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Causal associations between hereditary
and acquired dysregulation of ribosome
biogenesis (RiBi) and an increased risk
of cancer have been established. How-
ever, the mechanisms underlying these
associations are only beginning to be
explored. Various types of RiBi dysregu-
lation have been linked with alterations
in protein synthesis and proteostasis,
metabolic processes, redox homeosta-
sis, genome stability, and transcription.
Understanding how these alterations
Ribosome biogenesis (RiBi) is one of the most complex and energy demanding
processes in human cells, critical for cell growth and proliferation. Strong causal
links between inherited and acquired impairment in RiBi with cancer pathogene-
sis are emerging, pointing to RiBi as an attractive therapeutic target for cancer.
Here, we will highlight new knowledge about causes of excessive or impaired
RiBi and the impact of these changes on protein synthesis. We will also discuss
how new knowledge about secondary consequences of dysregulated RiBi and
protein synthesis, including proteotoxic stress, metabolic alterations, adaptive
transcriptional and translational programs, and the impaired ribosome biogenesis
checkpoint (IRBC) provide a foundation for the development of new anticancer
therapies.
contribute to cancer pathogenesis is of
great interest as it may reveal targetable
cancer vulnerabilities.

Impairment of RiBi redirects the nascent
preribosomal RNA complex containing
ribosomal protein L5 (RPL5), RPL11,
and 5S rRNA from RiBi to bind the
human homolog of mouse double
minute 2 (HDM2) and thereby block
HDM2-mediated ubiquitination and
degradation of the tumor suppressor
p53. This signaling pathway was re-
cently named the impaired ribosome
biogenesis checkpoint (IRBC).

Animal studies suggest that IRBC sig-
naling acts as a barrier to tumorigenesis
by triggering apoptosis or senescence
and by preventing DNA damage and
genome instability. Recent evidence
for the positive selection of specific
RPL5 and RPL11 gene mutations in
human tumors with wt TP53 further
strengthens the role this pathway plays
in tumor suppression.

CX-5461, the first direct and selective
inhibitor of RNA polymerase I, limits
tumorigenesis by activating the IRBC.
By inhibiting rDNA transcription, CX-
5461 triggers rDNA replication stress,
thereby explaining synthetic lethal inter-
actions in cancers harboring genetic
defects in homologous recombination
(HR) or nonhomologous end joining
(NHEJ) DNA repair pathways.
The Emerging Complexity of Ribosome Biogenesis in Humans
The mature human ribosome is composed of 40S and 60S subunits. The 40S subunit consists of
18S rRNA and 33 distinct ribosomal proteins (RPs), whereas the 60S subunit is composed of 5S,
5.8S, and 28S rRNAs and 47 distinct RPs [1]. The ribosome represents one of themost abundant
and elaborate cellular ribonucleoprotein (RNP) complexes [2], a molecular machine that translates
coding regions of mRNAs into proteins, thereby playing a pivotal role in the execution of gene
expression programs that regulate a multitude of cellular processes, including cell growth, pro-
liferation, and differentiation [3]. Given that RiBi is one of the most complex and energy-
demanding cellular processes, with prominence in dictating cell phenotypes, it is not surprising
that it is highly coordinated with the metabolic and mitogenic state of the cell and is regulated in
response to many diverse stressors [4,5]. Most steps in RiBi take place in the nucleolus where
ribosomal DNA (rDNA) genes are transcribed by RNA polymerase I (Pol I) and a range of asso-
ciated transcription factors, including transcription initiation factor I (TIF-I) A, selectivity factor 1
(SL-1), and upstream binding factor (UBF) into the 47S precursor rRNA (pre-rRNA) containing
18S, 5.8S, and 28S rRNAs [6]. The 5S rRNA is transcribed from a distinct gene cluster located
on chromosome 1 by RNA Pol III [2]. The 47S pre-rRNA is cotranscriptionally packaged
together with early binding RPs, 5S rRNA, and a subset of RiBi factors into the 90S
preribosome [1]. Maturation of the 90S preribosome into pre-40S and pre-60S ribosomal sub-
units involves folding, extensive chemical modifications, and cleavage of the 47S pre-rRNA into
mature rRNAs as well as assembly with additional RPs in a step-wise manner [2]. These
complex events involve several hundred non-RPs and small nucleolar RNAs (snoRNAs) [7].
Several steps of RiBi occur in the nucleoplasm and cytoplasm [6].

It is generally accepted that the increase in the rate of RiBi driven by oncogenes or loss of tumor
suppressors fuels unrestricted cell growth and proliferation through protein overproduction [8].
However, several recent studies have demonstrated a causative role of excessive RiBi in malig-
nant transformation [9,10]. Whilst somewhat counterintuitive, mutations in genes encoding ribo-
some components or RiBi factors that impair RiBi are associated with both human cancers and
congenital hypoproliferative diseases, collectively called ribosomopathies [11,12]. Given the
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importance of RiBi in the precise execution of the genetic program and its dysregulation in cancer
and other diseases, it is perhaps unsurprising that the impaired ribosome biogenesis checkpoint
(IRBC) and quality control cellular mechanisms have evolved to sense aberrant RiBi to control
adaptive responses and trigger the degradation of defective ribosomes [2]. However, despite
recent remarkable progress, the exact steps in RiBi and its regulation are still poorly understood
in humans. A better characterization of these mechanisms will be vital in understanding their roles
in the pathogenesis of cancer as well as designing novel anticancer treatment strategies.

In this review article, we will largely discuss the links between quantitative changes in RiBi and
cancer. Our focus will be on new knowledge of the molecular mechanisms underlying excessive
or decreased RiBi, along with the secondary consequences of dysregulated RiBi, including
alterations in protein synthesis, proteotoxic stress, metabolic changes, the IRBC, and adaptive
transcriptional and translational responses. We will also discuss how this knowledge provides
novel and unexpected insights into cancer biology and builds a foundation for the development
of new and improved anticancer therapies that target dysregulated RiBi and/or the cellular liabilities
that arise from its secondary effects. Even though emerging evidence indicates that heterogeneous
ribosomes might contribute to cancer by dysregulating translation of specific mRNAs or decreasing
translation fidelity, wewill not discuss this issue here and instead refer the interested reader to recent
reviews on this subject [13,14].

Excessive RiBi in Cancer
Aberrant increases in nucleolar size and number, most commonly reflecting upregulation of RiBi,
were linked to cancer over a century ago and are still used as markers of poor prognosis for many
cancer types [15]. The importance of increased RiBi has been further supported by the observa-
tions that several oncogenic pathways, namely phosphatidylinositol 3-kinase/AKT/mammalian
target of rapamycin complex 1 (PI3K/AKT/mTORC1), RAS-MAPK, c-MYC, and epithelial cell-
transforming sequence 2 oncogene (ECT2), stimulate RiBi at multiple levels, whereas tumor
suppressors, including phosphatase and tensin homolog deleted on chromosome 10 (PTEN),
retinoblastoma protein (RB), p53, alternative reading frame protein (ARF), glycogen synthase
kinase 3 β (GSK3β), tend to represses this process [6] (Figure 1). As oncogenes and tumor
suppressors also affect additional cellular processes, it can be difficult to determine whether
dysregulation in protein synthesis and ribosome abundance are at the heart of cancer pathogenesis
[2,16] (Figure 1). Excessive RiBi can contribute to cancer pathogenesis by driving cell growth and by
altering the pattern of translated mRNAs. The identity of mRNAs that are dysregulated in cancers
with excessive RiBi are just beginning to emerge with the advent of genome-scale technologies
such as polysome and ribosome profiling [17]. Undoubtedly, many other factors may influence
translation of specific mRNAs, including mRNA concentration, mRNA affinity for the machinery,
aminoacyl-tRNA availability, effects of specific miRNAs as well as other translational inhibitors, in
addition to ribosome abundance [16].

