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Abstract

Ribosome biogenesis in the nucleolus is an important process that consumes 80% of a
cell's intracellular energy supply. Disruption of this process results in nucleolar stress,
triggering the activation of molecular systems that respond to this stress to maintain
homeostasis. Although nucleolar stress was originally thought to be caused solely by
abnormalities of ribosomal RNA (rRNA) and ribosomal proteins (RPs), an accumulating
body of more current evidence suggests that many other factors, including the DNA
damage response and oncogenic stress, are also involved in nucleolar stress response
signaling. Cells reacting to nucleolar stress undergo cell cycle arrest or programmed
death, mainly driven by activation of the tumor suppressor p53. This observation
has nominated nucleolar stress as a promising target for cancer therapy. However,
paradoxically, some RP mutations have also been implicated in cancer initiation and
progression, necessitating caution. In this article, we summarize recent findings on
the molecular mechanisms of nucleolar stress and the human ribosomal diseases and

cancers that arise in its wake.
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1 | INDUCTION OF NUCLEOLAR STRESS
BY ABNORMAL RIBOSOME BIOGENESIS

Ribosome biogenesis initiates in the nucleolus through three critical
steps (Figure 1): (i) A 47S rRNA precursor (pre-rRNA) is transcribed
by RNA polymerase | (Pol I) in the nucleolus, with a 5S rRNA being
concurrently transcribed by Pol Ill outside the nucleolus.; (ii) The
47S pre-rRNA is processed and modified to generate three types of
rRNA molecules, the 28S, 18S, and 5.8S rRNAs. (iii) The 18S rRNA is
assembled with 33 types of small ribosomal subunit proteins (RPS)
to form the Pre-40S ribosome particle, whereas the 5S, 28S, and
5.85 rRNAs are assembled with 48 types of large ribosomal subunit
proteins (RPL) to form the Pre-60S ribosome particle. These pre-
ribosomes exit the nucleolus and pass through the nuclear pore into
the cytoplasm, where they combine to form the mature 80S ribo-
some capable of translating mRNA.

About 80% of a cell's intracellular energy supply is spent on
the three steps of ribosome biogenesis occurring in the nucleo-
lus.>? This energy-consuming process is constantly monitored, and
if any one of these three steps fails, “nucleolar stress” (also called
“ribosomal stress”) arises. The cell cycle is immediately stopped
while the cell attempts to fix the defect. However, if the damage
is so severe that it cannot be repaired, programmed cell death is
induced.®*
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There are many forms of disruption of steps (i)-(iii) above that
lead to nucleolar stress.>* Inhibition of pre-rRNA transcription
can be caused by nucleotide depletion or DNA damage, as well
as by viral infection®® or oncogene inactivation.””*! Replication
stress, which is caused by replication fork arrest and collapse, is
also known to induce nucleolar stress.* Pharmacological inter-
ference with pre-rRNA transcription can be achieved using a low
concentration of actinomycin D to inhibit Pol .12 Similarly, many
anticancer drugs that induce DNA damage block pre-rRNA tran-
scription.13'14 Abnormalities in rRNA processing or modification or
in ribosome assembly can also cause nucleolar stress.'® Lastly, an
imbalance in ribosomal protein (RP) expression levels (such as a
deficiency of certain RPs) can lead to abnormal ribosome assembly

and induce nucleolar stress.*¢%”

