).

Uncontrolled rDNA transcription is a hallmark of colorectal cancer and contributes to
tumour growth by allowing de-regulated protein synthesis and uncontrolled activity of
nucleolar cell growth/death pathways [123,124]. Uncontrolled NF-κB activity is also a hall-
mark of colorectal cancer, which drives disease progression by promoting inflammation and
directing expression of pro-growth and anti-apoptotic genes [125]. We propose that aspirin
inhibits both these driver mechanisms by targeting TIF-IA (causing reduced rDNA tran-
scription and nuclear translocation of NF-κB/RelA) and COMMD1 (which ubiquitinates
newly translocated RelA, facilitating RelA nucleolar translocation, reduced NF-κB-driven
transcription and cell death). Indeed, our studies suggest that these two proteins may act
as viable biomarkers for aspirin response and targets for novel chemopreventative agents.

5. Summary

Accumulating evidence suggests that there are several points of cross talk between
nucleoli and the NF-κB pathway, and that this crosstalk may be important in regulating
cellular homeostasis and the anti-tumour effects of aspirin. Further understanding of the
NF-κB nucleolar stress response pathway is very important as it could reveal targets for
agents that would be of use in multiple diseases associated with chronic NF-κB activity as
well as biomarkers for cancer progression, aspirin response, and ageing.
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