Here, we will discuss two exciting recent studies that have offered new mechanistic insights
linking dysregulated protein synthesis caused by excessive RiBi with tumorigenesis. A model
has recently been proposed in which increased rates of protein synthesis downstream of exces-
sive RiBi contribute to the metastatic phenotype via induction of a heat shock factor 1 (HSF1)-
dependent transcriptional program [9] (Figure 1). This program drives RiBi, protein synthesis,
energy metabolism, cell proliferation, survival, cancer-promoting signal transduction pathways,
mRNA processing, invasion, metastasis, proteotoxic stress response, DNA repair, and immune
response and is active in subsets of some of the deadliest and most common malignancies,
including carcinomas of the breast, colon, and lung. HSF1 activation has been strongly associated
with the metastatic phenotype and poor clinical prognosis [9]. Treatment with Rocaglates, natural
2 Trends in Cancer, Month 2020, Vol. xx, No. xx
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products, and translation initiation inhibitors, ablates HSF1 DNA binding, preventing the execution
of the HSF1-regulated transcriptional program and generating strong anticancer effects in animal
models [9]. Rocaglates mediated these effects without affecting HSF1 protein levels. Further
emerging data strongly suggest that protein synthesis inhibitors and small molecule inhibitors of
HSF1 activity offer a new therapeutic strategy to treat human cancers driven by excessive RiBi
[18,19]. A second study employed a genome-wide clustered regularly interspaced short palin-
dromic repeats (CRISPR)-based activation screen in breast cancer patient-derived circulating
tumor cells (CTCs) to identify a number of genes that promote metastatic potential [10]. They
observed that overexpression of RPL15 (also known as eL15, according to the new nomenclature
of RPs [20]), RPL35 (uL29), or RPL13 (eL13), which are known to form a cluster on the surface of
the 60S ribosome, increased metastatic potential and, consistent with earlier studies, implicated
overexpression of RPL15 or RPL13 in the pathogenesis of several types of cancer [21,22]. An
unexpected finding was that overexpression of any of these three exogenous RPs can lead to
translational upregulation of all RPs, increased amount of fully assembled ribosomes, and
enhanced global translational activity, providing a paradigm-shifting concept in terms of RiBi regula-
tion [10] (Figure 1). Furthermore, ribosome profiling revealed that components of cell proliferation
pathways, including E2F-regulated genes, were also strongly translationally upregulated under
these conditions (Figure 1). These changes positively correlated with dramatically increased metasta-
tic capacity of CTCs in mouse models. Combined treatment of mice with the protein synthesis inhib-
itor omacetaxine/homoharringtonine and the cyclin-dependent kinase 4/6 (CDK4/6) inhibitor
palbociclib led to a dramatic decrease in metastasis derived from RPL15-CDCs compared with
parental CTCs [10]. These findings may have direct clinical relevance for a subset of breast cancer
patients with a poor prognosis whose CTCs show strong ribosome and protein synthesis signatures.

Altogether, these studies demonstrate that elevated global protein synthesis, due to enhanced
RiBi, plays an important role in the development and progression of cancer and suggests that
pharmacological inhibitors of protein synthesis and RiBi might have far broader applications in
cancer therapy than previously acknowledged. There is also increasing evidence that excessive
RiBi may also lead to increased translation error rate; also known as protein translational infidelity
[2]. Further discussion on this topic can be found in Box 1.

Proteotoxic Stress in Cancers with Excessive RiBi
Both increased production of proteins, most notably abundant RPs, and increased translational
infidelity associated with excessive RiBi, may overwhelm the capacity of the chaperone network
and protein degradation pathways, giving rise to proteotoxic stress and activation of the unfolded
protein response [2,23] (Figure 1). Proteotoxic stress is commonly associated with increased pro-
duction of reactive oxygen species (ROS), which might promote tumorigenesis via stimulation of
cell proliferation, induction of replication stress, and generation of mutations due to oxidative DNA
damage [24] (Figure 1). Alternatively, dysregulation of protein homeostasis under these condi-
tions can lead to a global decline in cellular function and eventual cancer cell death [23,24]
(Figure 1). It is likely that under these conditions, cancer cells activate HSFs to drive the induction
Figure 1. Consequences of Excessive Ribosome Biogenesis (RiBi). Hyperactivation of RiBi in cancer occurs
downstream of increased RPL13, RPL15, or RPL35 expression, activation of oncogenic signaling pathways, and
inactivation of tumor suppressors. Apart from increased ribosome abundance, excessive RiBi may be associated with
proteotoxic stress, causing the accumulation of unassembled ribosomal protein (RPs) and activation of the impaired
ribosome biogenesis checkpoint (IRBC). The increase in ribosome abundance can elevate global protein synthesis rates
altering the pattern of translated mRNAs and translational fidelity, thereby contributing to cancer pathogenesis
Dysregulated protein synthesis may also lead to proteotoxic stress that can impair tumorigenesis. However, under these
conditions, cancer cells can activate protein homeostatic mechanisms, thereby enabling their survival and adaptation to
stress, eventually leading to malignant transformation.
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Box 1. Translational Infidelity Downstream of Excessive RiBi in Cancer

Increased translational infidelity positively correlates with accelerated cancer growth kinetics, although the underlying
mechanisms are poorly understood [82]. Studies in several model microorganisms, including bacteria and fungi, have
provided insights into consequences of translational infidelity [83]. The high error rate of protein production can increase func-
tional proteome heterogeneity and thereby lead to the generation of proteins with novel or altered function [83]. Altered func-
tions of proteins involved in DNA replication, DNA repair, and nucleotide metabolism may lead to increased DNA mutation
rates and widespread genome rearrangements [84]. These changes provide cells with a plasticity that grants them a high
capacity to withstand the effects of drugs, colonize hostile environments, or evade the host’s immune responses [84]. Given
these observations in model microorganisms, it is conceivable that cancer cells might acquire a similar set of functional
capabilities during their development via decreased fidelity of translation in high translation conditions associated with exces-
sive RiBi. However, these exciting possibilities will require validation in appropriate mammalian models of cancer. Finally, it is
likely that cancers characterized by increased translational infidelity, including those with excessive RiBi, are more likely to
present a wide range of cancer cell-specific neoantigens on their surface to effector T cells. As a cancer immunosurveillance
liability, this might then be exploited for development of novel vaccine or immunotherapies alongside checkpoint blockade,
such as those targeting the programmed cell death protein 1/programmed death-ligand 1 (PD-1/PD-L1) pathway [2].
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of heat shock response genes, including chaperones and proteasomal genes that mitigate
proteotoxic stress, allowing their survival and proliferation [25]. It is thus tempting to speculate
that drugs which enhance proteotoxic stress, including inhibitors of proteasomes, heat shock
protein 90 (HSP90), valosin-containing protein (VCP; also known as p97) or autophagy, alone
or in combination with other drugs, could be a possible therapeutic avenue in cancers with exces-
sive RiBi [23,26].

