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Abstract: The nucleoli are subdomains of the nucleus that form around actively transcribed ribosomal
RNA (rRNA) genes. They serve as the site of rRNA synthesis and processing, and ribosome assembly.
There are 400-600 copies of tTRNA genes (rDNA) in human cells and their highly repetitive and
transcribed nature poses a challenge for DNA repair and replication machineries. It is only in the last
7 years that the DNA damage response and processes of DNA repair at the rDNA repeats have been
recognized to be unique and distinct from the classic response to DNA damage in the nucleoplasm.
In the last decade, the nucleolus has also emerged as a central hub for coordinating responses to stress
via sequestering tumor suppressors, DNA repair and cell cycle factors until they are required for their
functional role in the nucleoplasm. In this review, we focus on features of the rDNA repeats that make
them highly vulnerable to DNA damage and the mechanisms by which rDNA damage is repaired.
We highlight the molecular consequences of rDNA damage including activation of the nucleolar
DNA damage response, which is emerging as a unique response that can be exploited in anti-cancer
therapy. In this review, we focus on CX-5461, a novel inhibitor of Pol I transcription that induces the
nucleolar DNA damage response and is showing increasing promise in clinical investigations.

Keywords: rDNA; RNA polymerase I; nucleolus; DNA damage response; CX-5461

1. Introduction

RNA polymerase I (Pol I) transcribes the rRNA (rRNA) genes (rDNA) to produce
the 475 precursor-rRNA (pre-rRNA) within the nucleoli. The pre-rRNA is subsequently
processed by multiple endonucleases to form the mature 18S, 5.8S, and 285 rRNAs [1-4].
Together with the 55 rRNA, these rRNAs form the nucleic acid backbone of the ribo-
somes, and as such Pol I transcription dictates the rate of ribosome biogenesis and mRNA
translational capacity [5].

Pol I transcription underpins the structure of the nucleoli, the site of Pol I transcription
and ribosome biogenesis. However, the nucleoli play important additional functions,
notably as a central hub for coordinating cellular response to stress. Indeed, the integrity
of the nucleolus can modulate cellular homeostasis beyond ribosome biogenesis [6]. Such
roles include titration of tumour suppressors and oncogenes, modulating the DNA damage
response (DDR) and DNA repair, modulating cell cycle response, stress responses, global
gene expression and maintaining genomic stability [6].

In this review, we discuss rDNA features that render the rDNA loci as vulnerable
genomic regions and hotspots for DNA damage and recombination events in cancer. We
focus on rDNA damage repair and explore the rationale for targeting rDNA instability
and Pol I transcription as a potential treatment strategy to combat cancer. We discuss the
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consequences of inhibiting Pol I transcription and the crosstalk between the nucleolus
and the DDR. In fact, many classical chemotherapeutic agents (e.g., oxaliplatin, cisplatin,
actinomycin D) have been discovered to act through distinct mechanisms of action that
include inhibition of Pol I transcription and ribosome biogenesis [7-10]. The development
of a number of less genotoxic drugs that selectively target Pol I transcription has established
a new paradigm for cancer therapy [11]. In particular, we expand on the therapeutic
potential of the first-in-class inhibitor of Pol I transcription CX-5461, through its ability to
activate the nucleolar DNA damage response (n-DDR). The analysis of CX-5461"s mode
of action and therapeutic efficacy gives invaluable insights into the design of optimal
combination therapy approaches that enhance the efficacy of current standard-of-care
cancer therapies.

2. rDNA Structure

The nucleolus is a non-membranous organelle, that forms at the end of mitosis around
nucleolar organizer regions (NORs), which consist of tandemly repeated arrays of rDNA
repeats (Figure 1A). The cytoarchitectural upstream binding factor (UBF) binds to rDNA
and is responsible for bookmarking NORs for post-mitotic nucleolar formation by decon-
densing rDNA chromatin and establishing a euchromatin transcriptionally active rDNA
chromatin state [12]. During interphase, two or more NORs coalesce to form multiple
nucleoli in exponentially growing cells [13]. The number of rDNA units per cell varies
greatly among eukaryotes, from 40 to ~19,000 in animals and correlates positively with
genome size [5,14]. In human cells, there are up to 300 copies of rRNA genes per haploid
genome, arranged in a head to tail orientation in clusters of tandem repeats. These rDNA
clusters are dispersed on the p-arms of acrocentric chromosomes (13, 14, 15, 21 and 22) and
contain ~70 copies of the rRNA genes per cluster [15]. A single rDNA unit, containing a
transcribed region followed by intergenic spacer (IGS) is referred to as a canonical rDNA
unit. The rDNA clusters are flanked by highly conserved proximal and distal junctions. The
proximal junction located towards the centromeres is composed of segmentally duplicated
sequences resembling centromeric regions on other chromosomes. The distal junction
located towards the telomeres contains 48 bp satellite and large inverted repeats unique to
the five acrocentric chromosomes. This distinctive sequence anchors to the nucleolar pe-
riphery, having importance in regulating the transcriptional status of linked rDNA repeats
and nucleolar organization [16].

UBF-bound NORs are associated with rDNA hypomethylation, acetylated histones
and transcriptionally permissive or active rDNA features. In contrast, NORs unbound to
UBF are associated with heterochromatic histone modifications, CpG hypermethylation at
promoter regions and transcriptionally inactive rDNA [17-20]. The active rDNA repeats
are transcribed by Pol I to produce the 47S pre-rRNA, which is processed to form the
mature 185, 5.85 and 285 rRNAs. These rRNAs then assemble with 55 rRNA transcribed by
Pol III and ribosomal proteins (RPs) to generate the 40S and 60S subunits in the nucleolus,
before being exported into the cytoplasm to form functional ribosomes (Figure 1B).

The rDNA repeats are some of the most actively transcribed genes, accounting for
35-60% of all cellular transcription [21]. Due to their repetitive nature and high Pol I
transcription rates, the rDNA loci are inherently unstable and have been shown to be
increasingly susceptible to DNA damage and chromosomal recombination events resulting
in large copy number variations [22,23]. Variation in rDNA copy numbers independent
of Pol I transcription rate has been associated with cancer [24]. It has been proposed that
reduction of rDNA silencing and/or rDNA instability underpins global genomic instability
and tumorigenesis [25-30]. In this review, we discuss how eukaryotic cells respond to
rDNA damage and rDNA instability and the emerging potential of targeting the nucleolar
DDR and rDNA instability in cancer therapy.
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Figure 1. rDNA structure and ribosome biogenesis in mammalian cells. (A) Organization of ribosomal RNA (rRNA)

genes in mammalian cells. Five NORs, each containing ~70 rRNA genes, are located on the short arms of the acrocentric

chromosomes. A canonical rDNA unit consists of the 475 rRNA gene transcribed region made up of the 18S, 5.85 and 28S,

coding regions flanked by ETS (external transcribed spacer) and ITS (internal transcribed spacer) elements, and the IGS.

The IGS contains regulatory elements including spacer promoter and the 47S rDNA promoter. (B) Ribosome biogenesis

is a tightly coordinated process involving all three RNA polymerases (Pol I, Pol IT and Pol III). RNA Pol I transcribes the
tandemly repeated ribosomal RNA (rRNA) genes to produce the 47S precursor rRNA (47S pre-rRNA) transcript in the
nucleolus. Following transcription, the 47S pre-rRNA is subsequently cleaved and processed into the mature 18S, 5.8S, and
285 rRNA species. These molecules are then assembled with ribosomal proteins and the 5S rRNA produced by Pol IT and
III, respectively, to form the small (40S) and the large (60S) ribosomal subunits, which are exported from the nucleolus to the

cytoplasm, where they form the mature (80S) ribosome required to initiate mRNA translation and thus protein synthesis.

2.1. rDNA: An Intrinsically Unstable Genomic Region

Several unique characteristics of the rDNA repeats, including their repetitive nature,
high Pol I transcription rates and high GC content, present risks of genomic instability
at the rDNA loci [31]. The head-to-tail arrangement of rDNA copies on the five human
acrocentric chromosomes allows intrachromosomal recombination between distant repeats
on the same chromosome and interchromosomal recombination between repeats on dif-
ferent chromosomes at proximity within a nucleolus. Thus, dysregulations in rDNA copy
number and genomic rearrangements are likely to occur [30,32]. Furthermore, high levels
of transcription render the rDNA clusters vulnerable to transcription-replication conflicts.
A head-on collision between the Pol transcription machinery and DNA replication forks
triggers local accumulation of positive DNA supercoiling (Figure 2). This increases tor-
sional stress and replication fork stalling within the rDNA region, thereby impinging upon
both transcription and replication processes [33]. In addition, negative DNA supercoiling
due to DNA unwinding during transcription promotes R-loop formation comprising of
a highly stable nascent RNA molecule and template DNA strand hybrid and a displaced
non-template DNA strand (single-stranded DNA (ssDNA)) [34]. G quadruplexes (G4s)
structures can form in the displaced strand of an R loop. The formation of both G4s and
R-loops is favored by regions with negative torsional tension such as active gene promot-
ers [35]. The unmethylated CpG island in the rDNA promoters has increased propensity to
form R-loops, which under physiological conditions, prevents DNA methylation of CpG
islands by DNA methyltransferase DNMT3BI, thus facilitating rDNA transcription [36].
However, unscheduled R-loops and/or stabilization of G4 structures can impede Pol
elongation, resulting in the pileup of Pol molecules, ultimately provoking replication fork
slowing and stalling leading to DNA damage [34]. Protective mechanisms, such as the
binding of the transcription termination factor (TTF-I) and replisome factor Timeless to
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replication fork barriers (RFBs) in the IGS regions (Figure 2) provide spatial separation
between transcription and replication machineries and prevent potential clashes at early
S phase to minimize rDNA instability [37]. Nevertheless, the rDNA clusters have high
susceptibility to replication stress, DNA damage and genomic instability [24].
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Figure 2. Conflicts between transcription and replication machineries at rDNA. High levels of rDNA transcription cause

vulnerability to transcription-replication conflicts. Collisions of Pol I and DNA replication forks trigger positive supercoiling,

impinging upon transcription and replication processes at rDNA. Negative supercoiling as a result of unwinding DNA

during transcription stabilizes R-loops comprising of stable rRNA transcript and template strand DNA hybrid and displaced

single-stranded DNA (ssDNA). G4 structures can form in the displaced ssDNA of R-loops. These unique features drive

genomic instability at the rDNA loci. TTF-I and Timeless factor binding to RFB are present as protective mechanisms against

potential clashes at early S phase between transcription and replication machineries. Abbreviations: RNA Polymerase I (Pol
I), single-stranded DNA (ssDNA), replication fork barriers (RFB), transcription termination factor (TTF-I).

