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Abstract

Ribosomal biogenesis is tightly associated with cellular activities, such as growth, proliferation,
and cell cycle progression. Perturbations in ribosomal biogenesis can initiate so-called nucleolar
stress. The process through which ribosomal proteins (RPs) transduce nucleolar stress signals via
MDM2 to p53 has been described as a crucial tumor-suppression mechanism. In this review we
focus on recent progress pertaining to the function and mechanism of RPs in association with the
MDM2-p53 tumor-suppression network, and the potential implications this surveillance network
has for cancer development.

The Emergence of RPs in the p53 Pathway

Cancer is a collective designation for hundreds of diseases. Hallmarks of cancer include
sustained proliferative signaling, evasion of growth suppressors, resistance to cell death,
replicative immortality, induced angiogenesis, and activation of invasion and metastasis [1].
Despite the vast complexity of different cancers, all have at least one feature in common:
uncontrolled cell proliferation, which is a consequence of enhanced protein synthesis, a
process facilitated by the ribosomal machinery. Thus, as a limiting factor for protein
translation, ribosome biogenesis plays a central role in oncogenic signaling processes
associated with several protooncogenes such as RAS, MYC, and PI3K (reviewed in [2,3]).
To counteract adverse deregulation of ribosome biogenesis, mammalian cells have
developed surveillance mechanisms that monitor aberrant ribosome production through
activation of a set of tumor suppressors such as p53, p14ARF (p19ARF in mice) and PTEN
that suspend cellular proliferation in the event of altered protein synthesis [4]. As the
‘guardian of the genome’, p53 plays a pivotal role in cellular stress response networks. Over
the past decade, escalating evidence from /n vitro cell systems, animal models, and human
clinical data have demonstrated that ribosomal stress inhibits p53 ubiquitination and induces
p53 transactivation, consequently leading to p53-dependent cell cycle arrest or apoptosis.
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Mechanistically, it has been well documented that a large number of RPs are involved in the
regulation of p53 via interaction with murine double minute-2 (MDM2), where RPs inhibit
MDM2-mediated p53 proteosomal degradation [5—7]. This review will summarize the
identification of the RP-MDM2—p53 pathway as a regulatory checkpoint for protein
synthesis, the mechanisms involved in p53 regulation, and the implications for tumor
surveillance based on data generated /n vitro, as well as in animal models.

The RP—MDM2—p53 Pathway Is a Checkpoint for Ribosome Biogenesis

Ribosome biogenesis consists of three events in the nucleolus: ribosomal RNA (rRNA)
transcription, rRNA processing, and ribosome assembly. In eukaryotes, 79 RPs have been
identified, of which 33 are incorporated into the 40S subunit and 46 into the 60S [8,9].
Ribosome biogenesis is a complex, but precisely coordinated cellular process, and likely the
most significant metabolic event within a proliferating cell. The entire process of ribosome
biogenesis has been estimated to consume nearly 60% of cellular resources [10]. For this
obvious reason, it occupies a central position in both component biosynthesis and energy
homeostasis. Failure to properly regulate ribosome biogenesis is a key signal to cellular
stress response pathways, collectively referred to as ribosomal stress or nucleolar stress,
suggesting that the integrity of ribosome biogenesis serves as a vital checkpoint for cellular
homeostasis.

Stress-induced p53 activation constitutes a major cellular response mechanism triggered by
deregulation of homeostasis [11]. Metabolic perturbation, nutrient deprivation, hypoxia,
DNA damage, viral infection, or even temperature change can interrupt ribosomal integrity
and induce ribosomal stress [3,12]. The points of ribosome biogenesis that signal a stress
response can be stratified into three categories: disruption of rRNA synthesis, disruption of
rRNA processing and maturation, and imbalance of ribosome components. The primary
mechanism driving the ribosomal stress response is the interaction between nucleolar
proteins and MDMZ2, which inhibits the E3 ligase activity of MDM2 towards p53 and
consequently stabilizes p53 (reviewed in [5]). The first evidence of RP interaction with
MDM2 involved RPL5 binding to MDMZ2 in a 5S rRNA-RPL5-MDM2-p53
ribonucleoprotein complex [13]. However, the functional consequences of the RP—MDM?2
interaction were not appreciated until several additional studies revealed that other RPs
including RPL11, RPL23, and RPL5 could activate p53 through interaction with MDM2
[7,14-18]. To date, as many as 16 RPs have been identified to bind to MDM2, particularly to
the central acidic domain, and regulate p53 activity (Table 1). Among them, RPL5 and
RPL11 function as both sensor and effector of ribosomal stress, while other RPs including
RPL6, RPL23, RPL26, RPL37, RPS3, RPS7, RPS14, RPS15, RPS20, RPS25, RPS26,
RPS27/RPS27L, and RPS27a bear the effector function and bind to MDM2 [7,19]. Of note,
almost all the aforementioned RPs exert their protective effects of p53 by antagonizing the
E3 ligase activity of MDM2, providing increased weight of evidence for an RP—MDM?2-p53
stress response pathway.