Nucleotide Biosynthesis Is a Targetable Vulnerability in Cancers with Excessive RiBi
rRNA constitutes about 80%of total RNA, implying a high demand for nucleotides to support RiBi
[2]. Consistent with this notion, hyperactivation of the mTORC1 or c-MYC oncogenic signaling
pathway simultaneously upregulates RiBi and de novo nucleotide synthesis [27,28].

Inhibition of inosine monophosphate dehydrogenase (IMPHD), an enzyme required for de novo
guanosine monophosphate (GMP) synthesis, with pharmacological inhibitor mizoribine or
transient knockdown of IMPHD1 and IMPHD2 in the presence of mTORC1-driven excessive
rRNA synthesis reduces the quanine nucleotide pools, resulting in replication stress, DNA
damage, and selective deleterious effects on these cancer cells [28]. These findings suggest
that increased nucleotide synthesis might be exploited therapeutically in the treatment of
human cancer with excessive RiBi with inhibitors of nucleotide synthesis.

Decreased RiBi and Cancer
Multiple lines of evidence suggest that decreasing the ribosome pool may also contribute to the
initiation and progression of cancer [11]. Some of the most rapidly proliferating human cancers,
including small cell lung cancer and several hematological malignancies, have small nucleoli,
most likely reflecting decreased rates of RiBi [2]. The large majority of zebrafish lines with hetero-
zygous mutations in distinct RP genes develop malignant peripheral nerve sheath tumors
(MPNST) [2]. Surprisingly, the zebrafish mutant lines with the highest incidence of MPNSTs
were growth retarded, suggesting that altered protein synthesis caused by reduced ribosome
numbers might fuel malignant development. The observation that zebrafish harboring mutant
p53 also develop MPNST led to the discovery that RP-haploinsufficient zebrafish cells lose
p53 expression at the level of protein synthesis during tumorigenesis, although the underlying
mechanism remains elusive.

Decreased RiBi Underlies the Pathogenesis of Diamond–Blackfan Anemia (DBA)
Research over the last two decades has shown that heterozygous germline truncatingmutations,
deletions, or translocations affecting any of 19 distinct RP genes can cause DBA: RPS7 (eS7),
RPS10 (eS10), RPS15A (uS8), RPS17 (eS17), RPS19 (eS19), RPS24 (eS24), RPS26 (eS26),
Trends in Cancer, Month 2020, Vol. xx, No. xx 5
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RPS27 (eS27), RPS28 (eS28), RPS29 (uS14), RPL5 (uL18), RPL11 (uL5), RPL15, RPL18 (eL18),
RPL26 (uL24), RPL27 (eL27), RPL31 (eL31), RPL35, and RPL35A (eL33) [11]. Only a small
portion of DBA patients harbor heterozygous germline missense mutations in the RP genes,
the effects of which on the structure and function of specific RPs need to be determined.
Taken together, these findings suggest that haploinsufficiency of RPs is the most common
basis for DBA.

Notably, in addition to red cell failure and the presence of congenital anomalies, DBA is characterized
by a predisposition to cancer, in particular myelodysplastic syndrome (MDS), acute myeloid
leukemia (AML), colon cancer, osteogenic sarcoma, and female genital cancers [11]. Similarly, the
discovery that the 5q-syndrome, a rare form ofMDSwith a propensity to progress to AML, is caused
by the somatic loss of one allele of the RPS14 (uS11) gene, further strengthened the association
between haploinsufficiency of certain RP genes and human malignancies [11]. Additionally, a trun-
cating heterozygous germline mutation in RPS20 (uS10) causes predisposition to hereditary
nonpolyposis colorectal cancer [29]. The observation that RPS20 (uS10) truncating germline muta-
tions specifically predispose patients to colorectal cancer, but not to DBA phenotypes and other
cancers derived from DBA, despite the same predicted negative effects of these mutations on
RiBi, implies an additional level of complexity bywhich inactivating heterozygousmutations of essen-
tial RPs contribute to specific pathological phenotypes [11,29]. It can be speculated that the capacity
of the remaining wild type (wt) RP allele to compensate for a mutated RP allele, and thereby prevent
the occurrence of a defect in pre-rRNA processing, might be a factor in determining cell-specific
pathogenic effects of truncating mutations of specific RPs, although other possibilities exist [16].

The latest discoveries fromDBApatient-derived cells, RP-deficient yeast, and humanDBA-mimicking
cellular models have shown that RP deficiencies do not lead to the generation of specialized ribo-
somes containing a different complement of RPs, but rather reduce ribosome number, decrease
the rate of general protein synthesis, and alter the spectrum of translated mRNAs [30] (Figure 2).
Notably, a failure of RP-haploinsufficient early hematopoietic stem and progenitor cells (HSPCs)
to translate GATA binding protein 1 (GATA1) mRNA underlies the defective hematopoiesis
observed in DBA patients [31]. Ribosome profiling of HSPCs, in which the levels of distinct RPs
have been decreased using specific shRNAs, reproduced a previously observed defect in
GATA1 mRNA translation in HSPCs from DBA patients, but also revealed impaired translation
of several other transcripts, notably those coding for RPs [30]. The most affected mRNAs in
RP-deficient HSPCs are those that are very efficiently translated in their wt counterpart cells.
These mRNAs are characterized by short open reading frames, short 5′ untranslated regions
(UTRs) with less complex secondary structure and a smaller number of upstream start codons
(uAUGs) [30]. However, caution must be taken when interpreting the results of these experi-
ments because shRNA-mediated knockdown of specific RPs may lead to a stronger RP defi-
ciency than DBA-associated heterozygous truncating RP mutations. Therefore, the use of cells
or animal models in which only one allele of a particular RP gene is conditionally deleted in such
experiments would be more relevant to DBA and other human diseases caused by truncating
mutations of specific RPs.

RP Haploinsufficiency Is a Common Feature of Sporadic Human Cancers
Heterozygous somatic missense and truncating mutations of many RPs genes, including RPL5,
RPL0 (uL16), RPL11, RPL22 (eL22), RPL23A (uL23), RPL39 (eL39), RPSA (uS2), RPS5 (uS7),
RPS15 (uS19), RPS27, and RPS20 are common features of diverse human sporadic cancers
[22,32]. The functional consequences of various mutations in distinct RPs may vary from
decreased RiBi to the loss of extra-ribosomal functions or generation of ribosomes with hetero-
geneous composition.
6 Trends in Cancer, Month 2020, Vol. xx, No. xx
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In this section, we will briefly discuss several examples of cancer-associated RP mutations
that might potentially lead to impaired RiBi and decreased ribosome abundance (Figure 2). Very
recently, 139 RPL5 and 74 RPL11 heterozygous somatic mutations have been identified through
analysis of The Cancer Genome Atlas and International Cancer Genome Consortium data [33].
RPL5 and RPL11 form a complex with the 5S rRNA, which assembles into early preribosomes,
an essential step in RiBi [34]. The majority of identified cancer-associated RPL5 missense muta-
tions impair the formation of the preribosomal RPL5/RPL11/5S rRNA complex by either disrupting
the RPL5/5S rRNA interaction or decreasing RPL5 stability [33]. A large number of identified
cancer-associated truncating mutations of RPL5 and RPL11 are predicted to limit the formation
of the preribosomal RPL5/RPL11/5S rRNA complex [33]. Moreover, several critical molecular inter-
actions between RPL5 or RPL11 with 28S rRNA are affected by specific missense mutations,
which impair the assembly of the RPL5/RPL11/5S rRNA complex into preribosomes [33]. The
consequence of this early pre-rRNA processing defect needs further evaluation, but may limit ribo-
some production and cause alterations in protein synthesis, particularly when the remaining wt
RPL5 or RPL11 allele becomes limiting for RiBi, for example, when the proliferation rate increases.