2 | NUCLEOLAR STRESS RESPONSE
PATHWAYS

Cells exposed to nucleolar stress undergo p53 activation and other
responses that lead to cell cycle arrest or cell death.>*¢ Most of
these responses are triggered by the transfer of nucleolar proteins,
including RPs, from the nucleolus to the nucleoplasm. In this section,
we discuss the molecular mechanisms of these response pathways,
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FIGURE 1 Mechanisms of ribosome biogenesis and triggers of nucleolar stress. Normal ribosome biogenesis starts in the nucleolus via
three initial steps (shown in blue): (i) Pol I-mediated transcription of a large rRNA precursor (pre-rRNA) and Pol IlI-mediated transcription of
a smaller rRNA precursor that constitutes the 5S subunit; (i) processing of the large rRNA precursor into 18S, 5.8S, and 28S mature rRNAs;
(iii) assembly of the 18S subunit with 33 types of RPS to form the pre-40S ribosome particle, and assembly of the 5.8S, 28S, and 5S subunits
with 48 types of large ribosomal subunit protein (RPL) to form the pre-60S ribosome particle. The pre-40S and pre-60S ribosome particles
are then exported from the nucleolus through the nucleoplasm into the cytoplasm, where they combine to form mature 80S ribosomes. It

is the 80S ribosomes that take up mRNA and translate it into protein. Insults that cause nucleolar stress, for example, those which interfere
with steps (i)-(iii) above during early ribosome biogenesis, are listed in red text
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which we have divided into two major categories based on their de-

pendence on p53.

2.1 | p53-dependent pathways

In cells at rest, p53 exists mainly in an inactivated state imposed
by polyubiquitination via the ubiquitin E3 ligase MDM2 (Figure 2).
Proteasome-mediated degradation of polyubiquitinated p53 can
then follow. In contrast, in most cells under nucleolar stress, RPs
(mainly RPL5, RPL11, and RPL23) migrate from the nucleolus to
the nucleoplasm, where they bind to MDM2 and inhibit its activ-
ity. p53 is therefore stabilized and activated, inducing cell cycle
arrest and/or cell death.*!® Transcriptional upregulation of p53 is
thought to contribute only minimally to p53 activity triggered by
nucleolar stress. 8

Among RPs inhibiting MDM2, RPL11 is the best characterized.
RPL11 forms a 55 RNP (ribonucleoprotein) complex with RPL5,Y
which then moves together with RPL11. It is now clear that the nu-
cleolar protein interacting with carboxyl terminus-1, also known as
NOP53 or GLTSCR2 (PICT1) plays an important role in the RPL11-
mediated response pathway.zo’21 Inresting cells, PICT1 binds to RPL11
and retains it in the nucleolus. However, in cells exposed to nucleolar
stress, PICT1 is rapidly destabilized and degraded such that RPL11
translocates from the nucleolus to the nucleoplasm. Glutamate-rich
WD repeat containing-1 (GRWD1), which may have PICT1-like func-
tions, may also participate in this nucleolar stress response.22

Another RPL11-dependent p53 activation pathway is medi-
ated by MYB-binding protein-1A (MYBBP1A).Z® In resting cells,
MYBBP1A is predominantly localized in the nucleolus through its
binding to rRNA. However, upon a decrease in rRNA levels caused
by nucleolar stress, MYBBP1A moves from the nucleolus to the
nucleoplasm in an RPL11-dependent manner. In the nucleoplasm,
MYBBP1A forms a complex with acetyltransferase p300 and p53,
promoting the acetylation of p53 by p300 to stabilize p53.

Other molecules that play important roles in p53 regulation
by nucleolar stress are nucleophosmin-1 (NPM1), the most abun-
dant protein in the nucleolus, and p14ARF.?* In resting cells, these
proteins are localized in the nucleolus, but under nucleolar stress,
they translocate to the nucleoplasm where they bind to and inhibit
MDM2, leading to p53 stabilization.

Some RPs are known to contribute to p53 regulation, but it
is not clear if these activities are linked to nucleolar stress. For
example, loss of RPL22 specifically promotes p53 translation,?’
and RPL26 promotes p53 translation by binding to the 5'-UTR of
p53 mRNA.% The relationship of these actions to nucleolar stress
remains elusive.