In addition to the direct binding of RP to MDMZ2, additional mechanisms have been
ascribed. For example, RP—MDMZ2 interaction provides a platform for MDM2 to degrade
RP substrates such as RPS7 [20,21], RPS27L [22], RPL6 [23], and RPL26 [24]. MDM2 can
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negatively regulate RPL26 through polyubiquitination and proteasomal degradation,
attenuating the association between RPL26 and p53 mRNA, thereby repressing the RPL26-
mediated augmentation of p53 gene translation [24]. In addition, RPL11 was reported to be
recruited to the promoter region of p53 targeting genes to induce p53 transcriptional activity
[25]. Apart from regulatory effects of RPs on p53, several RPs were identified as direct p53
target genes [22,26,27], suggesting the existence of a feedback loop that maintains a balance
between activation and degradation of p53 by modulating the available pool of MDM2-
interacting RPs. Other than regulating p53, MDM?2 also suppresses TAp73 transcriptional
activity by directly binding to its N-terminal transactivation (TA) domain. Interestingly,
RPL5 and RPL11 can compete with MDMZ2 to bind to the TA domain of TAp73 in response
to ribosomal stress, which results in elevated TAp73 transcriptional activity, suggesting an
alternative mechanism underlying potential tumor inhibition by RPs via different p53 family
members [28].

Ribosomal Component Imbalance Stimulates p53 Activation

A fundamental question remains as how the ribosomal stress signals communicate with
MDM?2 to regulate p53. Ribosome biogenesis requires the production of roughly equimolar
amounts of each rRNA species and RPs to generate 60S and 40S subunits and to yield
sufficient numbers of mature 80S polysomes [29]. Intensive studies on ribosomal stress have
revealed that imbalance of ribosomal components is the key source of unassembled RPs.
RNA polymerases (Pol) | and Pol Il are responsible for the transcription of the ribosomal
DNA (rDNA) genes. Inhibition of RNA Pol I by a low concentration of actinomycin D (<10
nM) or 5-fluorouracil (5-FU) can induce breakdown of nucleolar structure and activate a p53
stress response [30-32]. Infidelity in rRNA processing can lead to the accumulation of
unprocessed intermediate transcripts, leading to attenuation of subunit assembly that triggers
a nucleolar stress event. For example, ablation of Wrd36, a protein required for 18S rRNA
processing in zebrafish, disrupts pre-rRNA processing and leads to the inappropriate
accumulation of immature rRNA, which signals a stress response to p53 [33]. In addition,
studies from in vitro knockdown or /n vivo deletion of RPs demonstrated that the deficiency
of several RPs results in the induction of p53-dependent stress responses (Table 1). It is thus
argued that imbalance of ribosome components is the major reason for ribosomal stress and
the consequent activation of p53. A continuous and stable supply of RPs is essential for
maintaining adequate translational machinery. Otherwise, in response to ribosomal stress,
the balance among ribosome components is disrupted, and unassembled RPs function as a
regulatory unit, effectively constituting a quality control system to transmit cellular stress
response signals through MDM2 to p53.

Unassembled RPs provides prompt the ribosome assembly machinery, mainly residing in the
nucleolar compartment, to crosstalk with MDM2 and p53. Studies on RPL11 suggest two
possible models that may explain the physical RP-MDM?2 interaction. One model holds that
disruption of the nucleolus promotes the release of RPL11 into the nucleoplasm where it can
bind MDM2 and stabilize p53 [34]. This model is further supported by the finding that
actinomycin D-induced RPL6 translocation from nucleolus to nucleoplasm precedes
interactions with MDM2 [23]. A second model proposes that nucleolar stress induces an
increase in the translation of RP-enriched 5’ -terminal oligopyrimidine tract (5”-TOP)
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mRNA [35]. In this model, nucleolar stress causes an increase in RPL11 expression, thus
raising the concentration of unassembled free RPL11 available to bind to MDMZ2. Sladana
and colleagues demonstrated that latency in proteasomal degradation of RPL5 and RPL11
could be another source for the accumulation of free RPs [36]. Taken together, this evidence
supports an RP—-MDM2-p53 regulatory mechanism responsive to perturbation of ribosome
biogenesis.