Importantly, approximately 43% of human sporadic cancers harbor hemizygous deletions of
chromosomal regions containing distinct RP genes [35]. The large majority of these deletions
are present in cancers with mutant TP53, presumably because impairment of RiBi caused in
wt TP53 cells would result in their elimination or cellular senescence [2].

Dysregulation of Pre-rRNA Processing Factors and Cancer Pathogenesis
Two recent studies have pointed to a potential widespread role for dysregulated pre-rRNA
processing factors in cancer pathogenesis (Figure 2). The first study demonstrated that DNA
replication stress, highly prevalent in human cancer, leads to downregulation of expression of
several essential pre-rRNA processing factors and impaired RiBi [36]. The second study revealed
that approximately 31% of the 286 proteins that are required for pre-rRNA processing had been
previously linked to cancer pathogenesis [4].

One of the most illustrative examples of how these pre-rRNA defects impact the cell has been pro-
vided by a recent discovery of the role of DNA-dependent protein kinase (DNA-PK) on pre-rRNA
processing and RiBi. DNA-PK consists of the KU heterodimer and a catalytic subunit (DNA-PKcs)
and has been previously known for its role in the classical nonhomologous end joining
(cNHEJ) DNA repair pathway. Analysis of cells from knock-in mice expressing DNA-PKcs
‘kinase-dead’ (DNA-PKcsKD/KD) or DNA-PKcs harboring five alanine substitutions at the S2056
autophosphorylation cluster (DNA-PKcs5A) has revealed impaired pre-rRNA processing into
mature 18S rRNA [37]. In contrast, DNA-PKcs knockout mice showed no such defects, suggest-
ing a potential dominant-negative impact of the inactive DNA-PKCs. Notably, most compound
DNA-PKcs:p53 knockout mice developed pro-B cell lymphomas and died by 100 days, similar
to other previously characterized mice deficient in both cNHEJ and p53. In contrast, compound
Figure 2. Consequences of DecreasedRibosomeBiogenesis. Inhibition of rDNA transcription, pre-rRNAprocessing
and ribosomal protein (RP) assembly may lead to a decrease in the number of ribosomes with consequent dysregulation o
protein synthesis. It may be associated with the accumulation of unassembled RPs and the RPL5/RPL11/5S rRNA, leading
to proteotoxic stress or activation of the impaired ribosome biogenesis checkpoint (IRBC), respectively. In contrast to the
inhibition of rDNA transcription, impairments of RP assembly and pre-rRNA processing lead to specific blocks in pre-rRNA
processing that are accompanied by accumulation of preribosomal subunits containing aberrant pre-rRNAs that are
targeted for degradation. Their degradation may ultimately lead to ATP depletion, imbalances in deoxynucleoside
triphosphates (dNTPs) and increased reactive oxygen species (ROS) levels with consequent metabolic rewiring, increased
DNA mutagenesis, and transcriptional and translational reprograming. Whereas many of these changes may facilitate
cancer development and progression, the IRBC may act as an anticancer barrier.

8 Trends in Cancer, Month 2020, Vol. xx, No. xx
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DNA-PKcsKD/KD:p53–/–mice developedmyeloidmalignancy and died by 40 days and, surprisingly,
DNA-PKcs5A:p53–/– mice did not develop obvious myeloid malignancies and survived beyond
100 days of age, despite the fact that they showed the same defect in RiBi as DNA-PKcsKD/KD:
p53–/– mice [37]. These observations have suggested that an rRNA processing defect and conse-
quent protein synthesis dysregulation is necessary but not sufficient to cause myeloid tumors
(Figure 2). Given that kinase activity of DNA-PKcs is also required for cNHEJ, it could be speculated
that unrepaired DNA damage in DNA-PKcsKD/KD:p53–/– cells cooperate with the pre-rRNA pro-
cessing defect in the development of myeloid malignancy. These findings may have important
implications with respect to understanding the relative contribution of pre-rRNA processing defects
in combination with p53 deficiency and other factors in the pathogenesis of sporadic cancers as
well as ribosomopathies such as DBA.

Metabolic Consequences of Impaired RiBi and Their Role in Cancer Pathogenesis
Mutations and/or haploinsufficiency of RPs or RiBi factors can lead to specific pre-rRNA processing
defects and the accumulation of aberrant preribosomal assembly intermediates [37,38]. In yeast,
defective preribosome intermediates are prevented from exiting the nucleolus and they are
degraded by a process involving the Trf4/5, Air1, Mtr4 polyadenylation (TRAMP) complex, or
microautophagy of the nucleolus [39,40]. It remains to be determined whether similar mechanisms
of quality control of RiBi operate in mammalian cells. It is likely that degradation of aberrant
preribosomal assembly intermediates requires significant energy investment by the cell, which
may lead to ATP depletion [2].

The expression and activity of enzymes involved in nucleotide metabolism are altered in DBA
patients and models of RP-deficiencies [41,42]. The most notable example is hyperactivation of
adenosine deaminase (ADA) in RP-deficient cells, which leads to degradation of deoxyadenosine
triphosphate (dATP) as well as conversion of ATP to inosine [42]. Furthermore, RPmutant T-ALL
cells show increased degradation of hypoxanthine and xanthine, as evidenced by increased
levels of uric acid [43]. Alterations in nucleotide metabolism in RP-deficient zebrafish models
also lead to imbalances in deoxynucleoside triphosphates (dNTP) [41,42].

Elevated ROS levels have been found in RP mutants [12]. In these cells, ROS can be generated by
xanthine oxidase during oxidative conversion of hypoxanthine and xanthine to uric acid, increased
peroxisomal oxidation of fatty acid and mitochondrial aerobic respiration, as well as a decrease in
the expression of antioxidant proteins SOD2 and thioredoxin reductase 1 [44,45]. Elevated ROS
and imbalances in dNTP pool in RP-deficient cells may increase the mutation rate of DNA [41,46,47].

Building on these observations, a model can be put forward in which metabolic changes associated
with impaired RiBi, including ATP depletion, increased ROS levels, activation of the DNA damage re-
sponse (DDR) pathway, and the IRBCmay contribute to a proliferative defect (Figure 2). This creates
an environment that confers a selective advantage to cells acquiring mutations that can rescue a
proliferative defect, including p53 mutations and mutations that may diminish oxidative stress
[11,46,47]. Furthermore, RP-deficient cells are likely to trigger various nonmutational processes
that rewire metabolism or induce autophagy, thereby creating new metabolic dependencies
[42,48,49] (Figure 2). In contrast, and a reminder that there is still much to learn, Treacher Collins
syndrome, a ribosomopathy characterized by defects of rDNA transcription, is not associated
with increased cancer incidence [11].

Inhibition of RiBi Induces Adaptive Translational and Transcriptional Programs
An adaptive translational program that ultimately overcomes the proliferation defect, alters energy
metabolism, promotes cellular survival, and leads to drug resistance upon chronic exposure of
Trends in Cancer, Month 2020, Vol. xx, No. xx 9
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cancer cells to inhibitors of RiBi has been recently identified [48]. Similar adaptive translational
responses are also likely to be critical for cells harboring genetic defects in RiBi, particularly during
transition from hypoproliferative to hyperproliferative state, when they are forced to generate
more ribosomes despite the presence of a partial block in RiBi [47].