2.2. rDNA Instability in Cancer

rDNA instability and deregulation of rDNA copy numbers have been associated
with cancer progression. Spontaneous alterations in rDNA organization were over 100-
fold elevated in cells lacking Bloom Syndrome (BLM) protein, a RECQ helicase involved
in homologous recombination (HR) DNA repair, and 10-fold elevated in cells lacking
ATM (ataxia-telangiectasia, mutated) compared with wild-type controls [38]. These rDNA
alteration phenotypes seem to correlate with the increased cancer predisposition reported
in Bloom syndrome and ataxia-telangiectasia patients [38]. These results suggest that
defects in DDR and DNA repair pathways can induce rDNA instability that may ultimately
result in the development of cancer. Furthermore, studies have shown frequent rDNA
rearrangements in lung and colorectal carcinomas and Hodgkin’s lymphoma [39-41].
Interestingly, both gain and loss of rDNA repeats have been linked to several cancers.
Increases in rDNA copy numbers have been identified in gastric, colorectal and lung
cancers [39,42,43]. It is plausible that the increase in IDNA copy number provides an
advantage in cancer cells in supporting high rates of Pol I transcription and ribosome
biogenesis. Alternatively, a high rDNA copy number may be associated with increased rates
of collision between Pol I transcription and replication machineries leading to replication
stress and genomic instability and cancer development [33]. In contrast, recent studies have
identified lower rDNA copy numbers in several types of cancers compared with adjacent
normal tissues [27,30]. Low rDNA copy numbers are associated with the inactivation of
tumor suppressors PTEN and p53 [27,30]. Hematopoietic cancer stem cells with PTEN
deletion and lower rDNA copy numbers exhibit high rates of rDNA transcription, protein
synthesis and cell proliferation. These observations suggest the presence of compensatory
mechanisms that maintain transcription output by increasing Pol I transcription rates of the
remaining active rDNA repeats [38]. Additionally, decreased rDNA copy numbers provide
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cancers a competitive growth advantage by potentially reducing rDNA heterochromatin
levels, which can alter the global epigenetic landscape, lead to genome-wide dysregulation
of gene expression and faster replication of the genome [26,33]. However, both loss and gain
of rDNA repeats have been reported in invasive ductal breast carcinoma [29]. Altogether,
rDNA instability in the form of loss or gain in rDNA copy numbers, rDNA rearrangements
and reductions of rDNA heterochromatin levels underpin global genomic instability, and
that this can drive the etiology and progression of cancer [26-30].

3. Mechanisms of rDNA Repair

rDNA lesions in the nucleolus trigger a specialized nucleolar-DNA damage response
(n-DDR) [44]. The initial step of the n-DDR is very similar to the classic DDR and involves
the recognition of DNA damage by activation of ATM and Ataxia telangiectasia and
Rad3-related (ATR) kinases. These kinases in turn phosphorylate a broad range of targets
and initiate signaling cascades that regulate various cellular processes including DNA
replication, transcription and cell cycle progression. Upon recognition of rDNA double-
strand breaks (DSBs), the n-DDR induces ATM-mediated repression of Pol I transcription
in the affected nucleolus and subsequent segregation of the damaged rDNA repeats and
repair proteins into nucleolar caps at the periphery, which provide an optimal environment
for rDNA repair [45—47]. Although, the factors involved in mediating inhibition of Pol I
transcription upon rDNA damage remain unclear.

Previous findings identified the involvement of ATM, Nijmegen breakage syndrome
1 (NBS1) and mediator of DNA damage checkpoint protein 1 (MDC1) in Pol I silencing
following the induction of DSBs at rDNA [48,49]. However, recent studies have shown that
MDC1 depletion has negligible effects on rDNA transcriptional inhibition and nucleolar
recruitment of NBS1 after rDNA damage [46]. The ATM-activated nucleolar protein Treacle
(also known as TCOF1) has been shown to be involved in recruiting the MRN complex
comprising of NSB1, MRE11 and RADS50 to rDNA DSBs in the nucleolus [46,50,51]. Treacle
also recruits DNA topoisomerase II binding protein 1 (TOPBP1) to activate ATR, resulting
in complete inhibition of Pol I transcription and formation of replication protein A (RPA)
foci in the nucleolus, indicative of the presence of ssDNA [52]. Moreover, several proteins
including checkpoint kinase 1 and 2 (CHK1/2), MST2 kinase, cohesin subunits SMC1
and SMC3 have also been found to compromise Pol I transcriptional activity upon rDNA
damage [52-54]. Persistent transcriptional inhibition triggers nucleolar restructuring, cap
formation, mobilization of DSBs and recruitment of n-DDR repair proteins to the nucleolar
caps [44,47]. However, a recent study has shown that ion micro-irradiation that specifically
induced localized rDNA damage to a subnucleolar region, locally restricted transcriptional
inhibition but did not lead to nucleolar segregation [55]. These findings suggest that both
the magnitude and/or the type of rDNA damage can lead to different structural outcomes
with respect to nucleolar organization and the choice of DNA repair pathway initiation.

As per other regions of the genome, rDNA DSBs are primarily repaired by the HR
and non-homologous end-joining (NHE]) repair pathways. Whether the HR or the NHE]
pathways are utilized is dependent on the extent of rDNA damage and persistence of DSBs.
Indeed, the transits from low levels of rDNA damage and partial transcriptional inhibition
to ATM-dependent rDNA silencing and large-scale reorganization of nucleolar architecture
is associated with a shift from NHE]J to HR type of repair [44] (Figure 3).
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Figure 3. Mechanism of rDNA repair in the nucleolus. Low levels of rDNA damage are typically repaired via the highly
mutagenic NHE] process. It involves direct ligation of broken ends, mediated by several factors including Ku70/80
heterodimer, DNA-PK, DNA ligase IV and XRCC4 complex. Persistent rDNA damage results in ATM-mediated response
that involves Treacle, the MRN complex, TOPBP1 and ATR. This leads to Pol I transcription inhibition and translocation to
nucleolar caps, where HR repair occurs. HR proteins RPA, RAD51, RAD52, BRCA1 and BRCA2 are present in abundance in
the nucleolar caps. Abbreviations: non-homologous end-joining (NHE]), DNA-dependent protein kinase catalytic subunit
(DNA-PK), X-ray repair cross-complementing protein 4 (XRCC4), homologous recombination (HR), ataxia telangiectasia
mutated (ATM), ataxia telangiectasia and Rad3-related (ATR), DNA topoisomerase II binding protein 1 (TOPBP1), RNA
Polymerase I (Pol I), replication protein A (RPA), breast cancer susceptibility protein 1 and 2 (BRCA1/2).

NHE] is an efficient, but highly mutagenic process that can occur at all stages of the cell
cycle. It is initiated by the binding of a Ku70/80 heterodimer to each end of a DSB, which
in turn promotes the assembly of the DNA-dependent protein kinase catalytic subunit
(DNA-PK) and allows synaptic complex formation. DNA termini unable to be ligated are
removed or filled-in wjkith complementary single-stranded sequence before DNA Ligase
IV and the X-ray repair cross-complementing protein 4 (XRCC4) complex facilitates ligation
of the break. In a study involving I-Ppol endonuclease-induced DSBs at the 28S sequences
of rDNA, DNA-PK inhibition leads to prolonged rDNA transcriptional repression and
inefficient repair of DSBs [45]. Depletion of other NHE] proteins also increased the severity
of damaged rDNA loci. These data suggest NHE] as the predominant mode of immediate
rDNA DSBs repair within the nucleolar interior, mitigating the impact on Pol I activity [45].
However, persistent IDNA DSBs result in ATM-mediated transcriptional inhibition of
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the entire nucleolus and cell cycle-independent nucleolar restructuring and cap forma-
tion [44,45]. Damaged rDNA translocate to nucleolar caps, where HR repair proteins are
present in abundance [56]. Various factors, such as RPA, RAD51, RAD52, BRCA1 and
BRCAZ2, are then recruited to the nucleolar caps to repair rDNA in S/G2 and even in the
G1 phase of the cell cycle, which is a unique feature of HR repair of rDNA [47]. Further-
more, whilst segregation of damaged rDNA repeats at the nucleolar caps can serve as a
mechanism of physical separation from other chromosomes to prevent inter-recombination
with other rDNA loci [57], HR repair has been reported to cause a reduction in rDNA copy
number and cellular viability [56]. Depletion of HR factors rescued rDNA repeat loss and
increased viability, indicating that HR repair of the repetitive rDNA can have deleterious
consequences on genome stability and cell viability [56]. Further investigations into the
mechanisms of rDNA repair and the consequences of rDNA damage are important in order
to understand the role of rDNA instability in cancer development.

4. The Crosstalk between the Nucleolus and the DDR

Comprehensive analysis of the nucleolar proteome has identified over 4500 proteins to
reside in the nucleolus [58-60] with only 30% of them identified to be associated with ribo-
some biogenesis (RPs; RNA-binding proteins; RNA helicases; RNA-modifying and related
protein) [6,61]. The nucleolus is a central hub for coordinating multiple biological processes
including cell cycle regulation, DNA repair and replication and stress signaling via me-
diating the sequestration or release of various factors involved in these processes [59,60].
The protein content of the nucleolus has been shown to be dynamic, changing dramat-
ically under various stress conditions [6]. It is now clear that the nucleolar proteome
undergoes distinct spatial and temporal alterations in response to different stress insults,
suggesting that the nucleolus responds to different stress stimuli in a unique and specific
manner [62]. Analyses of the nucleolar proteome have revealed that at least 166 unique
DNA repair proteins reside in the nucleoli. Some of these factors are important for (DNA
repair while others are proposed to be sequestered in the nucleoli until they are required
for their functional role in the nucleoplasm [63]. However, these two scenarios may not be
mutually exclusive.

4.1. The Nucleolus Is a Hub for DNA Repair Factors

40% of Poly-ADP ribose polymerase-1 (PARP1) enzyme, which is involved in the
repair of single-stranded DNA breaks (SDBs) and base excision repair (BER), can be found
in the nucleolus [64]. PARP1 is activated by binding to DNA breaks and it contributes
to repair pathway choice and the efficiency of repair through modulation of chromatin
structure and ADP-ribose posttranslational modifications of a multitude of DNA repair
factors [65]. PARP1 is known to participate in various DNA repair pathways and in medi-
ating replication fork reversal upon stalling of replication forks. It has also been implicated
in the regulation of the microhomology-mediated end-joining (MME]) pathway [66], which
utilizes short homologous sequences internal to the break ends to align them for repair [67].
Given the repetitive nature of rDNA, it is possible that PARP1 can mediate MME] repair
of rDNA in addition to NHE] and HR. However, several studies have documented vari-
ous roles for PARP1 in ribosome biogenesis. As such, its role in the nucleoli may not be
restricted to rDNA repair. Indeed, PARP1 has been implicated in the maintenance of the
silent heterochromatic rDNA fraction [68], known to be important for maintaining rDNA
stability. PARP1 interacts with TIP5, a subunit of the nucleolar remodeling complex (NoRC)
and medjiates the recruitment of DNA methyltransferase and histone deacetylase to rDNA
promoters [69]. PARP1’s interaction with TIP5 leads to PARP1 auto-modification and
subsequent TIP5 and /or histone ADPRylation, repression of Pol I transcription and rDNA
silencing [69]. More recently, snoRNA-activated PARP1 was shown to ADP-ribosylates
DDX21, an RNA helicase that localizes to nucleoli and promotes rDNA transcription when
ADP-ribosylated [70]. It is plausible that PARP1’s role at rDNA may be influenced by the
chromatin states of the rDNA repeats (Figure 4).
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Figure 4. The Nucleolus is a hub for DDR factors. Several DDR factors reside in the nucleolus and may play a dual role in
ribosome biogenesis and rDNA repair. (1) PARP1 mediates the PARylation of TIP5 which leads to rDNA silencing and
Pol I transcription control. (2) APEX1 interacts with the multi-functional nucleolar protein NPM1 and mediates rDNA
repair and rRNA quality control. (3) RecQ-like helicases WRN and BLM reside in the nucleolus and interact with Pol I to
facilitate Pol I transcription. (4) Classic DDR factors ATM and ATR are also found in the nucleolus and are involved in an
extensive network of factors involved in RNA trafficking, processing, and transcription apart from their role in repairing

damaged rDNA.