Oncogenic activation of ribosome biogenesis is a useful experimental approach to
investigate the mechanisms and consequences of aberrant ribosome production.
Overexpression of c-MYC induces ribosome biogenesis via the upregulation of both rRNA
and RPs, contributing to the incidence of lymphoma [37]. On the other hand, reduced RP
expression can inhibit c-MY C-induced tumorigenesis. Indeed, heterozygosity for RPL24 or
RPL38 impedes the oncogenic activity of c-MYC [38]. Macias and colleagues generated a
mouse model bearing a single point mutation in the zinc-finger domain of MDM2
(MDM2C305F) that inhibits the binding between MDM?2 and RPL5/RPL11 and mitigates the
p53 response specific to ribosomal stress. By crossing with Eu-Myc transgenic mice,
MDM2C305F mice displayed strikingly accelerated lymphomagenesis [39], indicating that
the RP—-MDM2-p53 pathway is triggered in response to the hyperactivation of ribosome
biogenesis driven by c-MYC overexpression.

We postulate that, under normal situations, there is a dynamic balance between unassembled
RPs and RPs integrated into ribosomes. In response to ribosomal stress, such as drug-
induced inhibition of ribosomal biogenesis [3] or nutrient depletion [40], some RPs are
released from the nucleolar pre-ribosome structure and enter into the nucleoplasm where
they bind to MDM?2 and stabilize p53. Upon oncogenic activation, the translation of nascent
RPs is constitutively enhanced, leading to excessive expression of RPs, and the unassembled
RPs accumulate in the nucleoplasm and initiate the RP—MDM2-p53 pathway [39,41]. Thus,
the RP—MDM2-p53 signaling pathway acts as a sensitive surveillance network to monitor
either impairment or hyperactivation of ribosome biogenesis (Figure 1).

RPL5 and RPL11: Essential Messengers of the RP—MDM2-p53 Pathway

Given that different RPs are continuously being identified that complex with MDM2 and
regulate p53, it is worth asking whether all these proteins share similar importance in p53
activation. Deficiency in a multitude of nucleolar proteins leads to p53 stabilization,
however, some lack any defined association with MDMZ2 (Table 1). Of note, concomitant
depletion of RPL5 or RPL11, but not of RPS7 and RPL23, results in abrogation of
ribosomal stress-induced p53 activation and cell cycle arrest [42]. These insights imply that
RPL5 and RPL11 may play a pivotal role in sensing the stress resulting from an imbalance
of ribosomal components. However, what is still not completely understood from these
findings is why RPL5 and RPL11 appear to be unique messengers of ribosomal stress,
although there is some evidence in this direction.

The first line of evidence comes from the increased stability of RPL5 and RPL11 compared
to other RPs. It is thought that cells maintain high expression levels of RPs beyond what is
required for regular ribosome biogenesis. Excess unassembled RPs are actively turned over
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in the nucleoplasm through proteasome degradation, a process which is accelerated by the
inhibition of rRNA transcription [43]. However, RPL5 and RPL11 escape the degradation
machinery by mutual protection via a so far unknown mechanism, resulting in the
accumulation of unassembled RPL5 and RPL11 in the nucleoplasm where they are capable
of binding to MDM2 [36]. Structural analysis of the eukaryotic ribosome reveals that RPL5
and RPL11 reside on the 40S binding site of the 60S subunit together with 21 other large
subunit (LSU) RPs. However, in contrast to other RPs, RPL5 binds to, and flanks, 5S rRNA
to form the 5S ribonucleoprotein (RNP) in the cytoplasm. The whole complex is then
imported into the nucleolus where it binds to RPL11, which sits in one of the two RNA-
binding clusters of the LSU. This process is indispensable during ribosome biogenesis and
places RPL5 and RPL11 in a unique structural position to facilitate proper assembly of the
pre-60S subunit [44]. The key positioning may also make RPL5 and RPL11 more sensitive
to disruption in subunit assembly, and thus transduce stress signaling to p53. Indeed, 5S
rRNA was originally found to co-precipitate with RPL5 using anti-MDMZ2 antibody [13],
and lately has been demonstrated to be an essential component for inhibition of MDM2 and
activation of p53 [45]. More recently, several studies have revealed that the whole 5S RNP
machinery, consisting of RPL5, RPL11, and 5S rRNA, are required for p53 activation
triggered by Pol | inhibition, RP depletion, or oncogenic stress [44,46-48]. These findings
collectively suggest that the 5S RNP complex is redirected from assembly into 60S
ribosomes towards MDM2 binding under ribosomal stress conditions. Together, the
cooperation of RPL5 and RPL11 in the 5S RNP, as well as their resistance to proteasomal
degradation, emphasize the particular importance of RPL5 and RPL11.