Moreover, a recent study identified several secondary transcriptional programs in a number of
RP-deficient yeast mutants, which ultimately change the availability of cellular mRNAs for transla-
tion [49] (Figure 2). They include transcriptional programs triggered by decreased proliferation
rates as well as those that are strictly dependent on whether ribosome deficiency is caused by
the deletion of a 40S or 60S subunit RP gene. Mutants of 60S RP genes resulted in increased
expression of protein degradation genes, whereas mutants of 40S RP genes upregulated a
large subset of the genes involved in RiBi [49]. These observations add yet another layer of
complexity to our understanding of how impairment of RiBi modifies cellular biology.

Decreased RiBi and Proteotoxic Stress
Disruption of virtually any step in RiBi may prevent incorporation of RPs into preribosomes [2,50].
Given that RPs continue to be synthesized under these conditions, unassembled nascent RPs
accumulate but they are rapidly degraded in the nucleus/nucleolus by an ubiquitin-proteasome
system quality control network containing the E3 ubiquitin-protein ligase, temperature-
dependent organization in mitotic nucleus protein 1 (Tom1) in yeast, or its homolog, HECT,
UBA, and WWE domain containing E3 ubiquitin protein ligase 1 (HUWE1) in humans [50]. How-
ever, if accumulation of unassembled RPs exceeds degradative capacity, these highly unstable
proteins form aggregates and engage in inappropriate interactions with various proteins and
RNA molecules [2] (Figure 2). Specific mechanisms that sense proteotoxic stress caused by
aberrant RiBi in yeast will be subjected to the further discussions here (Box 2).

The IRBC
Regulation of the IRBC
Complementary data from a number of studies have demonstrated that impairment in various
stages of RiBi, in cell culture and in vivo animal models, triggers a p53 response [2,11]. The
most widely accepted model of p53 activation, upon impaired RiBi, posits that the nascent
preribosomal RPL5/RPL11/5S rRNA complex is redirected from assembling into ribosomes to
Box 2. Proteotoxic Stress Associated with Decreased RiBi

Two recent studies in yeast have provided exciting insights into mechanisms that sense proteotoxic stress caused by
aberrant RiBi and orchestrate adaptive responses that allow cells to survive and function under such potentially harmful
conditions [50,85]. Mechanistically, an excessive accumulation of nascent unassembled RPs results in the formation of
RP aggregates. The interaction of Hsp70 with these aggregates leads to the release of Hsf1 from repression by Hsp70,
allowing for increased expression of HSF1 target genes, including chaperones and proteosomal components [85]. In
parallel, the sequestration of transcriptional regulator interacts with fork head (Ifh1) by RP aggregates decreases RP gene
transcription, thereby reducing the burden of unassembled newly synthesized RPs [85]. This novel regulatory network in
yeast has been termed the ribosomal assembly stress response (RASTR) [85]. It will be of paramount importance to
determine whether a network analogous to RASTR operates in mammalian systems. It can be speculated that the
dysfunction in proteostasis that arises from excessive accumulation of unassembled RPs may contribute to the range
of phenotypes in ribosomopathies and that mechanisms analogous to RASTR in yeast may ameliorate their severity. Given
the causal association between impairment in RiBi and cancer, the important question arises regarding the contribution of
proteotoxic stress caused by excessive accumulation of unassembled RPs and protective mechanisms analogous to
RASTR to cancer pathogenesis. The execution of RASTR might permit incipient cancer cells to survive proteotoxic stress
and proliferate, potentially allowing them to dysregulate oncogenic and tumor suppressive pathways and acquire novel
capabilities that facilitate tumor initiation and progression, especially through HSF1 [25]. However, cancer cells with
impaired RiBi might be particularly sensitive to drugs that inhibit adaptive mechanisms of protein homeostasis. Consistent
with this notion, patients with multiple myeloma, with low RPL5 expression levels, respond better to proteasome inhibitor
bortezomib than those with high RPL5 expression [86].
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bind the human homolog of mouse double minute 2 (HDM2) and block HDM2-mediated
ubiquitination and degradation of p53 [34,51]. The observations that the depletion of any one of
the three components on the RPL5/RPL11/5S rRNA complex, in addition to the destabilizing effect
on the complex, also abolishes p53 upregulation in response to various impairments of RiBi,
emphasizes a critical role of the intact RPL5/RPL11/5S rRNA complex in this response [34,51,52].

Despite the progress, the exact mechanisms through which the nascent RPL5/RPL11/5S rRNA
complex senses defects in RiBi remain to be elucidated. What we know is that the RPL5/
RPL11/ 5S rRNA complex, together with most of the RPs and numerous assembly factors,
cotranscriptionally associate with the 47S pre-rRNA into the 90S processome [34]. In mammals,
ribosome biogenesis regulator 1 homolog (hRrs1) and brix domain-containing protein 1 (Bxdc1)
mediate the incorporation of the RPL5/RPL11/5S rRNA precursor complex into this structure
[34], however, the RPL5/RPL11/5S rRNA complex also undergoes a 180° rotation to its final
position as the central protuberance of the 60S ribosomal subunits during the late stages of ribo-
some assembly [53]. It could be hypothesized that any disruption in RiBi that occurs prior to the
final establishment of the central protuberance might weaken the interaction between the nascent
RPL5/RPL11/5S rRNA complex and preribosome, consequently leading to its accumulation in a
free form. However, this model cannot easily explain how the depletion of RPs of the 40S subunit,
that abolishes the assembly of the cognate ribosomal subunit but not the 60S ribosomal subunit
containing the RPL5/RPL11/5S rRNA complex, triggers RPL11- and RPL5-dependent p53 activa-
tion [51]. One possible explanation for this is that depletion of 40S RPs that assemble into the 90S
processome, might influence the folding kinetics of the 60S part of the 47S rRNA, thereby slowing
down the rate of the 60S assembly and consequently leading to accumulation of the ribosome-free
RPL5/RPL11/5S rRNA complex and p53 activation [54]. An alternative explanation might be that
the cell translationally upregulates mRNAs that contain a 5′ terminal oligopyrimidine (5′ TOP)
motif, including RPL11 andRPL5mRNAs, in excess over the amount required for 60SRiBi, leading
to the accumulation of the ribosome-free RPL5/RPL11/5S rRNA complex and subsequent p53
activation [55]. Another conundrum is how defects in the 60S ribosomal subunit assembly that
occur downstream of a fully formed central protuberance, including a defect caused by the
RPL24 deficiency, may activate the IRBC [56].

In addition to impaired RiBi, excessive RiBi in response to MYC activation can also upregulate
p53 levels via the RPL5/RPL11/5S rRNA complex [2] (Figures 1 and 2). It had been originally pro-
posed that MYC drives increased production of the nascent RPL5/RPL11/5S rRNA complex at
rates much higher than required for RiBi, leading to its accumulation in the ribosome-free fraction
where it inhibits HDM2 activity towards p53 [2].

An intriguing alternative model of the IRBC regulation suggests that mitogens and oncogenes, by
upregulating rRNA transcription, enhance the consumption of RPL5 and RPL11 into nascent
ribosomes, thereby reducing their availability for HDM2 binding, which leads to p53 proteasomal
degradation and a greater potential for malignant transformation [57].