PARP1 interacts with several RecQ-like helicases including Werner syndrome RecQ
such as helicase (WRN) and BLM [71], which also reside in the nucleolus and are implicated
in resolving G4 structures, R-loops and stalled replication forks [72]. WRN and BLM
interact with Pol I and facilitate Pol I transcription, suggesting their dual role in mediating
Pol I transcription as well as resolving replication and topological stress at the rDNA loci.
Similarly, Apurinic/Apryimidinic endonuclease 1 (APEX1) is another BER pathway factor
that localizes to the nucleolus and is involved in both DNA repair and ribosome biogenesis.
It is the primary endonuclease that allows for repair after the identification and removal of
a damaged base [73]. In addition to its DNA repair function, strong evidence also suggests
that it localizes to rDNA and interacts with nucleophosmin (NPM1), a multifunctional
protein with various roles in ribosome biogenesis [74]. APEX1 also interacts with the 475
pre-TRNA and other rRNA species, suggesting a role for APEX1 at rDNA in repairing
rRNA for quality control purposes [75]. Moreover, ATM and ATR, which are recruited
to the nucleoli in response to DSBs and replication stress at the rDNA repeats, have been
shown to interact with an extensive network of proteins involved in protein trafficking,
RNA processing and transcription [76]. Taken together, the data strongly supports dual
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functional roles for DNA repair proteins in both the repair of rDNA and in ribosome
biogenesis (Figure 4).

4.2. DNA Damage-Induced Nucleolar-Nucleoplasmic Shuttling

Stress responses to persistent DNA damage at the rDNA repeats involves halting
of transcriptional activity and restructuring of the nucleoli. Damaged rDNA localizes to
the nucleolar caps where DDR factors are recruited to promote rDNA repair. How the
nucleolar proteome is altered in response rDNA damage remains unknown. As mentioned
above, Treacle mediates inhibition of Pol I transcription by recruiting NBS1 to the nucleolus
in a manner that is partly dependent on PARP1 activity [46]. On the other hand, a recent
study suggests a reduction in PARP1 levels at sites of rDNA damage [55]. This is in contrast
to PARP1’s accumulation that is usually observed at nucleoplasmic DNA damage sites [55].
The release of PARP1 from the nucleolus may possibly be a coordinated response that links
n-DDR with global DDR. Indeed, PARP1 was recently found to mediate WRN and XRCC1
translocation from the nucleolus to the nucleoplasm upon treatment with H>O, and the
alkylating agent 2-chloroethyl ethyl sulfide [71]. Further investigations are required to
understand nucleolar-cytoplasmic shuttling of DDR factors upon nucleolar reorganization
in response to rDNA damage and/ or global DDR.

In relation to this, a landmark study by Rubbi and Milner (2003) [77] proposed
that disruption of nucleolar structure and function and subsequent release of nucleolar
components into the nucleoplasm is a common feature in most p53-inducing stresses
(Reviewed in [6]). The nucleolar surveillance pathway describes the molecular response
to perturbations in ribosome biogenesis and nucleolar structure, that are sensed by the
nucleolus, triggering a variety of downstream responses that activate p53 leading to cell
cycle arrest, senescence and apoptosis [77-79] (Figure 5).

Under normal conditions, the tumor suppressor protein p19ARF is expressed at very
low levels and is sequestered into the nucleolus due to its association with NPM1 [80].
This prevents ARF’s interaction with Mdm?2, which in turn can ubiquitinate p53 thereby
promoting its degradation and maintaining it at low levels. In contrast, during replicative
senescence or stress induced by activation of oncogenes such as c-MYC and H-RAS, ARF
rapidly accumulates, binds to Mdm2 and inhibits its activity, leading to p53 activation
(Reviewed in [5,6]). In addition, NPM1 can shuttle to the nucleoplasm and bind directly to
Mdm?2, independently of ARF, to prevent Mdm?2's function in degrading p53, leading to p53
pathway activation [6,81]. Furthermore, in response to DNA damage, the promyelocytic
leukemia (PML) tumor-suppressor protein was shown to sequester Mdm2 in the nucleolus
leading to p53 stabilization [82] (Figure 5). When ribosome biogenesis is disrupted at
the level of rRNA synthesis, processing or assembly, p53 is induced via an independent
pathway, termed the impaired ribosome biogenesis checkpoint (IRBC) [83]. The IRBC is
activated upon the release of free ribosomal proteins (RP) L11 (RPL11) and RPLS5 to the
nucleoplasm in a complex with the 55 rRNA that can sequester and inhibit Mdm?2 leading
to p53 stabilization (Figure 5).

Classical chemotherapeutics (e.g., oxaliplatin, cisplatin, actinomycin D and 5-FU)
and PARP inhibitors, recently FDA approved for ovarian cancer treatment, have been
discovered to act through distinct mechanisms of action that include inhibition of Pol I
transcription or ribosome biogenesis [10,70,84]. Indeed, many cancer therapies originally
intended to cause DNA damage and kill cancer cells actually impair ribosome biogenesis,
which leads to cell cycle arrest and senescence [10,85]. As such the nucleolar stress response
serves as a potential therapeutic target for cancer therapy. As it is clear that DDR and
ribosome biogenesis do not operate in isolation, more studies into the crosstalk between
the DDR, Pol transcription and ribosome biogenesis are required for harnessing the n-
DDR as a cancer therapy. In this review, we focus on CX-5461, a novel Pol I transcription
inhibitor showing promising activity in clinical investigations [86]. CX-5461 induces n-DDR
compared to other Pol I inhibitors such as Actinomycin D and BMH-21, which impair
Pol I transcription elongation without inducing DDR [87-89]. As this review focusses
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Figure 5. The nucleolar response to different types of stress. Chemotherapies and n-DDR inhibit Pol I transcription and
ribosome biogenesis. Free ribosomal proteins, RPL11 and PRL5 then shuttle into nucleoplasm and together with 5S rRNA,
they sequester the E3 ligase Mdm2 leading to p53 stabilization. Oncogenic stress also results in the activation of p53 via
inhibiting Mdm?2. Oncogene such as c-MYC and H-RAS lead to the induction of ARF levels, which together with NPM1
bind and inhibit Mdm?2 to activate p53. NPM1 can also interact and inhibit Mdm2 independent of ARF. In response to DNA
damage, the PML was also shown to sequester Mdm?2 in the nucleolus leading to p53 stabilization. Overall, activation of
p53 leads to various responses including cell cycle arrest, DNA repair, senescence, and apoptosis.

5. The Nucleolar DDR in Cancer Therapy

In search for next-generation inhibitors that directly target Pol I function, Cylene Phar-
maceuticals initially discovered CX-5461 in a molecular-based quantitative real-time poly-
merase chain reaction (GQRT-PCR) screening approach designed to identify and differentiate
compounds that selectively inhibit Pol I transcription relative to Pol II transcription [91,92].
Among the numerous molecules screened, CX-5461 was found to inhibit the rate of rDNA
transcription in a broad range of cancer cell lines in vitro, exhibiting greater than 200-fold
selectivity for Pol I transcription, with limited direct effects on the transcription of Pol II
target genes (e.g., -MYC, ACTB) [91].

CX-5461 has demonstrated single-agent therapeutic efficacy in multiple preclinical
cancer models including lymphoma, acute myeloid leukemia (AML), breast, prostate and
ovarian cancer [93-99] and is showing promising activity in early phase clinical trials
in blood and solid cancers [86,100]. CX-5461-mediated induction of the p53-dependent
IRBC is a major mechanism of response in p53-wild-type tumor cells leading to cell cycle
arrest and apoptosis, which seems to be the dominant response to CX-5461 in blood cancer
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models including lymphoma and AML models. However, in solid cancer models, the
cellular response to CX-5461 is independent of p53 status and is associated with cell cycle
arrest, senescence and autophagy [91,101].

5.1. CX-5461's Mode of Action

Initial studies have demonstrated that CX-5461's primary mechanism of action is
through impairing the direct binding of the Pol I-specific transcription factor, selectivity
factor (SL-1), to the rDNA promoter [91] (Figure 6). SL-1 is a complex containing the TATA-
binding protein (TBP) and five TBP-associated factors (TAF1A, TAF1B, TAF1C, TAF1D
and TAF12) [102,103]. UBEF facilitates the recruitment and binding of SL-1 to the rDNA
promoter elements [104], which in turn recruits the Pol I complex [105]. The interaction of
transcription factor RRN3 with Pol I is essential for the formation of the transcriptionally
competent pre-initiation complex (PIC) [102,106,107]. The DNA topoisomerase TOP2x
isoform is an essential component of the initiation-competent Pol I complex where it
binds to RRN3 and acts to produce topological changes at the rDNA promoter that in
turn promotes PIC formation [108]. Promoter opening and escape are also stimulated
by UBF and accompanied by the release of RRN3 from the Pol I complex [109]. CX-
5461 inhibits the initiation of Pol I transcription by disrupting the binding of SL-1 to the
rDNA promoter [88,91,93,95] and preventing subsequent recruitment of Pol I, leading to
exposed rDNA repeats and perturbations in rDNA chromatin structure [88,91,93]. Indeed,
recent single-molecule imaging of UBF and Pol I has shown that CX-5461 induces Pol I to
dissociate from rDNA chromatin and to move as a liquid within the nucleolar caps [110].

Recent findings have revealed additional modes of action for CX-5461 including
blocking of Pol I promoter escape without affecting PIC formation [111], stabilization of
nucleolar-associated R-loops and inducing replication stress [97] as well as stabilization
of G4 structures [96]. Recently, CX-5461 was also identified to exhibit a sensitivity profile
and core chemical structure that resembles known TOP2 poisons, such as etoposide and
voreloxin [112]. Type II topoisomerases are enzymes that alter the topological state of DNA
by producing temporary DSBs to resolve the positive or negative supercoiling that often
arises during replication, transcription and DNA repair, generating a transient cleavage
complex through which another DNA helix can pass [113-116]. Once this strand passage
event is complete, the break is re-ligated, and the DNA structure is restored [117,118]. TOP2
poisons such as doxorubicin and etoposide act to stabilize normally transient TOP2-DNA
covalent complexes, resulting in the accumulation of cytotoxic DSBs [119,120]. Pipier
et al. found that small interfering RNA (siRNA)-mediated depletion of the TOP2x isoform
or inhibition of its catalytic activity confers resistance to CX-5461 [121]. Since CX-5461
has been shown to induce activation of ATR at rDNA indicating nucleolar replication
stress [97,122], it is plausible that CX-5461 may carry out its action by potentially trapping
TOP2o with high selectivity to rDNA promoters compared to regions across the genome.
Indeed, a recent study has shown that CX-5461 may act as a DNA structure-driven TOP2-
poison at transcribed regions bearing G4 structures [123]. CX-5461 was shown to induce
DSBs through a TOP2-dependent mechanism, however, its activity seems to differ from
F14512, a selective and potent TOP2A poison. Furthermore, DNA breaks induced by
CX-5461 were reduced when Pol I activity was inhibited by another Pol I inhibitor BMH-
21 [123], indicating the contribution of rDNA transcription to the cellular response to
CX-5461. The data suggest that the interaction of CX-5461 with DNA and sensitivity
to CX-5461 are facilitated by DNA topological stress provoked by a high level of Pol I
transcription [123,124]. CX-5461-mediated chromatin defects, G4 stabilization or R-loops
formation at transcriptionally active loci leads to inhibition of Pol I transcription, mobilizing
of TOP2 to resolve topological stresses and subsequent TOP2 poisoning. This model
provides a new concept of DNA structure-driven TOP2 poisoning by CX-5461 at rDNA
sequences [123]. Altogether, these observations highlight the breadth of CX-5461’s cellular
activity mediated through the direct targeting of Pol I transcription and rDNA chromatin.
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Figure 6. The mechanism of action of CX-5461. CX-5461 inhibits the binding of SL-1 complex to the rDNA promoter
region, which in turn prevents the formation of the pre-initiation complex. Furthermore, CX-5461 can induce aberrant
rDNA chromatin structures including the formation of single-stranded DNA (ssDNA), stabilization of R-loops and G4
structures, which also leads to inhibition of Pol I transcription, recruitment of TOP2 to resolve topological stresses and
subsequent TOP2 poisoning. CX-5461-mediated response involves p53-dependent and -independent pathways. CX-5461
induces activation of the nucleolar stress response which leads to inhibition of Mdm?2 and subsequent activation of p53 via
multiple pathways. CX-5461 also induces the nucleolar DDR response via activation of ATM and ATR leading to activation
of downstream checkpoint kinases CHK1 and CHK2 resulting in cell cycle arrest.