A second line of evidence is highlighted by recent resolution of the crystal structure of
unassembled RPL11 complex with MDM2 [49]. MDM2 is characterized to compete with
28S rRNA for binding to RPL11. The acidic domain of MDM2 forms a negatively charged
surface where an electrostatic interaction with the positively charged surface of the palm of
RPL11 is established. Mutation of MDMZ2 at the RPL11 binding domain nullifies the
interaction and fails to promote RPL11 binding-induced p53 stability. This finding provides
a structural basis for the development of novel strategies for therapeutic intervention by
targeting the RPL11 binding domain on MDM2. The research emphasis on RPL11 and
RPLS5 does not necessarily minimize the contributions of other RPs. Despite the general
consensus that most RPs bind to the central acidic domain of MDM2 [6], it is possible that
RPs with different allosteric properties may bind to MDM2 en masse, or in a sequential
order, and thus exert more powerful and rapid control over MDM2 E3 ligase activity. In
addition, it is worth noting that hyperphosphorylation of MDM2 on Ser166 and Ser186 can
selectively affect its binding to specific RPs (RPS14 but not RPS19, RPL5, or RPL11) in
Namalwa, but not in U937 cells [50]. Moreover, RPS19 was found to be unable to bind to
MDM?2 when ectopically expressed in 293 cells with MDMZ2, but was shown to interact with
MDM2 in Namalwa cells [50,51]. These findings imply that MDM2 may selectively interact
with specific RPs in a stress- or tissue-specific manner.

RP Dysfunction and Cancer

Given the heterogeneous outcomes associated with ribosome biogenesis deficiency, there are
questions regarding the wisdom of a universal approach to target RP—MDM2—-p53.
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Ribosome-related disorders — ribosomopathies — have distinct pathological features, but
commonly share bone marrow failure and anemia at an early age, followed by a significantly
enhanced risk for cancer development. Because reduced translational capacity and increased
tumor-suppressor activity of p53 are characteristics of ribosomopathies [52], it is
counterintuitive to find that these patients appear to be predisposed to cancer [53-55]. In
addition, /n vivo experimental data from animal models also support a model whereby
alterations in ribosome biogenesis may promote neoplastic transformation. In Drosophila,
reduced expression of RPS6 can cause aberrant cell growth and hematopoietic neoplasias
[56].

The factors governing increased predisposition to hematological malignancies in patients
with ribosomopathies are unclear. A “selective pressure-based suppressor mutation’ model
has been proposed that may yield a more plausible explanation (Figure 2). A recent study
found single allele deletion of RPL22 in 10% of T cell acute lymphoblastic leukemia (T-
ALL) patients. Of note, RPL22 haploinsufficiency remarkably accelerated T cell lymphoma
in a MyrAkt2 T-ALL mouse model [57]. Rare somatic mutations in the RPL11 gene were
also identified in pediatric T-ALL patients, although whether it functions as a disease
inducer remains to be determined experimentally [58]. In addition, a separate study identi ed
somatic mutations in RPL5 (1.6%) and RPL10(8.2%) from 122 children diagnosed with T-
ALL [57,59]. The exclusive mutation in arginine 98 (R98S) of RPL10 leads to the failure of
the so-called ‘test drive’ of pre-60S ribosome subunit — a quality control checkpoint ensuring
that only properly functioning subunits are allowed to enter the pool of translationally active
ribosomes [59-61]. The shortage of 60S subunit then exerts selective pressure on cells to
mutate suppressors of ribosome biogenesis to restore cell proliferation and survival. NMD3
is a primary export adaptor that serves as a checkpoint for the maturation of pre-60S subunit
in yeast. In strains carrying the RPL10-R98S mutation, a second mutation in tyrosine 379 of
NMD3 (NMD3-Y379D) completely rescues RPL10-R98S associated ribosome biogenesis
defects and growth inhibition [62]. The NMD3-Y 379D mutation allows the dysfunctional
60S subunit to enter the translational machinery, without correcting the intrinsic structural
and biochemical defects of RPL10-R98S mutant ribosomes. As a result, the defective
ribosome conferring decreased fidelity in protein translation potentially contributes to cell
transformation. Although analysis of T-ALL patient samples from the same group failed to
uncover similar mutations in those genes behaving as the quality control of the 60S LSU, it
is still possible that the selection pressure can pass through ribosome biogenesis factors and
inactivate the downstream ribosomal checkpoints, such as p53.

The selection model described above (Figure 2) is supported by clinical evidence showing
that p53 is frequently mutated in patients with chromosome 5 aberration-associated
myelodysplastic syndrome (MDS). In a cohort of 318 MDS patients, 55 (17%) harbored
chromosome 5 aberrations. Surprisingly, 47% (26/55) of them harbored 7P53 mutations
compared to only 1.5% (4/263) of patients without 5q aberrations [63].