A recent study did not observe increased accumulation of the ribosome-free RPL5/RPL11/5S rRNA
complex in MYC overexpressing cells [58]. However, there was a striking increase in the amount of
the complex associatedwith HDM2 under these conditions, suggesting that activation of this check-
point response is not just a result of the overproduction of the RPL5/RPL11/5S rRNA complex but it
is, rather, a regulated response under these conditions [58]. The molecular mechanisms underlying
the increased association of the RPL5/RPL11/5S rRNA complex with HDM2 upon MYC over-
expression remain elusive. It may be speculated that post-translational modification of RPL5,
RPL11, or as yet unknown constituents of the RPL5/RPL11/5S rRNA complex could be involved.
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The IRBC can execute a p53-dependent transcriptional program that most likely enables cellular
adaptation under excessive or impaired RiBi [59]. It will be important to identify the full repertoire of
p53 transcriptional targets triggered by this signaling pathway and understand how they mediate
cellular adaptive responses to RiBi stress, thereby protecting the organism from various diseases,
most notably cancer. In addition to p53 activation, RPL5 and RPL11, most likely within the RPL5/
RPL11/5S rRNA complex, downregulate MYC transcriptional activity and destabilize its mRNA,
thereby possibly acting as a p53-independent barrier against MYC-driven cancers [2].

The IRBC Acts as a Potent Anticancer Barrier
Mutations in various components of RiBi, oncogene activation, replication stress, radiation, and
chemotherapy impair RiBi and consequently trigger the IRBC checkpoint, suggesting a broad
significance of this pathway in mediating tumor suppression and in response to classical antican-
cer therapies [2]. The most convincing evidence that the IRBC responds to aberrant RiBi to pre-
vent tumorigenesis was provided using knock-in mice that express the mutant mouse double
minute 2 (MDM2) C305F, that cannot bind to the RPL5/RPL11/5S rRNA complex. Crossing
these mice to Eμ-MYC transgenic mice or adenomatous polyposis coli (APC)min/+ mice that
show c-MYC upregulation, significantly accelerated B cell lymphomagenesis and colorectal
tumorigenesis, respectively [60,61]. The ability of the mutant MDM2 C305F to accelerate tumori-
genesis in these two models of c-MYC-driven cancers was at least in part the result of failure of
the RPL5/RPL11/5S rRNA complex to upregulate p53 levels.

Consistent with these results, deletion of one allele of Rpl11 in adult mice enhanced γ-radiation-
induced lymphomagenesis, most likely due to decreased RiBi stress-induced p53 activation and
elevated levels of the c-MYC protein [62]. Given that RPL11 is essential for RiBi, it is difficult to
exclude the possibility that decreased ribosome numbers in Rpl11-heterozygous cells, and conse-
quent dysregulation of protein synthesis, might also contribute to tumorigenesis in this model [63].

Recent genetic evidence also indicates that induction of the IRBC might constitute an important
intrinsic barrier to cancer development in humans upon dysregulated RiBi [11]. This can exert
selective pressures that drive the evolution of clones harboring mutations in components of this
checkpoint pathway as a means to promote their survival and proliferation. The consequent
loss of p53 function may also promote genomic instability, thereby causing cells with impaired
RiBi to acquire additional mutations and chromosomal alterations. Several findings support this
prediction. Firstly, the large majority of human sporadic cancers harboring hemizygous deletions
of chromosomal regions containing distinct RP genes appear to be mutant for TP53 [35].
Secondly, the presence of TP53 mutations positively correlates with the progression of disease
in patients with the inherited ribosomopathies, Shwachman–Diamond syndrome, and 5q-
syndrome, to AML [11].

However, it is important to emphasize that the selective pressures for p53 inactivation could re-
flect not only impaired RiBi, but also other types of cellular stressors, in such incipient cancer
cells. Furthermore, the presence of genetic alterations of RPL5 or RPL11 or specific missense
mutations in the RPL5/RPL11/5S rRNA complex binding sites in HDM2 in human cancers are
more likely to be attributed to the selection pressure imposed by dysregulated RiBi. As already
mentioned, a large number of heterozygous cancer-associated somatic RPL5 and RPL11muta-
tions have been identified in human cancers [33]. The observation that RPL5 mutations co-
segregate with wt TP53more often than would be expected for a random distribution, suggests
a possible epistatic impact of mutations in RPL5 or TP53 in tumorigenesis [33]. That mutated
RPL5 residues identified in cancers harboring wt, but not mutant TP53, form four clusters on
the surface of the RPL5 structure, strongly suggests that these regions are functionally significant
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and that their alteration may represent a mechanism to impair wt p53 activation [33] (Figure 3). The
largest cluster of mutated residues is located at the interaction interface between RPL5 and 5S
rRNA and they impair the formation of the RPL5/RPL11/5S rRNA complex (Figure 3). The second
largest cluster, and distant from RPL5’s 5S rRNA-binding surface, containedmutations that desta-
bilize the RPL5 structure, thereby limiting its availability for the formation of the RPL5/RPL11/5S
rRNA complex (Figure 3). Both types of clustered mutations compromised wt p53 activation.
Additionally, a large number of RPL5 and RPL11 truncating mutations and RPL11missense muta-
tions affecting residues locatedwithin the interaction interfacewith HDM2 (Figure 3) were also iden-
tified in cancers with wt TP53 and impair IRBC activation by preventing RPL5/RPL11/5S rRNA
complex formation or its binding to HDM2, respectively [33]. Thus, RPL5 or RPL11 mutations
found in human cancers harboring wt TP53 circumvent IRBC activation, thereby avoiding the
p53-mediated tumor suppressive effects, including cellular senescence.

Finally, a recent study suggests that the IRBC may act as an anticancer barrier by preventing DNA
damage and genome instability [64]. Impairment of RiBi can lead to nucleotide imbalance due to the
increased degradation of aberrant pre-rRNA and synthesis of new pre-rRNA [42]. This may induce
replication stress, DNA damage, and genomic instability, a hallmark of cancer [42]. Activation of the
IRBC might, by imposing a p21-dependent G1 arrest, prevent cells from entering S phase and
replicate their DNA in the presence of nucleotide imbalance, thereby potentially acting as a barrier
against DNA damage and cancer upon various impairments of pre-rRNA processing [64]. Given
that many oncogenes cause nucleotide imbalance and consequently impair RiBi and DNA replica-
tion, the role of the IRBC in maintaining genome stability may be of fundamental importance [27,64].

Therapeutic Opportunities for Targeting RiBi in Cancer
The observations that excessive RiBi is commonly associated with cancer and that impairment
of this process activates the IRBC provided impetus for the development of specific inhibitors
TrendsTrends inin CancerCancer

Figure 3. RPL5 and RPL11 Mutated
Residues in Human Cancers
Harboring Wild Type TP53. Cartoon
representation of the RPL5/RPL11/5S
rRNA/HDM2 complex is shown. RPL5
RPL11, 5S rRNA, and a fragment o
HDM2 (residues 293–334) are depicted
in light green, yellow, black, and pink
respectively. The cluster of mutated
residues located at the interaction
interface of RPL5 with 5S rRNA and the
RPL5 folding core are shown in dark
green and orange, respectively. RPL11
residues at the interaction interface with
HDM2 that are affected by missense
mutations are depicted in purple. RPL5
residues G91, M208, R107, R54, and
N59 are recurrently mutated. The
structural model of RPL5, RPL11, 5S
rRNA, and HDM2 is based on the cryo-
electron microscopy model of the
mammalian ribosome [87] and the
crystallographic structure model of the
RPL11–HDM2 complex [88]. Figure is
modified from [33].
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of RiBi [2]. Perhaps the best clinical evidence for this concept came from the realization that
standard-of-care radiotherapy and chemotherapy exert some of their anticancer effects by
interfering with RiBi [65].