5.2. Therapeutic Response to CX-5461 Is Mediated via Activation of the IRBC and the n-DDR

Using genetically engineered and xenograft models of Ep-Myc lymphoma, Bywater et al.
demonstrated that CX-5461 induces nucleolar disruption, resulting in the binding of
unassembled RPL5 and RPL11 to Mdm?2 and subsequently rapidly activating p53-mediated
apoptosis [93]. Furthermore, this response was triggered in the absence of changes in the
total levels of functional ribosomes or the rates of protein synthesis, clearly demonstrating
that certain tumor cells are highly dependent on accelerated rDNA transcription levels
and intact nucleolar integrity for their survival [83,125]. Furthermore, a strong correlation
between the mutational status of p53 and sensitivity to CX-5461 was also found, whereby
p53-wildtype lymphoma and AML cell lines were significantly more sensitive towards
CX-5461 than p53-null or -mutant cell lines [93,95]. Nevertheless, CX-5461 demonstrated
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significant efficacy in p53-null AML in vivo. The significant survival advantage in both
p53-wildtype and p53-null leukemic mice treated with CX-5461 was associated with an
aberrant G2/M cell-cycle progression, induction of myeloid differentiation and targeting
of the leukemia-initiating cell population [95].

Insight into the p53-independent effects of CX-5461 was demonstrated in BJ telomerase
reverse transcriptase (TERT)-immortalized human fibroblasts expressing a short hairpin
RNA targeting p53, where CX-5461 exhibited both p53-dependent and -independent
growth inhibitory effects in the absence of global DNA damage [88]. In addition to
inhibiting rRNA synthesis, CX-5461 was shown to induce perturbations in rDNA chromatin
structure by displacing Pol I from rDNA promoters, thus resulting in the presence of
“exposed” rDNA repeats devoid of Pol I (Figure 6). This alteration in rDNA topology
was found to trigger non-canonical activation of ATM/ATR kinase signaling within the
nucleoli in the absence of detectable YH2AX foci [88], a marker of DSBs, and to promote
cell proliferation defects as well as inducing senescence.

CX-5461-mediated inhibition of Pol I transcription in acute lymphoblastic leukemia
(ALL) has also been demonstrated to induce a G2/M checkpoint arrest and promote
caspase-dependent apoptosis via the ATM/ ATR kinase pathways, independent of p53
status [99,126]. In various models, CX-5461 has been shown to activate ATM /ATR signaling
and the combination of CX-5461 with dual inhibition of CHK1/2 has been reported to
significantly enhance the therapeutic outcome against p53-null MYC-driven lymphoma
in vivo [88].

CX-5461 also activates p53-independent ATM/ATR signaling and the G2/M cell cycle
checkpoint in high-grade serous ovarian cancer (HGSOC) cells, leading to growth arrest
in vitro and in vivo [97,122]. CX-5461 treatment induces RPA phosphorylation and ATR
activation within the nucleoli in HGSOC cells, indicating CX-5461 induces replication
stress at the rDNA [97]. The net result of CX-5461-mediated nucleolar DDR is global
replication stress. Indeed, CX-5461 treatment is associated with increased levels of 54/58
phosphorylation of RPA32, a marker of persistent replication stress that is essential for
G2M checkpoint activation. Furthermore, CX-5461 has been shown to induce destabiliza-
tion of replication forks, leading to replication-dependent DNA damage with an overall
low induction of YH2AX levels compared with other chemotherapeutics [122]. In HR
-deficient cells, CX-5461 enhances nucleolar replication stress, global replication stress and
replication-dependent DNA damage, suggesting the HR pathway is required for resolving
CX-5461-mediated replication stress [96,97]. Indeed, CX-5461-mediated n-DDR has been
shown to be synthetic lethal with HR deficiency [97,122]. Approximately 50% of HGSOC
cases are characterized by HR deficiency for which PARP inhibitors have been recently
approved as the standard-of-care therapy. CX-5461 cooperates with PARP inhibitors in
enhancing replication stress and inhibiting HGSOC cell growth in vitro and in vivo [97]
and also in inhibiting tumor growth of HR proficient prostate cancer patient-derived
xerographs in vivo [127], highlighting this combination as an exciting approach for ovar-
ian and prostate cancer treatment. Moreover, CX-5461 exhibits single-agent efficacy in
patient-derived HGSOC cells harboring a replication fork protection phenotype, a com-
mon mechanism of resistance to chemotherapy and PARP inhibitors [97], suggesting that
CX-5461 through its p53-independent effects in activating the n-DDR can be harnessed to
treat relapsed ovarian cancer.

5.3. CX-5461 in Combination with Standard of Care Cancer Therapies

While CX-5461 represents an exciting therapeutic option for multiple cancer types,
the identification of predictive biomarkers of response to identify patients who will benefit
from this therapy is essential for the success of future clinical trials. In a study utilizing
a panel of ovarian cancer cell lines, sensitivity to CX-5461 was shown to be associated
with a high baseline rate of Pol I transcription and higher proportion of active to inactive
rDNA repeats [124]. This is consistent with CX-5461"s mode of action in inhibiting Pol I
transcription and triggering defects associated with open chromatin and replication stress
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at the rDNA. Therefore, cells with a higher ratio of active rDNA are more sensitive to
CX-5461-mediated nucleolar DDR and activation of cell cycle checkpoints. Moreover,
biomarkers of sensitivity to CX-5461 in ovarian cancer models include BRCA-mutated
and MYC targets gene expression signatures and were found to be enriched in a subset
of primary and relapsed ovarian cancer [97]. As MYC is a master regulator of ribosome
biogenesis, MYC-driven Pol I transcription and/or MYC-driven global transcription and
replication stress may underlie sensitivity to CX-5461.

Importantly, a recent whole protein-coding genome RNAIi screen to identify potential
targets whose inhibition can enhance the efficacy of CX-5461 in treating HR-proficient
HGSOC cells has demonstrated the power of synthetic lethality in the context of CX-
5461-induced n-DDR [122]. The primary screen identified 371 genes whose inhibition
co-operated with CX-5461 in inhibiting cell growth, of which 41 genes controlled critical
DNA repair pathways including HR, replication fork stability, NHE], MME] and nucleotide
excision repair. One of the highly significant CX-5461 synthetic lethal hits was DNA
topoisomerase 1 (TOP1), an enzyme that relieves the strain generated by the DNA double
helix’s twisting during DNA replication and transcription. TOP1 plays an important role
in the rRNA genes [128], and TOP1 inhibitors such as topotecan are used in cancer therapy
though their clinical use has been limited due to hematological toxicity. The combination
of CX-5461 and low-dose topotecan markedly enhanced n-DDR and global replication
stress without increasing DSBs, leading to improved efficacy against HGSOC tumors
in vivo [122]. Thus, revealing the potential of harnessing n-DDR in combination with low
doses of chemotherapeutics or PARP inhibitors to improve their efficacy in the clinic.

6. Perspectives

The field of n-DDR is still in its infancy. Investigating the mechanisms of n-DDR
and the crosslink with global DNA repair and DNA replication will bring a fundamental
knowledge of how nucleolar surveillance of stress stimuli coordinate activation of cell cycle
checkpoints and stress signaling pathways. Characterizing of n-DDR will likely uncover a
novel class of non-genotoxic DDR therapeutics with improved efficacy and reduced toxicity
compared to DNA damaging chemotherapies.

Author Contributions: Conceptualization, E.S.; investigation, J.X., K.G. and E.S.; resources, E.S.;
writing—original draft preparation, ].X., K.G. and E.S.; writing—review and editing, N.B. and E.S.;
visualization, ] X., K.G. and E.S; supervision, E.S.; funding acquisition, E.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the National Health and Medical Research Council (NHMRC)
of Australia (Project grant #1162052). E.S. is supported by a Victorian Cancer Agency Mid-Career
Research Fellowship (MCRF19007).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Derenzini, M.; Thiry, M.; Goessens, G. Ultrastructural cytochemistry of the mammalian cell nucleolus. J. Histochem. Cytochem.
1990, 38, 1237-1256. [CrossRef]

2. Puvion-Dutilleul, E; Puvion, E.; Bachellerie, J.P. Early stages of pre-rRNA formation within the nucleolar ultrastructure of mouse
cells studied by in situ hybridization with a 5’ETS leader probe. Chromosoma 1997, 105, 496-505. [CrossRef] [PubMed]

3.  Fatica, A ; Tollervey, D. Making ribosomes. Curr. Opin. Cell Biol. 2002, 14, 313-318. [CrossRef]

4. Henras, A,; Plisson-Chastang, C.; O’'Donohue, M.-F.; Chakraborty, A.; Gleizes, P.-E. An overview of pre-ribosomal RNA processing
in eukaryotes. Wiley Interdiscip. Rev. RNA 2015, 6, 225-242. [CrossRef] [PubMed]

5. Hein, N.; Sanij, E.; Quin, J.; Hannan, K.M.; Hannan, R.D. The Nucleolus and Ribosomal Genes in Aging and Senescence. Senecence

2012, 171-208.


http://doi.org/10.1177/38.9.2201735
http://doi.org/10.1007/BF02510486
http://www.ncbi.nlm.nih.gov/pubmed/9211977
http://doi.org/10.1016/S0955-0674(02)00336-8
http://doi.org/10.1002/wrna.1269
http://www.ncbi.nlm.nih.gov/pubmed/25346433

Genes 2021, 12, 1156 15 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

Boulon, S.; Westman, B.J.; Hutten, S.; Boisvert, F.-M.; Lamond, A.L. The Nucleolus under Stress. Mol. Cell 2010, 40, 216-227.
[CrossRef]

Ghoshal, K.; Jacob, S.T. Specific inhibition of pre-ribosomal RNA processing in extracts from the lymphosarcoma cells treated
with 5-fluorouracil. Cancer Res. 1994, 54, 632-636. [PubMed]

Treiber, D.K.; Zhai, X.; Jantzen, H.M.; Essigmann, ].M. Cisplatin-DNA adducts are molecular decoys for the ribosomal RNA
transcription factor hUBF (human upstream binding factor). Proc. Natl. Acad. Sci. USA 1994, 91, 5672-5676. [CrossRef] [PubMed]
Trask, D.K.; Muller, M.T. Stabilization of type I topoisomerase-DNA covalent complexes by actinomycin D. Proc. Natl. Acad. Sci.
USA 1988, 85, 1417-1421. [CrossRef]

Burger, K.; Miihl, B.; Harasim, T.; Rohrmoser, M.; Malamoussi, A.; Orban, M.; Kellner, M.; Gruber-Eber, A.; Kremmer, E.;
Holzel, M.; et al. Chemotherapeutic Drugs Inhibit Ribosome Biogenesis at Various Levels. J. Biol. Chem. 2010, 285, 12416-12425.
[CrossRef]

Catez, F; Venezia, N.D.; Marcel, V.; Zorbas, C.; Lafontaine, D.L.].; Diaz, J.-]. Ribosome biogenesis: An emerging druggable
pathway for cancer therapeutics. Biochem. Pharmacol. 2019, 159, 74-81. [CrossRef]