Consistent with the selection model, 11 of 12 zebrafish lines with elevated rate of cancer
development harbored mutations in various RP genes [64]. Of note, the distribution and
penetrance of cancers in these zebrafish lines phenocopies the malignancies in p53-null
zebrafish. Further analysis revealed that tumors in zebrafish with ribosomal
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haploinsufficiency also lost expression of p53 [65], indicating that cancer cells may utilize
p53 mutation to select against surveillance by a ribosomal integrity—p53 checkpoint. In
addition, tumorigenesis was directly evaluated in two recently generated RP-deficient mouse
models. Xiong and colleagues found elevated spontaneous lymphoma in RPS27L null mice
[66]. Knockout of RPS27L does not disrupt the ribosome profile, although it does cause a
moderate decrease in rRNA maturation. Despite slightly altered ribosome biogenesis,
RPS27L depletion causes p53-dependent postnatal death and hematopoietic failure.
Although p53 activity is increased by RPS27L deletion, Rps27L 7~ ;p53*/~ mice tend to
develop T lymphaoblastic lymphoma and B cell lymphoma. Further analysis revealed that the
wild-type p53 allele was deleted in 29 of 30 mice, strongly indicating that depletion of
RPS27L imposes selective pressure towards tumor-suppressor p53. The progressive
inactivation of p53 in response to RP depletion was further appreciated recently by a
zebrafish study in which deletion of RPS7 or RPL11 accelerate p53 proteasome degradation
through the inactivation of Akt signaling, providing a potential alternative mechanism for the
predisposition of ribosomopathies to cancer [67]. Thus, while hematopoietic cells bearing
ribosome deficiency are cleared by p53-dependent apoptosis, those cells with inactivated
tumor suppressors such as NMD3 or p53 can escape from RP—-MDM2-p53 surveillance and
survive. Enrichment of these cells is plausible for neoplastic transformation, although the
model has yet to be empirically tested.

In fact, there is abundant evidence suggesting a tumor-suppressive function of RPs via both
p53-dependent and -independent mechanisms. For example, while homozygous depletion of
RPL5 or RPL24 causes mouse embryonic lethality, spontaneous sarcoma is observed in a
small portion of RPL5 or RPL24 heterozygous mice, suggesting a potential tumor-
suppressor function for these two genes [68]. Similarly to RPS27L knockout mice,
heterozygous knockout of RPL11 is embryonic lethal. RPL11 haploinsufficiency revealed
anemia and impaired erythrocyte maturation in adult mice that correlated with remarkable
G1 cell cycle arrest and apoptosis in erythroid progenitors [69]. Further examination
demonstrated that partial loss of RPL11 increases mouse sensitivity to ionizing radiation-
induced lymphoma. These effects are correlated with a compromised p53 response to
ribosomal stress, and enhanced oncogenic activity of c-MYC, c-MYB, and TGF-B,
suggesting that RPL11 may function as a tumor suppressor [69]. RPL11 can be sequestered
in the nucleolus by nucleolar protein PICT1 [70]. Loss of PICT1 leads to RPL11
translocation to the nucleoplasm where it binds to MDMZ2 and stabilizes p53 to induce G1
cell cycle arrest and apoptosis. Analysis of patients with colorectal and esophageal cancer
demonstrates that patients with lower PICT1 expression survive longer, supporting a notion
that the RPL11-MDM2-p53 pathway is a potential tumor-suppressing pathway in some
cancers [70].

The RP—-MDM2-p53 pathway is a key cellular defense mechanism against aberrant cell
proliferation stemming from enhanced oncogenic activity. As mentioned, disruption of
RPL11-MDM2 complexes accelerates c-MY C-induced carcinogenesis via the abrogation of
p53 activity [39]. A recent study demonstrated that oncogenic splicing factor SRSF1 directly
binds to RPLS5 in complex with MDM2, and is necessary for the stabilization and activation
of p53 in response to ribosomal stress. Increased SRSF1 expression activates the RPL5—
MDM2-p53 pathway, decreases cell proliferation, and ultimately induces tumor suppression
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and oncogene-induced senescence [71]. Thus, it appears that the RP—-MDM2-p53 pathway
is an integral component of a self-monitoring system that maintains robust cell growth and
proliferation. When RPs are incorporated into the ribosome, they promote growth, a process
upregulated by proto-oncogenic signals. This is supported by observations that numerous
RPs are upregulated at either the mRNA or protein levels in various human tumors [72].
However, when unassembled as a free pool, RPs are capable of binding to MDM2 to activate
p53-dependent tumor suppression. Therefore, a delicate balance is struck between the rate of
RP synthesis, production, and incorporation into functional units as a means to modulate the
rate of cell growth and subsequent proliferation. Although the RP—MDM2-p53 pathway is
likely the primary mechanism of RP-directed tumor suppression, alternative mechanisms are
intertwined with cancer signaling processes. Therefore, the interpretation that dysfunctional
ribosomal biogenesis is either oncogenic or tumor-suppressive requires caution, and may
depend on the context of specific cancer types.