Early Development of Specific Inhibitors of RiBi
During the last decade, several inhibitors of rDNA transcription, a rate-limiting step for RiBi, have
been identified via high-throughput screening (HTS), including CX-5461, CX-3543, BMH-21,
BMH-22, and BMH-23 [65]. CX-5461 and BMH-21 initially received the most attention, owing
to their well-characterized primary molecular mechanism of action and potent anticancer activity
[65]. CX-5461 binds to SL-1 and prevents Pol I association with the promoter of rDNA genes,
thereby inhibiting Pol I-mediated transcription. Recent studies have shown that it can also bind
G quadruplex DNA (G4 DNA) structures that are enriched at rDNA [66]. BHM-21 binds to GC-
rich DNA sequences, also enriched in rDNA, inhibiting transcriptional elongation by RNA Pol I
by evicting Pol I from its association with rDNA and leading to proteasomal degradation of
RPA194, the large catalytic subunit protein of Pol I [67]. Both of these compounds activate the
p53-dependent IRBC.

The Discovery of Factors That Enhance the Therapeutic Efficacy of CX-5461 Treatment in Cancer
Potent therapeutic efficacy of CX-5461 was originally demonstrated in a p53-wt Eμ-MYC B cell
lymphoma mouse model that was mainly mediated by p53-dependent apoptotic cell death.
This is likely because MYC drives the expression of both components of the p53 activating
RPL5/RPL11/5S rRNA complex and Pol I transcript. As CX-5461 only inhibits Pol I transcription,
the RPL5/RPL11/5S rRNA complex accumulates massively in the nucleoplasm to bring about a
strong inhibition of HDM2 and consequent p53 activation [68]. However, several studies have
shown that CX-5461 induces effects in various models harboring mutant p53, including AML,
multiple myeloma, breast cancer, small cell lung cancer, prostate cancer, epithelial ovarian
cancer, and neuroblastoma [65].

These observations were instrumental in identifying p53-independent mechanisms of CX-5461
action. In particular, the effect of CX-5461 in a c-MYC-driven murine model of multiple myeloma
appears to involve the downregulation of c-MYC transcriptional activity and destabilization of its
mRNA, presumably via the RPL5/RPL11/5S rRNA complex [69].

Furthermore, CX-5461 can, in addition to inhibiting Pol I-mediated transcription, block DNA
replication fork progression, leading to occurrence of single-stranded DNA and single-strand
DNA breaks [66] (Figure 4, Key Figure). Recent evidence suggests that the effect is independent
of G4 stabilization [70] (Figure 4), rather, CX-5461 induces a chromatin structure in which
transcriptionally competent relaxed rDNA genes are formed that facilitate the formation
of R-loops, which can induce replication-fork slowing and stalling, consequently leading to
DNA damage (Figure 4). These events trigger a checkpoint surveillance program orchestrated
by the ataxia–telangiectasia and Rad3 related/checkpoint kinase 1 (ATR/Chk1) and ataxia–
telangiectasia mutated/checkpoint kinase 2 (ATM/Chk2) kinase signaling cascades that lead to
stabilization of stalled replication forks, DNA repair, and induction of the S-phase and G2/M cell
cycle arrest that inhibit DNA replication [71,72] (Figure 4). These findings revealed several possible
novel points of intervention that may enhance the effects of CX-5461, particularly in the absence
of functional p53. Firstly, combination of CX-5461 and pharmacological inhibition of ATM/ATR
signaling in a mut-p53 Eμ-MYC B cell lymphoma mouse model selectively and synergistically
cause cancer cell death, most likely because these inhibitors impair DNA repair and force cancer
cells to bypass the S-phase and G2/M cell cycle checkpoints leading to mitotic catastrophe
[71,72] (Figure 4). Secondly, defects in homologous recombination (HR) and NHEJ DNA repair
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pathways that are activated in the face of replication stress show a synthetic lethal interaction with
CX-5461 in several cancer models [66,70] (Figure 4). Moreover, CX-5461 was found to potentiate
the impact of inhibitors of the enzyme poly ADP ribose polymerase (PARP) on replication stress,
thereby enhancing its synthetic lethal interactions with HR deficiency in mut-p53 high grade serous
ovarian cancer (HGSOC) patient-derived xenograft (PDX) mouse models [70] (Figure 4). Notably,
CX-5461 also exerts anticancer activity in PDXs of HR-deficient HGSOC that are resistant
to PARP inhibition, most likely due to its distinct mode of action in causing replication stress
and destabilizing replication forks [70]. These preclinical findings hold great promise for
improved and more effective treatment of patients with HGSOC, the most common and deadliest
type of ovarian cancer that frequently develops resistance to PARP inhibitors, as well as other
cancers characterized by dysfunctional HR and/or NHEJ pathways [66].

Surprisingly little is known about the impact of CX-5461 on the abundance of ribosomes as well as
quantitative and qualitative changes in mRNA translation and their contributions to therapeutic
efficacy. As oncogenic MYC drives excessive RiBi, this may represent a potential vulnerability that
may be therapeutically targetable [65]. The combination of CX-5461 with inhibitors of PI3K/AKT/
mTORC1 signaling pathway synergistically downregulate translation of sets of mRNAs encoding
mRNA translation factors and proteins involved in glycolysis and mitochondrial oxidative phosphory-
lation in MYC-driven B cell lymphomas in mice, thereby contributing to the therapeutic effect [48]
(Figure 4). However, chronic use of this drug combination leads to drug resistance, which is
mediated by translational upregulation of mRNAs characterized by short 5′ UTRs, which code for
components of the mitochondrial respiratory chain and the cyclic adenosine monophosphate/
exchange factor directly activated by cAMP/Ras-proximate-1 (cAMP/EPAC/RAP1) prosurvival
pathway [48]. The identified drug resistance mechanism may have an immediate clinical application
asmetformin, a drug used to treat type 2 diabetes, inhibits both of thesemechanisms [48] (Figure 4).

The combination of CX-5461 with inhibitors of protein synthesis has been a strategy adopted by
many groups. For instance, the combination of CX-5461 with pharmacologic inhibitors of proviral
integrations of Moloney virus (PIM) kinases, known positive regulators of MYC transcriptional
activity, and eukaryotic translation initiation factor 4E (eIF4E)-dependent protein synthesis,
showed a dramatic anticancer activity in mouse model of MYC-dependent prostate cancer and
PDXs of metastatic prostate cancer [73] (Figure 4).