Despite the above detail on how nucleolar proteins activate
p53, it is still largely a mystery how cells sense nucleolar stress in
the first place and initiate the stress response pathway. For exam-
ple, how does nucleolar stress induce PICT1 degradation? Does
the RPL11 released from PICT1 binding in response to nucleolar
stress participate in MYBBP1A translocation? Further studies are

needed to elucidate the crosstalk between these pathways and
determine the magnitude and significance of their contributions

to p53 activation.

2.2 | p53-independent pathways
Cells lacking p53 can also undergo cell cycle arrest and death in-
duced by nucleolar stress (Figure 3). E2F-1, MYC and NF«B are key
players in these p53-independent pathways.

Like p53, E2F-1 is regulated by MDM2-mediated polyubiquiti-
nation followed by proteasomal degradation. However, unlike the
case of p53, the binding of RPL11 to MDM2 induced by nucleolar
stress promotes E2F-1 polyubiquitination and degradation. The
transcription of E2F-1-dependent genes is thus repressed, thereby
inducing cell death in a p53-independent manner.?” RPL11 also binds
to p14ARF, triggering transcriptional activation of the CDK inhibitor
p21 and p53-independent cell cycle arrest.?®

MYC translation is repressed by the direct binding of RPL11,
RPS14, and RPL5 to its mRNA.2827 MYC regulates ~15% of total
cellular transcription, and MYC suppression leads to arrested cell
proliferation and death induction.®° As the transcriptional targets
of MYC include almost all genes involved in ribosome biogenesis as
well as Pol I-mediated rRNA transcription, this RP-mediated MYC
repression may suppress ribosome biogenesis, thereby enhancing
the nucleolar stress response.*°

Like other RPs, RPL3 translocates from the nucleolus to the nu-
cleoplasm in response to nucleolar stress, but it induces cell cycle
arrest and death by a different mechanism. In the nucleoplasm, RPL3
both stabilizes p21 protein and activates p21 transcription by bind-
ing directly to the transcription factor Sp1; these activities lead to
p21-dependent cell cycle arrest.3* On the other hand, RPL3 both re-
presses transcription of cystathionine B-synthase (CBS) and directly
binds to CBS protein to promote its translocation into mitochondria,
enhancing its degradation. This RPL3-mediated CBS downregula-
tion decreases levels of the CBS reaction product H,S and thereby
induces mitochondria-based apoptosis.®? Finally, RPL3 stabilizes
kB, which inhibits the nuclear transfer and activation of NFxB and
thereby suppresses its cell survival signaling.33

In addition to these RP-dependent pathways, the Peter Pan
Homolog (PPAN) pathway functions in the nucleolar stress response
in an RP- and p53-independent manner. In resting cells, PPAN in-
hibits mitochondria-based apoptosis by destabilizing BAX. Upon
nucleolar stress, PPAN migrates from the nucleolus to the cyto-
plasm, where PPAN is degraded by caspases. PPAN thus loses its

anti-apoptotic effect, resulting in apoptotic cell death.3*

3 | NUCLEOLAR STRESS AND HUMAN
RIBOSOMAL DISEASES

Noncancerous pathological conditions linked to abnormal ribosome
biosynthesis are called “ribosomal diseases” (Figure 4). Patients
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FIGURE 2 p53-dependent nucleolar
stress response pathways. Nucleolar
stress induces the translocation of the
nucleolar proteins indicated in the red
dotted box into the nucleoplasm. These
proteins then stabilize p53 by the various
indicated processes (see main text for
details). Cells with elevated p53 then
undergo cell cycle arrest and/or cell death