Animal Models for Human Ribosomopathies

Phenotypes associated with RP deficiency are heterogeneous. In humans, ribosomopathies
include Diamond-Blackfan anemia (DBA), 5g-syndrome, Shwachman-Diamond syndrome
(SDS), Treacher Collins syndrome (TCS), cartilage-hair dysplasia (CHH), and dyskeratosis
congenita (DKC) (reviewed in [73,74]). Although each ribosomopathy displays unique
characteristics, they do share some common features. The most notable is the presence of
hypoplastic behavior, characterized by decreased cell proliferation and increased apoptosis,
that strongly correlates with p53 activation [75].

Several mouse models with genetic manipulation of RPs were generated to dissect the
relationship between RP deficiency and ribosomopathy, and the outcome ranges from
lethality to manifestations of tissue-specific defects (Table 2). Human DBA is characterized
by anemia, impaired erythropoiesis, and bone marrow failure. Mutations in several RPs
including RPS24, RPS17, RPL35A, RPS7, RPS15, RPS27A, RPL36, RPL5, and RPL11
have been identified in approximately 50% of human DBA patients. Genetic manipulation of
RPS6, RPS7, RPS19, RPS20, RPS27A, RPS27L, and RPL11 in mice was used to study
DBA. RPS6 was the rst RP to be deleted in mice, and homozygous deletion led to
embryonic lethality [76]. Surprisingly, tissue-specific deletion of RPS6 in liver demonstrated
deficiency in cell proliferation but not in cell growth [76]. Further studies showed that RPS6
haploinsufficiency phenocopies human DBA, and concomitant deletion of p53 rescues the
DBA phenotype, providing evidence that ribosomal integrity is monitored by p53 [77,78].
Likewise, haploinsuffiency of RPS7 [79], RPS19 [80-82], RPS20 [78], RPS27A [83],
RPS27L [66], and RPL11 [69] all phenocopy human DBA. The disease phenotype can be
corrected by p53 deletion in almost all these mouse models, with the exception of mice with
RPL11 heterozygosity where the contribution of p53 to DBA-related anemia was not
specifically addressed.

The current mouse models of ribosomopathies imply that RP deficiency-induced p53

predominantly triggers apoptosis in hematopoietic cells. p53 can also promote the survival
of RPL24-deficient mice during the embryonic stage by delaying the cell cycle to induce a
Bst (belly spot and tail) phenotype in adults [84]. A less extreme phenotype is observed in
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RPL29 null mice, which are viable but exhibit postnatal lethality due to low birth weight,
immature organ development, and delayed osteogenesis associated with reduced expression
of RPs and decreased rates of proliferation and protein synthesis [85,86].

More recently, Sun and colleagues reported that deletion of RPL29 facilitates RPL11—
MDM2 binding and activation of p53 in human cancer cells [87], suggesting that p53
signaling is involved in the growth retardation observed in RPL29-null mice. p53 appears to
have conflicting roles in determining cell survival or cell death in response to RP
insufficiency. One explanation might be the differential expression of RPs in a tissue-
specific or developmental stage-dependent manner. Indeed, homozygous deletion of RPL22
in mice does not cause a lethal phenotype, but selectively suppresses ap-lineage T cell
development. Mechanistically, deletion of RPL22 triggers selective activation of p53 in the
ap-lineage progenitor cells, resulting in increased levels of p21 and BAX, and subsequent
apoptosis [88,89]. Overall, mutant RP phenotypes in mice appear to be the result of two
distinct mechanisms: (i) ribosome-dependent suppression of protein synthesis, and (ii) extra-
ribosomal functions that activate p53. To our surprise, the latter mechanism seemingly
dominates the cellular response to RP deficiency. This suggests that restoration of normal
p53 turnover could be a therapeutic approach for treating ribosomopathies. Indeed,
Lenalidomide (Len), an inhibitor of PP2Ac, causes phosphorylation of MDM2, leading to
the release of MDM2 from RPS14, the stabilization of MDM2, and degradation of p53 [50].
By targeting the RPS14-MDM2-p53 axis, Len has successfully the extended survival of
patients with lower risk MDS [90].

Concluding Remarks

As knowledge pertaining to extra-ribosomal function of RPs accumulates, the potential for
unassembled RPs to interact with non-nucleolar components has opened doors to an
unexpected new field where RPs play potentially opposing functions independent of their
classical function as structural units of the ribosome. As an important defense mechanism
against uncontrolled cell proliferation, the RP—MDM?2-p53 pathway stands out as one of the
better-characterized pathways that fulfill a role as a sensor of ribosomal integrity.
Transmission of ribosome processing defects to p53 enables a stopgap mechanism that
inhibits further cell cycle progression and protects genome stability. This discovery
highlights the potential for pharmaceutical intervention in the RP—MDM2-p53 pathway in
cancer. Several molecules targeting the RP—MDM2—-p53 pathway have already been
developed, but yielded adverse effects owing to severe cytotoxicity. Among them, two
inhibitors of RNA Pol I, CX-3543, and CX-5461, are in Phase Il clinical trials and are
demonstrating clinical efficacy with promising tolerance and safety profiles [91,92].