Combination of proteasome inhibitors or histone deacetylase (HDAC) inhibitors with CX-5461
showed synergistic anticancer effect in MYC-driven mouse model of multiple myeloma [65]
(Figure 4).
Figure 4. CX-5461 inhibits rDNA transcription by binding to selectivity factor 1 (SL-1) and thereby preventing Pol
association with the promoter of rDNA genes. These events are associated with R-loop formation. CX-5461 binds G4-
structures that are enriched at rDNA regions. Clashes of R-loops and possibly G4 structures stabilized by CX-5461 with
replication fork may cause replication stress and activation of ataxia–telangiectasia mutated (ATM)/ataxia–telangiectasia
and Rad3 related (ATR)-mediated cell cycle arrest as well as homologous recombination (HR)- and nonhomologous end
joining (NHEJ)-mediated DNA repair, which counteract replication stress. Pharmacological inhibition of ATM, ATR, and
their downstream effector checkpoint kinases 1 and 2 (Chk2 and Chk1) potentiate anticancer effects of CX-5461 by
impairing the execution of mechanisms that counteract replication stress. Genetic defects in HR and NHEJ pathways
synergize with CX-5461, leading to more robust cancer cell killing. Poly ADP ribose polymerase (PARP) inhibitors augmen
the anticancer activity of CX-5461 by potentiating DNA replication stress. Decreased rRNA levels upon CX-5461 treatmen
are associated with the impaired ribosome biogenesis checkpoint (IRBC) activation, with ensuing anticancer mechanisms
such as cell cycle arrest, apoptosis, and senescence. CX-5461 treatment may induce cancer cell differentiation
Decreased Pol I-mediated transcription may also lead to proteotoxic stress and activation of proteostasis mechanisms
reduced ribosome abundance, and activation of adaptive translational programs, which may present therapeutically
targetable vulnerabilities. Abbreviations: HDAC, Histone deacetylase; mTORC1, mammalian target of rapamycin complex
1; PIM, proviral integrations of Moloney virus; RAP1, Ras-proximate-1; RP, ribosomal protein; UBF, upstream binding factor
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Finally, a recent study has shown that CX-5461 can exert therapeutic effects not only by killing
cancer cells, but also by inducing differentiation of the p53-null AML blasts into neutrophils [74]
(Figure 4). This effect is consistent with previous observations that upregulation and downregula-
tion of rDNA transcription prevents and promotes cellular differentiation into various tissue types,
respectively [75].

The encouraging results of these preclinical studies led to two CX-5461 clinical trials. A Phase I
trial in patients with relapsed or refractory hematological cancers has recently been completed
[76] and objective clinical responses were observed in about 30% of patents. Consistent with
results from preclinical models, there was a positive correlation between wt TP53 status and
tumor response as well as patient outcome, suggesting that the therapeutic effect of CX-5461
is largely mediated by the IRBC. CX-5461 is currently in a Phase I/II clinical trial for advanced
breast cancer with germline or somatic HR deficiencies (Canadian Cancer Trial Group,
NCT02719977) [66]. Preliminary evidence of the effectiveness of CX-5461 in these patients has
been demonstrated. The results of preclinical studies and clinical trials evaluating CX-5461 for
the treatment of cancer suggest that the careful selection of patients who might benefit from
inhibitors of RiBi will result in higher therapeutic efficacy.

Prostate cancer clinical trials of BMH-21, which specifically inhibits Pol I transcription without
causing any significant DNA damage and shows efficacy in mouse prostate cancer xenograft
and mouse genetic models, is eagerly anticipated [77].

Recent Advances in Discovery of RiBi Inhibitors and Drug Repurposing
The therapeutic potential of inhibitors of rDNA transcription such as CX-5461 and BMH-21 in
cancer provides preliminary proof of concept that effective and selective targeting of RiBi is a
promising cancer therapy strategy, particularly for overcoming chemoresistance to standard-of-
care treatments [65]. Several novel HTS strategies in yeast have identified a number of chemicals
that directly inhibit a range of different steps of RiBi or target other cellular processes that are
intimately involved in the regulation of specific steps of RiBi [78,79]. Several novel inhibitors of
rDNA transcription in human cells, with improved potency and specificity, are being developed
for possible clinical evaluation [65]. Still, the pipeline of new inhibitors of human RiBi, particularly
those targeting RiBi downstream of Pol I-mediated transcription, is an emerging area of research
and development.

Drug repurposing approaches are highly complementary to de novo target screening strate-
gies and often have a lower risk of failure as well as reduced time to clinical hypothesis testing
and approval. An illustrative recent example is the discovery that the antimalarial drug
amodiaquine inhibits rDNA transcription through a mechanism similar to a well-established in-
hibitor of RiBi, BMH-21 [80]. It remains to be determined whether a well-established autophagy
inhibitory activity of amodiaquine and its RiBi inhibitory activity act synergistically to elicit anti-
cancer effects, but the early data are encouraging. Disulfiram (known as Antabuse used in
treatment of alcoholism) is another example, where promising anticancer effects have recently
been attributed to one of its metabolites targeting the nuclear protein localization protein 4
homolog (NPL4) adaptor of the p97/VCP segregase [26]. In cancer cells, blocking the NPL4/
p97 complex that operates just upstream of proteasome in the cellular protein degradation
machinery causes proteotoxic stress and most likely impairs also RiBi. Finally, the classical
chemotherapeutics such as oxaliplatin, phenanthriplatin, and ellipticines were once considered
to be DNA-damaging agents, however, it has been recently shown that they are specific inhibitors
of Pol I-mediated transcription, which may affect cancer cells by triggering the IRBC and inhibiting
protein synthesis [65,81].
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Outstanding Questions
What are the metabolic consequences
in cells with impaired or excessive
RiBi? It would be important to assess
the flux through the various metabolic
pathways/networks in these cells. This
may help identify potentially targetable
metabolic liabilities in cancers.

What are the mechanisms underlying
translational and transcriptional
reprograming in cells experiencing
impairments of RiBi? Identification of
the components of these programs
may uncover further targetable
vulnerabilities of cancer cells.

Why do deletions of 40S versus
60S ribosomal protein genes trigger
different transcriptional programs?

Is the RASTR network conserved
between yeast and humans?

How does genomic instability arise in
cells with dysregulated RiBi?

What is the lesion in RiBi that triggers
the IRBC? What are the additional
components of this checkpoint signaling
and the downstream effectors of such
response?

How safe would it be to use
pharmacological inhibitors of pre-
rRNA processing in cancer treatment?
Is there a risk of secondary malignan-
cies in these patients?

Trends in Cancer
Concluding Remarks and Future Perspectives
Remarkable advances in identifying a causal relationship between dysregulated RiBi and inherited
and acquired cancers have been achieved over the past two decades. With a few exceptions, the
underlying molecular mechanisms involved are only beginning to emerge. Understanding the contri-
bution of factors and mechanisms cooperating with dysregulated RiBi in tumorigenesis and in dif-
ferent patient groups is poor. We are at the edge of an ‘omics’ revolution, whereby data from
divergent and complex technologies, RNA-sequencing, ribosome footprinting (also named
RiboSeq), proteomics, metabolomics, etc., can be co-integrated to inform the molecular imbalance
associated with aberrant RiBi and pathogenic changes in cancer (see Outstanding Questions).

The realization that CX-5461 is an effective anticancer compound, particularly for overcoming
chemoresistance to standard-of-care therapeutic modalities, will certainly stimulate the develop-
ment of novel and more potent inhibitors of RiBi. Several factors that enhance the potency of
CX-5461 have been identified, including wt p53 status, MYC overexpression, and HR or
NHEJ deficiency [2,66]. Understanding and developing novel biomarkers to diagnose appro-
priate patients and track response is going to be critical.

It is necessary to identify compounds that show enhanced toxicity to cells withmutations in genes
required for normal RiBi by employing HTS strategies and translate these discoveries into novel
cancer therapeutics.

The acquired knowledge about roles of dysregulated RiBi in human cancers and themechanisms
of resistance to RiBi inhibitors, will guide the development of additional rational combinations of
RiBi inhibitors with other treatments to enhance their potency and/or overcome cancer cell resis-
tance, as well as the introduction of predictive biomarkers to guide such future treatments for the
maximal benefit of cancer patients.
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