Grob, A.; Colleran, C.; McStay, B. Construction of synthetic nucleoli in human cells reveals how a major functional nuclear
domain is formed and propagated through cell division. Genes Dev. 2014, 28, 220-230. [CrossRef] [PubMed]

McStay, B.; Grummt, I. The Epigenetics of rRNA Genes: From Molecular to Chromosome Biology. Annu. Rev. Cell Dev. Biol. 2008,
24,131-157. [CrossRef]

Prokopowich, C.D.; Gregory, T.R.; Crease, T. The correlation between rDNA copy number and genome size in eukaryotes. Genome
2003, 46, 48-50. [CrossRef] [PubMed]

Sakai, K.; Ohta, T.; Minoshima, S.; Kudoh, J.; Wang, Y.; de Jong, PJ.; Shimizu, N. Human ribosomal RNA gene cluster: Iden-
tification of the proximal end containing a novel tandem repeat sequence. Genomics 1995, 26, 521-526. [CrossRef]

Floutsakou, I.; Agrawal, S.; Nguyen, T.; Seoighe, C.; Ganley, A.; McStay, B. The shared genomic architecture of human nucleolar
organizer regions. Genome Res. 2013, 23, 2003-2012. [CrossRef] [PubMed]

Hamdane, N.; Stefanovsky, V.Y.; Tremblay, M.G.; Nemeth, A.; Paquet, E.; Lessard, F,; Sanij, E.; Hannan, R.; Moss, T. Condi-tional
inactivation of Upstream Binding Factor reveals its epigenetic functions and the existence of a somatic nucleolar pre-cursor body.
PLOS Genet. 2014, 10, €1004505. [CrossRef]

Hamperl, S.; Wittner, M.; Babl, V.; Perez-Fernandez, J.; Tschochner, H.; Griesenbeck, J. Chromatin states at ribosomal DNA loci.
Biochim Biophys Acta 2013, 1829, 405—417. [CrossRef]

Sanij, E.; Hannan, R.D. The role of UBF in regulating the structure and dynamics of transcriptionally active rDNA chroma-tin.
Epigenetics 2009, 4, 374-382. [CrossRef] [PubMed]

Sanij, E.; Poortinga, G.; Sharkey, K.; Hung, S.; Holloway, T.P.; Quin, J.; Robb, E.; Wong, L. H.; Thomas, W.; Stefanovsky, V.; et al.
UBF levels determine the number of active ribosomal RNA genes in mammals. J. Cell Biol. 2008, 183, 1259-1274. [CrossRef]
[PubMed]

Moss, T.; Stefanovsky, V.Y. At the Center of Eukaryotic Life. Cell 2002, 109, 545-548. [CrossRef]

Kobayashi, T. Regulation of ribosomal RNA gene copy number and its role in modulating genome integrity and evolutionary
adaptability in yeast. Cell. Mol. Life Sci. 2011, 68, 1395-1403. [CrossRef]

Salim, D.; Gerton, J.L. Ribosomal DNA instability and genome adaptability. Chromosom. Res. 2019, 27, 73-87. [CrossRef]

Stults, D.M.; Killen, M.W.,; Pierce, H.H.; Pierce, A.]. Genomic architecture and inheritance of human ribosomal RNA gene clusters.
Genome Res. 2007, 18, 13-18. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646-674. [CrossRef]

Diesch, J.; Hannan, R.D.; Sanij, E. Perturbations at the ribosomal genes loci are at the centre of cellular dysfunction and hu-man
disease. Cell Biosci 2014, 4, 43. [CrossRef]

Xu, B.; Li, H,; Perry, ].M.; Singh, V.P; Unruh, J.; Yu, Z.; Zakari, M.; McDowell, W.; Li, L.; Gerton, ].L. Ribosomal DNA copy number
loss and sequence variation in cancer. PLOS Genet. 2017, 13, €1006771. [CrossRef] [PubMed]

Udugama, M.; Sanij, E.; Voon, H.; Son, J.; Hii, L.; Henson, J.; Chan, EL.; Chang, ET.M.; Liu, Y.; Pearson, R.B.; et al. Ribosomal
DNA copy loss and repeat instability in ATRX-mutated cancers. Proc. Natl. Acad. Sci. USA 2018, 115, 4737-4742. [CrossRef]
[PubMed]

Valori, V,; Tus, K.; Laukaitis, C.; Harris, D.T.; Lebeau, L.; Maggert, K.A. Human rDNA copy number is unstable in metastatic
breast cancers. Epigenetics 2020, 15, 85-106. [CrossRef] [PubMed]

Wang, M.; Lemos, B. Ribosomal DNA copy number amplification and loss in human cancers is linked to tumor genetic con-text,
nucleolus activity, and proliferation. PLOS Genet. 2017, 13, e1006994. [CrossRef]

Nelson, J.O.; Watase, G.; Warsinger-Pepe, N.; Yamashita, Y.M. Mechanisms of rDNA Copy Number Maintenance. Trends Genet.
2019, 35, 734-742. [CrossRef]

Warmerdam, D.O.; Wolthuis, R. Keeping ribosomal DNA intact: A repeating challenge. Chromosom. Res. 2019, 27, 57-72.
[CrossRef] [PubMed]

Lindstrom, M.S.; Jurada, D.; Bursac, S.; Orsoli¢, I.; Bartek, J.; Volarevic, S. Nucleolus as an emerging hub in maintenance of
genome stability and cancer pathogenesis. Oncogene 2018, 37, 2351-2366. [CrossRef] [PubMed]

Santos-Pereira, ]. M.; Aguilera, A. R loops: New modulators of genome dynamics and function. Nat. Rev. Genet. 2015, 16, 583-597.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.molcel.2010.09.024
http://www.ncbi.nlm.nih.gov/pubmed/8306322
http://doi.org/10.1073/pnas.91.12.5672
http://www.ncbi.nlm.nih.gov/pubmed/8202546
http://doi.org/10.1073/pnas.85.5.1417
http://doi.org/10.1074/jbc.M109.074211
http://doi.org/10.1016/j.bcp.2018.11.014
http://doi.org/10.1101/gad.234591.113
http://www.ncbi.nlm.nih.gov/pubmed/24449107
http://doi.org/10.1146/annurev.cellbio.24.110707.175259
http://doi.org/10.1139/g02-103
http://www.ncbi.nlm.nih.gov/pubmed/12669795
http://doi.org/10.1016/0888-7543(95)80170-Q
http://doi.org/10.1101/gr.157941.113
http://www.ncbi.nlm.nih.gov/pubmed/23990606
http://doi.org/10.1371/journal.pgen.1004505
http://doi.org/10.1016/j.bbagrm.2012.12.007
http://doi.org/10.4161/epi.4.6.9449
http://www.ncbi.nlm.nih.gov/pubmed/19717978
http://doi.org/10.1083/jcb.200805146
http://www.ncbi.nlm.nih.gov/pubmed/19103806
http://doi.org/10.1016/S0092-8674(02)00761-4
http://doi.org/10.1007/s00018-010-0613-2
http://doi.org/10.1007/s10577-018-9599-7
http://doi.org/10.1101/gr.6858507
http://www.ncbi.nlm.nih.gov/pubmed/18025267
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1186/2045-3701-4-43
http://doi.org/10.1371/journal.pgen.1006771
http://www.ncbi.nlm.nih.gov/pubmed/28640831
http://doi.org/10.1073/pnas.1720391115
http://www.ncbi.nlm.nih.gov/pubmed/29669917
http://doi.org/10.1080/15592294.2019.1649930
http://www.ncbi.nlm.nih.gov/pubmed/31352858
http://doi.org/10.1371/journal.pgen.1006994
http://doi.org/10.1016/j.tig.2019.07.006
http://doi.org/10.1007/s10577-018-9594-z
http://www.ncbi.nlm.nih.gov/pubmed/30556094
http://doi.org/10.1038/s41388-017-0121-z
http://www.ncbi.nlm.nih.gov/pubmed/29429989
http://doi.org/10.1038/nrg3961
http://www.ncbi.nlm.nih.gov/pubmed/26370899

Genes 2021, 12, 1156 16 of 19

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.
58.

59.

De Magis, A.; Manzo, S.G.; Russo, M.; Marinello, J.; Morigi, R.; Sordet, O.; Capranico, G. DNA damage and genome instability by
G-quadruplex ligands are mediated by R loops in human cancer cells. Proc. Natl. Acad. Sci. USA 2019, 116, 816-825. [CrossRef]
[PubMed]

Ginno, P.A.; Lott, P; Christensen, H.C.; Korf, I.; Chédin, F. R-Loop Formation Is a Distinctive Characteristic of Unmethylated
Human CpG Island Promoters. Mol. Cell 2012, 45, 814-825. [CrossRef] [PubMed]

Akamatsu, Y.; Kobayashi, T. The Human RNA Polymerase I Transcription Terminator Complex Acts as a Replication Fork Barrier
That Coordinates the Progress of Replication with rRNA Transcription Activity. Mol. Cell. Biol. 2015, 35, 1871-1881. [CrossRef]
Killen, M.W,; Stults, D.M.; Adachi, N.; Hanakahi, L.; Pierce, A.J. Loss of Bloom syndrome protein destabilizes human gene cluster
architecture. Hum. Mol. Genet. 2009, 18, 3417-3428. [CrossRef]

Stults, D.M.; Killen, M.W.; Williamson, E.P.; Hourigan, J.S.; Vargas, H.D.; Arnold, S.M.; Moscow, ].A.; Pierce, A.J]. Human rRNA
Gene Clusters Are Recombinational Hotspots in Cancer. Cancer Res. 2009, 69, 9096-9104. [CrossRef]

Tchurikov, N.A.; Fedoseeva, D.M.; Sosin, D.V.; Snezhkina, A.V.; Melnikova, N.V,; Kudryavtseva, A.V.,; Kravatsky, Y.V,;
Kretova, O.V. Hot spots of DNA double-strand breaks and genomic contacts of human rDNA units are involved in epigenet-ic
regulation. J. Mol. Cell Biol. 2015, 7, 366-382. [CrossRef]

MacLeod, R.A.; Spitzer, D.; Bar-Am, I; Sylvester, J.E.; Kaufmann, M.; Wernich, A.; Drexler, H.G. Karyotypic dissection of
Hodgkin’s disease cell lines reveals ectopic subtelomeres and ribosomal DNA at sites of multiple jumping translocations and
genomic amplification. Leukemia 2000, 14, 1803-1814. [CrossRef]

Feng, L.; Du, J.; Yao, C.; Jiang, Z.; Li, T.; Zhang, Q.; Guo, X.; Yu, M.,; Xia, H.; Shi, L.; et al. Ribosomal DNA copy number is
associated with P53 status and levels of heavy metals in gastrectomy specimens from gastric cancer patients. Environ. Int. 2020,
138,105593. [CrossRef] [PubMed]

Hosgood, H.D.; Hu, W.; Rothman, N.; Klugman, M.; Weinstein, S.J.; Virtamo, ].R.; Albanes, D.; Cawthon, R.; Lan, Q. Variation in
ribosomal DNA copy number is associated with lung cancer risk in a prospective cohort study. Carcinogenesis 2019, 40, 975-978.
[CrossRef] [PubMed]

Korsholm, L.M.; Gal, Z.; Nieto, B.; Quevedo, O.; Boukoura, S.; Lund, C.C.; Larsen, D.H. Recent advances in the nucleolar
responses to DNA double-strand breaks. Nucleic Acids Res. 2020, 48, 9449-9461. [CrossRef]