FIGURE 3 p53-independent nucleolar
stress response pathways. Nucleolar
stress induces the translocation of the
nucleolar proteins indicated in the dotted
boxes into the nucleoplasm or cytoplasm,
where they trigger cell cycle arrest and/or
cell death through the inhibition of NF«B,
CBS, E2F-1, or MYC or the activation of
BAX (see main text for details)
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FIGURE 4 Nucleolar stress and human ribosomal diseases. During normal ribosome biogenesis, ribosomal proteins (RPs) are assembled
with rRNAs (transcribed and processed) to form pre-ribosomes, which then combine to produce mature ribosomes. Any abnormality in this
sequence of events stabilizes and activates p53. In blue text are human diseases whose molecular defects affect ribosome biogenesis at the
indicated stage. p53 is also stabilized when NPM1 abnormally translocates from the nucleolus into the nucleoplasm, an effect associated
with Zika virus infection, amyotrophic lateral sclerosis (ALS), and frontotemporal dementia (FTD) (see main text for details)
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often present with anemia, developmental abnormalities, and/or de-
generative disorders. In this section, we describe various ribosomal
diseases grouped by their phenotypes, and introduce their molecu-
lar mechanisms. For more detail, we refer the reader to two excellent

reviews.3>3¢

3.1 | Hematopoietic disorders and/or
developmental abnormalities

Diamond-Blackfan anemia (DBA) is characterized by anemia and
malformations of the upper extremities, face and head (including
microcephaly). DBA is caused mainly by RP mutation or reduced RP
expression. Causal mutations affect genes encoding 19 RPs (par-
ticularly RPS19) and GATA binding protein—1.35'36 Analyses of mouse
and zebrafish models have indicated that mutations in some of these
RPs induce p53 stabilization and cause anemia and other DBA-like
symptoms.%’

“5q~ syndrome” stands for “myelodysplastic syndromes asso-
ciated with isolated del(5g) chromosome abnormality,” which is
caused by a defect in a region of chromosome 5 containing RPS14.
5" syndrome is characterized by anemia and increased platelets but
normal body morphology.*®

Schwachman-Diamond syndrome (SDS) features anemia and ab-
normal pancreatic exocrine secretion. Mutations in the Shwachman-
Bodian-Diamond syndrome ribosome maturation factor (SBDS)
gene, which is required for 80S ribosome assembly, occur in 90% of
SDS patients. Loss of SBDS function is linked to RPL11-dependent
p53 activation.3%#°

Morphological (but not hematological) abnormalities character-
ize Treacher-Collins syndrome (TCS) and Bowen-Cornadi syndrome
(BCS). Mutations of genes related to the Pol | transcription complex
(such as treacle ribosome biogenesis factor-1 [TCOF1]) cause TCS be-
cause the ensuing decreased transcription/processing of rRNA acti-
vates p53.4! Mice or African clawed frogs lacking TCOF1 function
show TCS-like phenotypes, including skull dysplasia.** In contrast,
BCS is caused by mutation of the EMG N1-specific pseudouridine
methyltransferase (EMG1) gene. EMG1 is degraded, which impairs
pseudouridine rRNA modification and processing, and results in
microcephaly.*?

Zika virus infection during pregnancy also causes microcephaly
and may involve nucleolar stress. The viral ZIKV-C protein binds
to NPM1 in neural progenitors and forces its transfer from the
nucleolus to the nucleoplasm. The resulting excessive p53 activa-
tion may induce neuronal cell cycle arrest and/or death leading to

microcephaly.*®

3.2 | Degenerative diseases
Degenerative diseases are characterized by exacerbation of symp-
toms over time. These disorders arise from impaired organ function

caused partly by decreased cell proliferation or increased cell death.

Degenerative diseases involving nucleolar stress include abdominal
aortic aneurysm (AAA), amyotrophic lateral sclerosis (ALS), fron-
totemporal dementia (FTD), Machado-Joseph disease (MJD), and
Parkinson's disease (PD).

In AAA, decreased expression of Pol | transcription complex
components reduces rRNA levels, triggering a nucleolar stress
response involving p53 activation.** ALS and FTD patients also
exhibit p53 activation but the molecular mechanism differs.*®
Despite exhibiting distinct neurological and psychiatric symp-
toms, ALS and FTD share a molecular pathway in which amplified
GGGGCC repeats arise in the C90orf72-SMCR8 complex subunit
(C9orf72) gene.‘“’ The peptides generated by these repeats force
NPM1 translocation from the nucleolus to the nucleoplasm, lead-
ing to p53 activation.””