Many open questions remain to be addressed to fully understand the RP—MDM2-p53
pathway (see Outstanding Questions). For example, it is unclear why a redundant number of
RPs bind to MDM2 to elicit a seemingly similar p53 response. There may be nuanced
regulation of ribosome production and function that could further lead to novel areas for
therapeutic intervention. On a different note, there is a gap in experimental evidence to
suggest whether RPL11, or the RPL5-RPL11-5S rRNA complex, is the dominant switch in
this pathway. The types and magnitudes of cellular stressors that can transmit signals though
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the RP—-MDM2-p53 pathway, particularly endogenous signals, are largely unexplored.
Finally, increasing evidence reveals that induction of p53 following ribosomal stress does
not necessarily require catastrophic genomic damage but may instead respond to more subtle
and transient fluctuations in genome fidelity. Given that p53 target genes are differentially
regulated and tailored to stress-specific responses that dictate cell fate between life and death
[93-95], it will be interesting to understand whether there is any specificity in ribosomal
stress-induced p53 signaling, especially in terms of tumorigenesis. If this is the case, how
does ribosomal stress induce divergence between life or death events? A greater depth of
knowledge regarding RP—-MDM2—-p53 regulation will advance our understanding of RP
signaling in both health and disease.
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Trends

As one hallmark of cancer, uncontrolled cellular proliferation is sustained by enhanced
ribosome biogenesis. Disruption of ribosome synthesis triggers a nucleolar stress
response that transmits signals to p53 to maintain genomic and cellular homeostasis. The
central mediators of this signaling process are MDM2 and RPs. In response to nucleolar
stress, RPs bind to MDM2 to promote p53 stabilization and activation. The resulting
checkpoint is defined as the RP-MDM2—p53 pathway.

In addition to monitoring the fidelity of ribosomal biogenesis, the RP—MDM?2-p53
surveillance network is important for inhibiting oncogenic activity. Hyperactivity of the
¢-Myc oncogene contributes to lymphomagenesis. A mouse model harboring a mutation
in MDM2 (MDM2C305F) pypasses RP signaling to p53 and accelerates lymphoma
development. The findings provide key mechanistic insight between oncogene-induced
cell growth and p53 regulation of cell cycle dynamics.

Failure to synthesize specific RPs leads to a collection of pathological conditions known
as ribosomopathies. Many are characterized by hematological deficiencies and a
predisposition to cancer development. Emerging evidence implicates the RP—-MDM2—p53
pathway as a key mechanism contributing to these endpoints. Aberrant activation of the
RP-MDM2-p53 pathway may provide selective pressure for loss of p53-dependent cell
cycle suppression, providing a causal link to ribosomal deficiency-mediated cancers.
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Outstanding Questions

What are the natural triggers of the RP—-MDM2-p53 pathway under physiological
conditions? Accumulating evidence reveals that induction of p53 following ribosomal
stress does not necessarily require catastrophic genomic damage but may instead respond
to more subtle and transient environmental fluctuations. Defining the perturbations that
lead to nucleolar stress represents a key data gap for future investigations.

Does RP—-MDM2-p53 signaling provide a protective effect through promotion of pro-
survival or pro-death signals? The transcriptional programs activated by p53 may vary
depending on the nature of the stress input. Classifying these potentially differential
responses is important for defining the specificity of RP—MDM2-p53 signaling in the
context of tumorigenesis.

Why do a redundant number of RPs bind to MDM2 to elicit a seemingly similar p53
response? As many as 16 RPs have been found to bind to MDM2 and stabilize p53, but it
is not well understood whether these RPs work independently or synergistically. Future
work exploring the complementary effects of RPs on the magnitude, duration, and
specificity of the p53 response is warranted.

What are the regulatory mechanisms that govern RP translocation to the nucleus
following nucleolar stress? Movement of free RPs from the nucleolus to the nuclear
space is important for transmitting stress signals to p53. How RPs primed for ribosomal
synthesis are redirected toward MDM2 to elicit a p53 response remains to be clarified.