Harding, S.; Boiarsky, J.A.; Greenberg, R.A. ATM Dependent Silencing Links Nucleolar Chromatin Reorganization to DNA
Damage Recognition. Cell Rep. 2015, 13, 251-259. [CrossRef]

Larsen, D.H.; Hari, EJ.; Clapperton, J.A.; Gwerder, M.; Gutsche, K.; Altmeyer, M.; Jungmichel, S.; Toledo, L.; Fink, D.;
Rask, M.-B.; et al. The NBS1-Treacle complex controls ribosomal RNA transcription in response to DNA damage. Nat. Cell Biol.
2014, 16, 792-803. [CrossRef]

Van Sluis, M.; McStay, B. A localized nucleolar DNA damage response facilitates recruitment of the homology-directed repair
machinery independent of cell cycle stage. Genes Dev. 2015, 29, 1151-1163. [CrossRef] [PubMed]

Berkovich, EEM.R.]., Jr.; Kastan, M.B. Roles of ATM and NBS1 in chromatin structure modulation and DNA double-strand break
repair. Nat. Cell Biol. 2007, 9, 683-690. [CrossRef]

Kruhlak, M.; Crouch, E.E.; Orlov, M.; Montafio, C.; Gorski, S.; Nussenzweig, A.; Misteli, T.; Phair, R.D.; Casellas, R. The ATM
repair pathway inhibits RNA polymerase I transcription in response to chromosome breaks. Nat. Cell Biol. 2007, 447, 730-734.
[CrossRef] [PubMed]

Ciccia, A.; Huang, J.-W.; Izhar, L.; Sowa, M.E.; Harper, ] W.; Elledge, S.J. Treacher Collins syndrome TCOF1 protein cooperates
with NBS1 in the DNA damage response. Proc. Natl. Acad. Sci. USA 2014, 111, 18631-18636. [CrossRef]

Korsholm, L.M.; Gdl, Z.; Lin, L.; Quevedo, O.; Ahmad, D.A.; Dulina, E.; Luo, Y.; Bartek, J.; Larsen, D.H. Double-strand breaks in
ribosomal RNA genes activate a distinct signaling and chromatin response to facilitate nucleolar restructuring and repair. Nucleic
Acids Res. 2019, 47, 8019-8035. [CrossRef]

Mooser, C.; Symeonidou, I.-E.; Leimbacher, P-A.; Ribeiro, A.; Shorrocks, A.-M.K.; Jungmichel, S.; Larsen, S.C.; Knechtle, K.;
Jasrotia, A.; Zurbriggen, D.; et al. Treacle controls the nucleolar response to rDNA breaks via TOPBP1 recruitment and ATR
activation. Nat. Commun. 2020, 11, 1-16. [CrossRef] [PubMed]

Kim, S.-T.; Xu, B.; Kastan, M.B. Involvement of the cohesin protein, Smcl, in Atm-dependent and independent responses to DNA
damage. Genes Dev. 2002, 16, 560-570. [CrossRef] [PubMed]

Pefani, D.E.; Tognoli, M.L.; Pirincci Ercan, D.; Gorgoulis, V.; O’Neill, E. MST2 kinase suppresses rDNA transcription in re-sponse
to DNA damage by phosphorylating nucleolar histone H2B. EMBO J. 2018, 37, €98760. [CrossRef]

Siebenwirth, C.; Greubel, C.; Drexler, G.A.; Reindl, J.; Walsh, D.W.M.; Schwarz, B.; Sammer, M.; Baur, I.; Pospiech, H.;
Schmid, T.E.; et al. Local inhibition of rRNA transcription without nucleolar segregation after targeted ion irradiation of the
nucleolus. . Cell Sci. 2019, 132, jcs232181. [CrossRef]

Warmerdam, D.O.; van den Berg, J.; Medema, R.H. Breaks in the 45S rDNA Lead to Recombination-Mediated Loss of Repeats.
Cell Rep 2016, 14, 2519-2527. [CrossRef] [PubMed]

Van Sluis, M.; McStay, B. Nucleolar reorganization in response to rDNA damage. Curr. Opin. Cell Biol. 2017, 46, 81-86. [CrossRef]
Jarboui, M.A.; Wynne, K.; Elia, G.; Hall, W.W.; Gautier, V.W. Proteomic profiling of the human T-cell nucleolus. Mol. Immunol.
2011, 49, 441-452. [CrossRef]

Boisvert, F.-M.; Van Koningsbruggen, S.; Navascués, J.; Lamond, A.I. The multifunctional nucleolus. Nat. Rev. Mol. Cell Biol. 2007,
8, 574-585. [CrossRef]


http://doi.org/10.1073/pnas.1810409116
http://www.ncbi.nlm.nih.gov/pubmed/30591567
http://doi.org/10.1016/j.molcel.2012.01.017
http://www.ncbi.nlm.nih.gov/pubmed/22387027
http://doi.org/10.1128/MCB.01521-14
http://doi.org/10.1093/hmg/ddp282
http://doi.org/10.1158/0008-5472.CAN-09-2680
http://doi.org/10.1093/jmcb/mju038
http://doi.org/10.1038/sj.leu.2401894
http://doi.org/10.1016/j.envint.2020.105593
http://www.ncbi.nlm.nih.gov/pubmed/32120062
http://doi.org/10.1093/carcin/bgz052
http://www.ncbi.nlm.nih.gov/pubmed/30859204
http://doi.org/10.1093/nar/gkaa713
http://doi.org/10.1016/j.celrep.2015.08.085
http://doi.org/10.1038/ncb3007
http://doi.org/10.1101/gad.260703.115
http://www.ncbi.nlm.nih.gov/pubmed/26019174
http://doi.org/10.1038/ncb1599
http://doi.org/10.1038/nature05842
http://www.ncbi.nlm.nih.gov/pubmed/17554310
http://doi.org/10.1073/pnas.1422488112
http://doi.org/10.1093/nar/gkz518
http://doi.org/10.1038/s41467-019-13981-x
http://www.ncbi.nlm.nih.gov/pubmed/31913317
http://doi.org/10.1101/gad.970602
http://www.ncbi.nlm.nih.gov/pubmed/11877376
http://doi.org/10.15252/embj.201798760
http://doi.org/10.1242/jcs.232181
http://doi.org/10.1016/j.celrep.2016.02.048
http://www.ncbi.nlm.nih.gov/pubmed/26972008
http://doi.org/10.1016/j.ceb.2017.03.004
http://doi.org/10.1016/j.molimm.2011.09.005
http://doi.org/10.1038/nrm2184

Genes 2021, 12, 1156 17 of 19

60.

61.

62.

63.

64.

65.
66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

Couté, Y.; Burgess, ].A.; Diaz, ].-].; Chichester, C.; Lisacek, F; Greco, A.; Sanchez, J.-C. Deciphering the human nucleolar proteome.
Mass Spectrom. Rev. 2006, 25, 215-234. [CrossRef]

Andersen, J.; Lam, YYW,; Leung, A.; Ong, S.-E.; Lyon, C.E.; Lamond, A.; Mann, M. Nucleolar proteome dynamics. Nat. Cell Biol.
2005, 433, 77-83. [CrossRef] [PubMed]

Moore, H.M.; Bai, B.; Boisvert, EM.; Latonen, L.; Rantanen, V.; Simpson, J.C.; Pepperkok, R.; Lamond, A.IL; Laiho, M. Quan-titative
proteomics and dynamic imaging of the nucleolus reveal distinct responses to UV and ionizing radiation. Mol. Cell Proteom. 2011,
10. [CrossRef] [PubMed]

Ogawa, L.M.; Baserga, S.J. Crosstalk between the nucleolus and the DNA damage response. Mol. BioSyst. 2017, 13, 443—455.
[CrossRef]

Rancourt, A.; Satoh, M.S. Delocalization of nucleolar poly (ADP-ribose) polymerase-1 to the nucleoplasm and its novel link to
cellular sensitivity to DNA damage. DNA Repair 2009, 8, 286—297. [CrossRef]

Pascal, ].M. The comings and goings of PARP-1 in response to DNA damage. DNA Repair 2018, 71, 177-182. [CrossRef]

Sfeir, A.; Symington, L.S. Microhomology-Mediated End Joining: A Back-up Survival Mechanism or Dedicated Pathway? Trends
Biochem. Sci. 2015, 40, 701-714. [CrossRef]

Black, S.J.; Ozdemir, A.Y.; Kashkina, E.; Kent, T.; Rusanov, T.; Ristic, D.; Shin, Y.; Suma, A.; Hoang, T.; Chandramouly, G.; et al.
Molecular basis of microhomology-mediated end-joining by purified full-length Pol6. Nat. Commun. 2019, 10, 1-16. [CrossRef]
Guetg, C.; Scheifele, F.; Rosenthal, E.; Hottiger, M.; Santoro, R. Inheritance of Silent rDNA Chromatin Is Mediated by PARP1 via
Noncoding RNA. Mol. Cell 2012, 45, 790-800. [CrossRef] [PubMed]

Guetg, C.; Santoro, R. Noncoding RNAs link PARP1 to heterochromatin. Cell Cycle 2012, 11, 2217-2218. [CrossRef]

Kim, D.-S.; Camacho, C.; Nagari, A.; Malladi, V.; Challa, S.; Kraus, W.L. Activation of PARP-1 by snoRNAs Controls Ribosome
Biogenesis and Cell Growth via the RNA Helicase DDX21. Mol. Cell 2019, 75, 1270-1285.e14. [CrossRef]

Veith, S.; Schink, A.; Engbrecht, M.; Mack, M.; Rank, L.; Rossatti, P.; Hakobyan, M.; Goly, D.; Hefele, T.; Frensch, M.; et al. PARP1
regulates DNA damage-induced nucleolar-nucleoplasmic shuttling of WRN and XRCC1 in a toxicant and protein-specific manner.
Sci. Rep. 2019, 9, 1-15. [CrossRef] [PubMed]

Zhu, M.; Wu, W,; Togashi, Y.; Liang, W.; Miyoshi, Y.; Ohta, T. HERC2 inactivation abrogates nucleolar localization of RecQ
helicases BLM and WRN. Sci. Rep. 2021, 11, 1-13. [CrossRef]

Fung, H.; Demple, B. A Vital Role for Apel/Refl Protein in Repairing Spontaneous DNA Damage in Human Cells. Mol. Cell
2005, 17, 463-470. [CrossRef] [PubMed]

Lirussi, L.; Antoniali, G.; Vascotto, C.; D’Ambrosio, C.; Poletto, M.; Romanello, M.; Marasco, D.; Leone, M.; Quadrifoglio, E;
Bhakat, K.K.; et al. Nucleolar accumulation of APE1 depends on charged lysine residues that undergo acetylation upon geno-toxic
stress and modulate its BER activity in cells. Mol. Biol. Cell 2012, 23, 4079-4096. [CrossRef]

Vascotto, C.; Fantini, D.; Romanello, M.; Cesaratto, L.; Deganuto, M.; Leonardi, A.; Radicella, ].P.; Kelley, M.R.; D’Ambrosio, C.;
Scaloni, A.; et al. APE1/Ref-1 Interacts with NPM1 within Nucleoli and Plays a Role in the rRNA Quality Control Process. Mol.
Cell. Biol. 2009, 29, 1834-1854. [CrossRef] [PubMed]

Matsuoka, S.; Ballif, B.A.; Smogorzewska, A.; McDonald, E.R.; Hurov, K.E.; Luo, J.; Bakalarski, C.; Zhao, Z.; Solimini, N.;
Lerenthal, Y.; et al. ATM and ATR Substrate Analysis Reveals Extensive Protein Networks Responsive to DNA Damage. Science
2007, 316, 1160-1166. [CrossRef]