Machado-Joseph disease is a spinocerebellar degenerative dis-
ease featuring RNA transcripts containing amplified CAG repeats
within the ataxin-3 (ATXN3) gene.*® These transcripts bind to nu-
cleolin and repress rRNA transcription, resulting in p53 activation
via pathways involving RPL5, RPL11, and RPL23.%® Reduced rRNA
levels also lead to p53 activation in ~5%-10% of PD patients with
inactivation of Parkin, an E3 ubiquitin ligase. Loss of Parkin leads
to accumulation of Parkin-interacting substrate (PARIS; also called
ZNF746), which represses rRNA transcription.*’

4 | NUCLEOLAR STRESS AND CANCER

Cancer cells dramatically boost ribosome biosynthesis to promote
cell growth and proliferation (Figure 5). In addition, de novo nucleo-
tide biosynthesis is activated to supply sufficient nucleotides for in-
creased rRNA production.so'52 Thus, cancer cells should be sensitive
to nucleolar stress. However, some RP mutations have been linked
to tumor initiation and progression.53'55 This section focuses on the
association between nucleolar stress and cancer from two points of
view. The first is the paradoxical phenomenon that, for some riboso-
mal diseases, the longer the nucleolar stress persists, the greater the
risk of tumorigenesis. The second perspective concerns a potential
new approach to cancer therapy based on manipulating nucleolar

stress pathways mediating p53 activation.

4.1 | Increased risk of tumorigenesis

As noted above, in DBA, 5q~ syndrome, and SDS, mutations in RPs
and SBDS activate p53 via the typical nucleolar stress response
pathway. However, despite this p53 activation, along with their
anemia and malformations, DBA, 5q° syndrome, and SDS patients
have an increased long-term risk of developing various malignan-
cies, especially blood cancers.>® Furthermore, mutations in RPS15,
RPL5, RPL10, and RPL22 occur in various solid tumors and blood
cancers.’®>> The mechanism by which defective ribosome biosyn-
thesis increases cancer risk is not clear, but two possibilities have
been raised.
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FIGURE 5 Nucleolar stress and cancer. Mutations in ribosomal proteins (RPs) and Shwachman-Bodian-Diamond syndrome ribosome
maturation factor (SBDS) may alter ribosome function, which induces nucleolar stress and p53 activation. Although this p53 activation
attempts to block tumorigenesis, the altered ribosome function may lead to increased translation of oncogenes and decreased translation of
tumor suppressors, all of which promote cancer. These mutations also reduce superoxide dismutase-2 (SOD2) activity and promote reactive
oxygen species (ROS) production, which may activate PI3K/MAPK signaling supporting cancer development. ROS also trigger DNA damage,
which contributes to tumor formation on one hand but also activates tumor suppression by p53 on the other hand. When these cell-
proliferative and deleterious events combine to overcome p53 signaling mediating tumor suppression, cancer starts to develop. In contrast,
novel types of drugs that can inhibit ribosome biogenesis and induce nucleolar stress without triggering DNA damage or excessive ROS may
activate p53 sufficiently to suppress tumorigenesis. These agents could represent a fresh avenue of anticancer therapy (see main text for

details)

The first possibility is that ribosome function is profoundly al-
tered by an RP mutation. Ribosomes with RPS23 mutations are less
accurate during translation, potentially compromising protein func-
tion.”® Ribosomes with mutated RPL10 show enhanced BCL-2 trans-
lation,?” whereas ribosomes incorporating mis-modified rRNAs due
to processing errors exhibit reduced p53 and p27 translation.>®>?
If such translation anomalies affect molecules contributing to DNA
repair or proliferation/survival signaling, a cell might be pushed to-
ward oncogenesis.