Is the RP—MDM2-p53 pathway a druggable target for cancer treatment? Most RPs bind
to the central zinc-finger domain of MDMZ2 to prevent interaction with p53. Small
molecules with a strong affinity for the zinc-finger domain of MDM2 may provide a
viable means for activating p53 tumor suppression in susceptible cancer types. Active
investigation into screening and application of novel drug candidates is a crucial gap to
translate these research findings into novel cancer therapeutics.
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Figure 1. Dynamic Balance of Ribosome Biogenesis Regulates the RP—-MDM2-p53 Pathway
Ribosome biogenesis is a highly dynamic cellular event that determines the shift of

ribosomal proteins (RPs) between ribosome structural components or unassembled RP
available for transmitting signals to p53. In response to ribosomal stressors such as chemical
agents, serum starvation, or nutrient deprivation, RPs translocate from the nucleolus to the
nucleoplasm where particular RPs, such as RPL5 and RPL11, bind to MDM2 to abrogate
MDM2 E3 ligase activity and activate p53. Oncogenic stimulation leads to hyperactivation
of RP expression and rRNA synthesis. The elevated de novo RP synthesis facilitates
ribosome biogenesis in the nucleolus and simultaneously increases the nucleoplasmic
concentration of free RPs which are available to bind to MDM2 and activate p53.
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Figure 2. From Ribosomopathy to Cancer: A Model of Selective Mutation
In healthy cells, ribosome biogenesis is tightly regulated and exists in a homeostatic balance

that is determined by the overall demand for protein synthesis. Ribosomopathies develop
when mutations in genes involved in ribosome biogenesis lead to hypoproliferation resulting
from p53-dependent or -independent cell cycle arrest and apoptosis. Clonal selection for
cells harboring mutations in tumor-suppressor genes that enables bypass of normal
surveillance mechanisms can result in a population with decreased capacity for high fidelity
ribosome biogenesis. Continued enrichment of this functionally deficient population gives
rise to additional mutations that enable cellular transformation to cancer. This model was
adapted from Sulima et al. [62].
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Table 1

RPs and Biosynthesis Factors Involved in Regulating the MDM2-p53 Pathway.

Page 20

Protein Binding to MDM2 | Ablation Induces p53 | L5/L11 Mechanism of p53 Regulation Refs

Dependency in

p53 Regulation
RPL5 Yes No N/A Inhibits Mdm2 E3 activity [13,16]
RPL11 Yes No N/A Inhibits Mdm2 E3 ligase activity; Increases | [14,15]

p53 acetylation and transactivity

RPS3 Yes No N/A Inhibits Mdm2 E3 activity [96]
RPS15 Yes Yes N/A Inhibits Mdm2 E3 activity [97]
RPS20 Yes Yes N/A Inhibits Mdm2 E3 activity [97]
RPS25 Yes No N/A Inhibits Mdm2 E3 activity [26]
RPS27 Yes No N/A Inhibits Mdm2 E3 activity [22]
RPS27a Yes No N/A Inhibits Mdm2 E3 activity [98]
RPL6 Yes No N/A Inhibits Mdm2 E3 activity [23]
RPL26 Yes No N/A Enhances p53 translation [99]
RPS7 Yes Yes L5/L11 Inhibits Mdm2 E3 activity [20,35]
RPS14 Yes Yes L5/L11 Inhibits Mdm2 E3 activity [51]
RPS26 Yes Yes L11 Inhibits Mdm2 E3 activity [100]
RPS27L Yes Yes L11 Inhibits Mdm2 E3 activity [22,66]
RPL23 Yes Yes L5/L11 Inhibits Mdm2 E3 activity [17,18]
RPL37 Yes Yes L11 Inhibits Mdm2 E3 activity [101]
RPS6 No Yes L11 Maintains ribosomal integrity [35]
RPS9 No Yes L11 Maintains ribosomal integrity [102,103]
RPS194 No Yes L5/L11 Maintains ribosomal integrity [51,104]
RPS23 No Yes L11 Maintains ribosomal integrity [35]
RPL7A No Yes L11 Maintains ribosomal integrity [35]
RPL22 No Yes N/A Inhibits p53 protein synthesis [88]
RPL24 No Yes L11 Maintains ribosomal integrity [84]
RPL29 No Yes L11 Maintains ribosomal integrity [87]
RPL30 No Yes L11 Maintains ribosomal integrity [87]
SRSF1 Yes No L5 Inhibits Mdm2 E3 activity [71]
NPM Yes No N/A Inhibits Mdm2 E3 activity [105]
NCL Yes No N/A Inhibits Mdm2 E3 activity [106]
PAK1IP1 Yes Yes L5/L11 Inhibits Mdm2 E3 activity [107]
NS No Yes L5/L11 Inhibits Mdm2 E3 activity [108]
PICT1 No Yes L11 Nucleolar anchor of L11 [70]
MYBBP1A | No No L5/L11 Facilitate p53 acetylation [109]

aRPSlQ binds to MDM2 in a cell-specific manner [50,51].
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