Rubbi, C.P;; Milner, ]. Disruption of the nucleolus mediates stabilization of p53 in response to DNA damage and other stress-es.
EMBO ]. 2003, 22, 6068-6077. [CrossRef]

Pestov, D.G.; Strezoska, Z.; Lau, L.F. Evidence of p53-Dependent Cross-Talk between Ribosome Biogenesis and the Cell Cycle:
Effects of Nucleolar Protein Bopl on G1/S Transition. Mol. Cell. Biol. 2001, 21, 4246—4255. [CrossRef]

Liu, Y.; Deisenroth, C.; Zhang, Y. RP-MDM2-p53 Pathway: Linking Ribosomal Biogenesis and Tumor Surveillance. Trends Cancer
2016, 2, 191-204. [CrossRef]

Gjerset, R.A.; Bandyopadhyay, K. Regulation of p14ARF Through Subnuclear Compartmentalization. Cell Cycle 2006, 5, 686—690.
[CrossRef]

Freedman, D.A.; Wu, L.; Levine, A.]. Functions of the MDM?2 oncoprotein. Cell. Mol. Life Sci. 1999, 55, 96-107. [CrossRef]
Bernardi, R.; Scaglioni, P.P,; Bergmann, S.; Horn, H.F,; Vousden, K.H.; Pandolfi, P.P. PML regulates p53 stability by seques-tering
Mdm?2 to the nucleolus. Nat. Cell Biol. 2004, 6, 665-672. [CrossRef] [PubMed]

Pelletier, ].; Thomas, G.; Volarevi¢, S. Ribosome biogenesis in cancer: New players and therapeutic avenues. Nat. Rev. Cancer 2018,
18, 51-63. [CrossRef]

Bruno, PM,; Liu, Y,; Park, G.Y,; Murai, J.; Koch, C.E.; Eisen, TJ.; Pritchard, J.R.; Pommier, Y.; Lippard, S.J.; Hemann, M.T. A subset
of platinum-containing chemotherapeutic agents kills cells by inducing ribosome biogenesis stress. Nat. Med. 2017, 23, 461-471.
[CrossRef]

Quin, J.E,; Devlin, J.R.; Cameron, D.; Hannan, K.M.; Pearson, R.B.; Hannan, R.D. Targeting the nucleolus for cancer intervention.
Biochim. Biophys. Acta (BBA) Mol. Basis Dis. 2014, 1842, 802-816. [CrossRef] [PubMed]

Khot, A.; Brajanovski, N.; Cameron, D.P,; Hein, N.; Maclachlan, K.H.; Sanij, E.; Lim, J.; Soong, J.; Link, E.; Blombery, P; et al.
First-in-Human RNA Polymerase I Transcription Inhibitor CX-5461 in Patients with Advanced Hematologic Cancers: Results of a
Phase I Dose-Escalation Study. Cancer Discov. 2019, 9, 1036-1049. [CrossRef] [PubMed]


http://doi.org/10.1002/mas.20067
http://doi.org/10.1038/nature03207
http://www.ncbi.nlm.nih.gov/pubmed/15635413
http://doi.org/10.1074/mcp.M111.009241
http://www.ncbi.nlm.nih.gov/pubmed/21778410
http://doi.org/10.1039/C6MB00740F
http://doi.org/10.1016/j.dnarep.2008.11.018
http://doi.org/10.1016/j.dnarep.2018.08.022
http://doi.org/10.1016/j.tibs.2015.08.006
http://doi.org/10.1038/s41467-019-12272-9
http://doi.org/10.1016/j.molcel.2012.01.024
http://www.ncbi.nlm.nih.gov/pubmed/22405650
http://doi.org/10.4161/cc.20622
http://doi.org/10.1016/j.molcel.2019.06.020
http://doi.org/10.1038/s41598-019-46358-7
http://www.ncbi.nlm.nih.gov/pubmed/31296950
http://doi.org/10.1038/s41598-020-79715-y
http://doi.org/10.1016/j.molcel.2004.12.029
http://www.ncbi.nlm.nih.gov/pubmed/15694346
http://doi.org/10.1091/mbc.e12-04-0299
http://doi.org/10.1128/MCB.01337-08
http://www.ncbi.nlm.nih.gov/pubmed/19188445
http://doi.org/10.1126/science.1140321
http://doi.org/10.1093/emboj/cdg579
http://doi.org/10.1128/MCB.21.13.4246-4255.2001
http://doi.org/10.1016/j.trecan.2016.03.002
http://doi.org/10.4161/cc.5.7.2623
http://doi.org/10.1007/s000180050273
http://doi.org/10.1038/ncb1147
http://www.ncbi.nlm.nih.gov/pubmed/15195100
http://doi.org/10.1038/nrc.2017.104
http://doi.org/10.1038/nm.4291
http://doi.org/10.1016/j.bbadis.2013.12.009
http://www.ncbi.nlm.nih.gov/pubmed/24389329
http://doi.org/10.1158/2159-8290.CD-18-1455
http://www.ncbi.nlm.nih.gov/pubmed/31092402

Genes 2021, 12, 1156 18 of 19

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Peltonen, K.D.; Colis, L.; Liu, H.; Trivedi, R.; Moubarek, M.S.; Moore, H.M.; Bai, B.; Rudek, M.A.; Bieberich, C.; Laiho, M. A
Targeting Modality for Destruction of RNA Polymerase I that Possesses Anticancer Activity. Cancer Cell 2014, 25, 77-90. [CrossRef]
Quin, J.; Chan, K.T,; Devlin, J.R.; Cameron, D.P; Diesch, J.; Cullinane, C.; Ahern, J.; Khot, A.; Hein, N.; George, AJ; et al.
Inhibition of RNA polymerase I transcription initiation by CX-5461 activates non-canonical ATM/ATR signaling. Oncotarget 2016,
7,49800-49818. [CrossRef]

Wei, T.; Najmi, S.M.; Liu, H.; Peltonen, K.; Kucerova, A.; Schneider, D.A.; Laiho, M. Small-Molecule Targeting of RNA Pol-ymerase
I Activates a Conserved Transcription Elongation Checkpoint. Cell Rep. 2018, 23, 404—414. [CrossRef] [PubMed]

Ferreira, R.; Schneekloth, J.].S.; Panov, K.I.; Hannan, K.M.; Hannan, R.D. Targeting the RNA Polymerase I Transcription for
Cancer Therapy Comes of Age. Cells 2020, 9, 266. [CrossRef]

Drygin, D.; Lin, A.; Bliesath, J.; Ho, C.B.; O’Brien, S.E.; Proffitt, C.; Omori, M.; Haddach, M.; Schwaebe, M.K,; Siddiqui-Jain, A.;
et al. Targeting RNA Polymerase I with an Oral Small Molecule CX-5461 Inhibits Ribosomal RNA Synthesis and Solid Tumor
Growth. Cancer Res. 2011, 71, 1418-1430. [CrossRef]

Haddach, M.; Schwaebe, M.K.; Michaux, J.; Nagasawa, J.; O’'Brien, S.E.; Whitten, J.P; Pierre, F; Kerdoncuff, P.; Darjania, L.;
Stansfield, R.; et al. Discovery of CX-5461, the First Direct and Selective Inhibitor of RNA Polymerase I, for Cancer Therapeutics.
ACS Med. Chem. Lett. 2012, 3, 602-606. [CrossRef]

Bywater, M.]J.; Poortinga, G.; Sanij, E.; Hein, N.; Peck, A.; Cullinane, C.; Wall, M.; Cluse, L.; Drygin, D.; Anderes, K.; et al.
Inhibition of RNA Polymerase I as a Therapeutic Strategy to Promote Cancer-Specific Activation of p53. Cancer Cell 2012, 22,
51-65. [CrossRef] [PubMed]

Rebello, R.J.; Kusnadi, E.; Cameron, D.P,; Pearson, H.B.; Lesmana, A.; Devlin, J.R.,; Drygin, D.; Clark, AK.; Porter, L.;
Pedersen, ].; et al. The Dual Inhibition of RNA Pol I Transcription and PIM Kinase as a New Therapeutic Approach to Treat
Advanced Prostate Cancer. Clin. Cancer Res. 2016, 22, 5539-5552. [CrossRef] [PubMed]

Hein, N.; Cameron, D.P.,; Hannan, K.M.; Nguyen, N.-Y.N.; Fong, C.Y.; Sornkom, J.; Wall, M.; Pavy, M.; Cullinane, C.; Diesch, J.; et al.
Inhibition of Pol I transcription treats murine and human AML by targeting the leukemia-initiating cell population. Blood 2017,
129, 2882-2895. [CrossRef] [PubMed]

Xu, H.; Di Antonio, M.; McKinney, S.; Mathew, V.; Ho, B.; O'Neil, N.J.; Santos, N.D; Silvester, ].; Wei, V.; Garcia, J.; et al. CX-5461
is a DNA G-quadruplex stabilizer with selective lethality in BRCA1/2 deficient tumours. Nat. Commun. 2017, 8. [CrossRef]
Sanij, E.; Hannan, K.M.; Xuan, J.; Yan, S.; Ahern, J.E.; Trigos, A.S.; Brajanovski, N.; Son, J.; Chan, K.T.; Kondrashova, O.; et al.
CX-5461 activates the DNA damage response and demonstrates therapeutic efficacy in high-grade serous ovarian cancer. Nat.
Commun. 2020, 11. [CrossRef] [PubMed]

Cornelison, R.; Dobbin, Z.C.; Katre, A.A.; Jeong, D.H.; Zhang, Y.; Chen, D.; Petrova, Y.; Llaneza, D.C.; Steg, A.D.; Parsons, L.; et al.
Targeting RNA-Polymerase I in Both Chemosensitive and Chemoresistant Populations in Epithelial Ovarian Cancer. Clin. Cancer
Res. 2017, 23, 6529-6540. [CrossRef]

Negi, S.S.; Brown, P. rRNA synthesis inhibitor, CX-5461, activates ATM/ATR pathway in acute lymphoblastic leukemia, arrests
cells in G2 phase and induces apoptosis. Oncotarget 2015, 6, 18094-18104. [CrossRef] [PubMed]

Hilton, ].; Gelmon, K.; Cescon, D.; Tinker, A.; Jonker, D.; Goodwin, R.; Laurie, S.; Hansen, A.; Aparicio, S.; Soong, J.; et al. Abstract:
Canadian cancer trials group trial IND.231: A phase 1 trial evaluating CX-5461, a novel first-in-class G-quadruplex stabilizer
in patients with advanced solid tumors enriched for DNA-repair deficiencies. In: Proceedings of the 2019 San Antonio Breast
Cancer Symposium; 2019 Dec 10-14; San Antonio, TX. Philadelphia (PA): AACR. Cancer Res 2020, 80 (Suppl. 4). [CrossRef]

Li, X,; Li, L.; Li, Y,; Zhao, ].; Fan, S.; Wang, L. CX-5461 induces autophagy and inhibits tumor growth via mammalian target of
rapamycin-related signaling pathways in osteosarcoma. OncoTargets Ther. 2016, 9, 5985-5997. [CrossRef] [PubMed]

Drygin, D.; Rice, W.G.; Grummt, I. The RNA Polymerase I Transcription Machinery: An Emerging Target for the Treatment of
Cancer. Annu. Rev. Pharmacol. Toxicol. 2010, 50, 131-156. [CrossRef] [PubMed]

Goodfellow, S.J.; Zomerdijk, ].C.B.M. Basic Mechanisms in RNA Polymerase I Transcription of the Ribosomal RNA Genes.
Prokaryotic Cytoskelet. 2013, 61, 211-236. [CrossRef]