The second possibility is that the reactive oxygen species (ROS)
balance is altered by defective ribosome biogenesis, with RP muta-
tions increasing ROS production. High levels of ROS are cytotoxic,
but low levels of ROS enhance PI3K and MAPK signaling and cause
DNA damage, which may initiate malignant transformation.t°-¢?
Increased ROS occur in lymphocytes of SDS patients and SDS-
deficient mice.®®* Loss of RPS19, RPL5, or RPL11, the genes involved
in DBA, reduces the activity of superoxide dismutase-2 (SOD2),%°

which is responsible for ROS degradation.

4.2 | Nucleolar stress pathway as a target for
cancer therapy

Cancer cells actively proliferate and so require vigorous ribosomal
biosynthesis consuming large amounts of nucleotides, amino acids,
and energy. p53 mutations arise in ~50% of human cancers, with the
remaining 50% exhibiting normal p53. Therefore, drugs targeting ri-
bosome biosynthesis should inhibit tumor cell growth in two ways:
firstly, by reducing the number of ribosomes available for cancer cell

growth; and secondly, by inducing a nucleolar stress response that
activates p53 in cancer cells without p53 mutation.

Many conventional anticancer drugs inhibit DNA replication by
intercalating into the DNA duplex. Cancer cells have a high rDNA
copy number and strong rRNA transcriptional activity, making
them susceptible to nucleolar stress when exposed to such drugs.
Although this nucleolar stress should lead to the demise of the can-
cer cells, the DNA damage caused by drug intercalation may lead to
the accumulation of mutations promoting oncogenesis. Thus, there
is a need to develop drugs that more specifically inhibit rRNA tran-
scription without causing DNA damage.®®

The novel agent CX-5461 was developed as a Pol I-specific in-
hibitor and indeed induces a significant decrease in rRNA transcrip-
tion. However, subsequent studies have revealed that CX-5461 acts
as a DNA intercalator and stabilizes guanine quadruplexes, which
induce DNA replication stress.®” Clinical trials of this agent are ongo-
ing and should reveal if the benefits of its effects on rRNA outweigh
the drawbacks of its effects on DNA. BMH-21 is another drug that
was developed as a Pol | inhibitor and functions as a DNA intercala-
tor, but this agent does not appear to cause DNA damage.®®¢?

Another strategy for inducing nucleolar stress to activate p53
in cancer cells relies on inhibition of nucleotide biosynthesis, which
ultimately decreases pre-rRNA transcription.”>”® Mycophenolic
acid (MPA) inhibits inosine monophosphate dehydrogenase-2
(IMPDHZ2), a key enzyme in the de novo pathway of purine nucleo-
tide biosynthesis. Glioblastoma cells treated in vitro with MPA show
markedly impaired growth‘50 PICT1 may be another interesting tar-
get for cancer therapy because it plays roles in both the nucleolar
stress response and rRNA processing. PICT1 depletion triggers p53
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activation in cancer cells in an RPL11-MDM2-dependent manner?°
and also represses cancer cell proliferation by disrupting rRNA

processing.71

5 | CONCLUSION

It was discovered about 50years ago that abnormal ribosome bio-
synthesis causes cell cycle arrest. The molecular basis of this phe-
nomenon, originally named “ribotoxic stress” and now known as
nucleolar stress, was elucidated in the early 2000s. In the nearly
20years since, much has been revealed about the underlying mecha-
nisms, but some major issues remain to be addressed: (i) How does a
cell detect nucleolar stress, and what are the sensing molecules?; (ii)
Why do so many diverse nucleolar stress response pathways exist?;
(iii) How do we explain the tissue specificity of ribosomal diseases
despite the ubiquitous presence of ribosomes?; and (iv) Why do
patients with ribosomal diseases show an increased risk of cancer
development? We expect that future research will answer these
questions one by one and hope that the findings will one day be ap-
plied to both the establishment of therapies for ribosomal diseases
and the generation of anticancer drugs targeting the nucleolar stress
pathway.
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