Tuan, J.C.; Zhai, W.; Comai, L. Recruitment of TATA-Binding Protein—-TAFI Complex SL1 to the Human Ribosomal DNA
Promoter Is Mediated by the Carboxy-Terminal Activation Domain of Upstream Binding Factor (UBF) and Is Regulated by UBF
Phosphorylation. Mol. Cellular Biol. 1999, 19, 2872-2879. [CrossRef]

Miller, G.; Panov, K.I; Friedrich, ] K,; Trinkle-Mulcahy, L.; Lamond, A L; Zomerdijk, J].C. hRRN3 is essential in the SL1-mediated
recruitment of RNA Polymerase I to rRNA gene promoters. EMBO J. 2001, 20, 1373-1382. [CrossRef]

Bell, S.P,; Learned, R.M.; Jantzen, H.M.; Tjian, R. Functional cooperativity between transcription factors UBF1 and SL1 mediates
human ribosomal RNA synthesis. Science 1988, 241, 1192-1197. [CrossRef] [PubMed]

Friedrich, J.K.; Panov, K.; Cabart, P,; Russell, J.; Zomerdijk, J.C.B.M. TBP-TAF Complex SL1 Directs RNA Polymerase I Pre-
initiation Complex Formation and Stabilizes Upstream Binding Factor at the IDNA Promoter. J. Biol. Chem. 2005, 280, 29551-29558.
[CrossRef] [PubMed]

Ray, S.; Panova, T.; Miller, G.; Volkov, A.; Porter, A.C.G.; Russell, J.; Panov, K.I.; Zomerdijk, ].C.B.M. Topoisomerase Il promotes
activation of RNA polymerase I transcription by facilitating pre-initiation complex formation. Nat. Commun. 2013, 4, 1-12.
[CrossRef] [PubMed]

Panov, K.I; Friedrich, ].K.; Russell, J.; Zomerdijk, J.C.B.M. UBF activates RNA polymerase I transcription by stimulating promoter
escape. EMBO ]. 2006, 25, 3310-3322. [CrossRef]


http://doi.org/10.1016/j.ccr.2013.12.009
http://doi.org/10.18632/oncotarget.10452
http://doi.org/10.1016/j.celrep.2018.03.066
http://www.ncbi.nlm.nih.gov/pubmed/29642000
http://doi.org/10.3390/cells9020266
http://doi.org/10.1158/0008-5472.CAN-10-1728
http://doi.org/10.1021/ml300110s
http://doi.org/10.1016/j.ccr.2012.05.019
http://www.ncbi.nlm.nih.gov/pubmed/22789538
http://doi.org/10.1158/1078-0432.CCR-16-0124
http://www.ncbi.nlm.nih.gov/pubmed/27486174
http://doi.org/10.1182/blood-2016-05-718171
http://www.ncbi.nlm.nih.gov/pubmed/28283481
http://doi.org/10.1038/ncomms14432
http://doi.org/10.1038/s41467-020-16393-4
http://www.ncbi.nlm.nih.gov/pubmed/32457376
http://doi.org/10.1158/1078-0432.CCR-17-0282
http://doi.org/10.18632/oncotarget.4093
http://www.ncbi.nlm.nih.gov/pubmed/26061708
http://doi.org/10.1158/1538-7445.SABCS19-PD4-02
http://doi.org/10.2147/OTT.S104513
http://www.ncbi.nlm.nih.gov/pubmed/27729807
http://doi.org/10.1146/annurev.pharmtox.010909.105844
http://www.ncbi.nlm.nih.gov/pubmed/20055700
http://doi.org/10.1007/978-94-007-4525-4_10
http://doi.org/10.1128/MCB.19.4.2872
http://doi.org/10.1093/emboj/20.6.1373
http://doi.org/10.1126/science.3413483
http://www.ncbi.nlm.nih.gov/pubmed/3413483
http://doi.org/10.1074/jbc.M501595200
http://www.ncbi.nlm.nih.gov/pubmed/15970593
http://doi.org/10.1038/ncomms2599
http://www.ncbi.nlm.nih.gov/pubmed/23511463
http://doi.org/10.1038/sj.emboj.7601221

Genes 2021, 12, 1156 19 of 19

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Ide, S.; Imai, R.; Ochi, H.; Maeshima, K. Transcriptional suppression of ribosomal DNA with phase separation. Sci. Adv. 2020, 6,
eabb5953. [CrossRef]

Mars, J.-C.; Tremblay, M.G.; Valere, M.; Sibai, D.S.; Sabourin-Felix, M.; Lessard, F.; Moss, T. The chemotherapeutic agent CX-5461
irreversibly blocks RNA polymerase I initiation and promoter release to cause nucleolar disruption, DNA damage and cell
inviability. NAR Cancer 2020, 2, zcaa032. [CrossRef]

Bruno, PM.; Lu, M.; Dennis, K.A.; Inam, H.; Moore, C.J.; Sheehe, J.; Elledge, S.J.; Hemann, M.T.; Pritchard, ].R. The primary
mechanism of cytotoxicity of the chemotherapeutic agent CX-5461 is topoisomerase II poisoning. Proc. Natl. Acad. Sci. USA 2020,
117,4053-4060. [CrossRef]

Brill, S.J.; Dinardo, S.; Voelkel-meiman, K.; Sternglanz, R. Need for DNA topoisomerase activity as a swivel for DNA replica-tion
for transcription of ribosomal RNA. Nature 1987, 326, 414-416. [CrossRef]

Wang, J.C. Cellular roles of DNA topoisomerases: A molecular perspective. Nat. Rev. Mol. Cell Biol. 2002, 3, 430—440. [CrossRef]
[PubMed]

Nitiss, ].L. DNA topoisomerase II and its growing repertoire of biological functions. Nat. Rev. Cancer 2009, 9, 327-337. [CrossRef]
[PubMed]

Pommier, Y.; Sun, Y.; Huang, S.-Y.N.; Nitiss, J. Roles of eukaryotic topoisomerases in transcription, replication and genomic
stability. Nat. Rev. Mol. Cell Biol. 2016, 17, 703-721. [CrossRef] [PubMed]

Champouyx, ].J. DNA Topoisomerases: Structure, Function, and Mechanism. Annu. Rev. Biochem. 2001, 70, 369-413. [CrossRef]
Wilstermann, A.; Osheroff, N. Stabilization of Eukaryotic Topoisomerase II-DNA Cleavage Complexes. Curr. Topics Med. Chem.
2005, 3, 321-338. [CrossRef]

Pommier, Y.; Leo, E.; Zhang, H.; Marchand, C. DNA Topoisomerases and Their Poisoning by Anticancer and Antibacterial Drugs.
Chem. Biol. 2010, 17, 421-433. [CrossRef]

Kawatani, M.; Takayama, H.; Muroi, M.; Kimura, S.; Maekawa, T.; Osada, H. Identification of a Small-Molecule Inhibitor of DNA
Topoisomerase II by Proteomic Profiling. Chem. Biol. 2011, 18, 743-751. [CrossRef]

Pipier, A.; Bossaert, M.; Riou, J.F.; Noirot, C.; N, guyén, L.T; Serre, R.E; Bouchez, O.; Defrancq, E.; Calsou, P; Britton, S.; et al.
Transcription-associated topoisomerase activities control DNA-breaks production by G-quadruplex ligands. bioRxiv 2020.
[CrossRef]

Yan, S.; Xuan, J.; Brajanovski, N.; Tancock, M.R.C.; Madhamshettiwar, P.B.; Simpson, K.J.; Ellis, S.; Kang, J.; Cullinane, C.;
Sheppard, K.E.; et al. The RNA polymerase I transcription inhibitor CX-5461 cooperates with topoisomerase 1 inhibition by
enhancing the DNA damage response in homologous recombination-proficient high-grade serous ovarian cancer. Br. J. Cancer
2021, 124, 616-627. [CrossRef] [PubMed]

Bossaert, M.; Pipier, A.; Riou, J.E; Noirot, C.; Nguyen, L.T.; Serre, R.F,; Bouchez, O.; Defrancq, E.; Calsou, P,; Britton, S.; et al.
Transcription-associated topoisomerase 2alpha (TOP2A) activity is a major effector of cytotoxicity induced by G-quadruplex
ligands. Elife 2021, 10. [CrossRef] [PubMed]

Son, J.; Hannan, K.M.; Poortinga, G.; Hein, N.; Cameron, D.P.; Ganley, A.R.D.; Sheppard, K.E.; Pearson, R.B.; Hannan, R.D.;
Sanij, E. rDNA Chromatin Activity Status as a Biomarker of Sensitivity to the RNA Polymerase I Transcription Inhibitor CX-5461.
Front. Cell Dev. Biol. 2020, 8, 568. [CrossRef]

Ruggero, D.; Pandolfi, P.P. Does the ribosome translate cancer? Nat. Rev. Cancer 2003, 3, 179-192. [CrossRef]

Negi, S.S.; Brown, P. Transient rRNA synthesis inhibition with CX-5461 is sufficient to elicit growth arrest and cell death in acute
lymphoblastic leukemia cells. Oncotarget 2015, 6, 34846-34858. [CrossRef]

Lawrence, M.; Porter, L.; Choo, N.; Pook, J.; Grummet, J.; Pezaro, C.J.; Sandhu, S.; Ramm, S.; Luu, J.; Bakshi, A.; et al. CX-5461
sensitises DNA damage repair proficient castrate-resistant prostate cancer to PARP inhibition. Mol. Cancer Ther. 2021. Accepted
on 17 April 2021.

Muller, M.T.; Pfund, W.P.; Mehta, V.B.; Trask, D.K. Eukaryotic type I topoisomerase is enriched in the nucleolus and catalyti-cally
active on ribosomal DNA. EMBO J. 1985, 4, 1237-1243. [CrossRef]


http://doi.org/10.1126/sciadv.abb5953
http://doi.org/10.1093/narcan/zcaa032
http://doi.org/10.1073/pnas.1921649117
http://doi.org/10.1038/326414a0
http://doi.org/10.1038/nrm831
http://www.ncbi.nlm.nih.gov/pubmed/12042765
http://doi.org/10.1038/nrc2608
http://www.ncbi.nlm.nih.gov/pubmed/19377505
http://doi.org/10.1038/nrm.2016.111
http://www.ncbi.nlm.nih.gov/pubmed/27649880
http://doi.org/10.1146/annurev.biochem.70.1.369
http://doi.org/10.2174/1568026033452519
http://doi.org/10.1016/j.chembiol.2010.04.012
http://doi.org/10.1016/j.chembiol.2011.03.012
http://doi.org/10.1101/2020.02.18.953851
http://doi.org/10.1038/s41416-020-01158-z
http://www.ncbi.nlm.nih.gov/pubmed/33173151
http://doi.org/10.7554/eLife.65184
http://www.ncbi.nlm.nih.gov/pubmed/34180392
http://doi.org/10.3389/fcell.2020.00568
http://doi.org/10.1038/nrc1015
http://doi.org/10.18632/oncotarget.5413
http://doi.org/10.1002/j.1460-2075.1985.tb03766.x

	Introduction 
	rDNA Structure 
	rDNA: An Intrinsically Unstable Genomic Region 
	rDNA Instability in Cancer 

	Mechanisms of rDNA Repair 
	The Crosstalk between the Nucleolus and the DDR 
	The Nucleolus Is a Hub for DNA Repair Factors 
	DNA Damage-Induced Nucleolar-Nucleoplasmic Shuttling 

	The Nucleolar DDR in Cancer Therapy 
	CX-5461's Mode of Action 
	Therapeutic Response to CX-5461 Is Mediated via Activation of the IRBC and the n-DDR 
	CX-5461 in Combination with Standard of Care Cancer Therapies 

	Perspectives 
	References

