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ABSTRACT

DNA damage poses a serious threat to human health
and cells therefore continuously monitor and repair
DNA lesions across the genome. Ribosomal DNA
is a genomic domain that represents a particular
challenge due to repetitive sequences, high tran-
scriptional activity and its localization in the nucle-
olus, where the accessibility of DNA repair factors
is limited. Recent discoveries have significantly ex-
tended our understanding of how cells respond to
DNA double-strand breaks (DSBs) in the nucleolus,
and new kinases and multiple down-stream targets
have been identified. Restructuring of the nucleolus
can occur as a consequence of DSBs and new data
point to an active regulation of this process, chal-
lenging previous views. Furthermore, new insights
into coordination of cell cycle phases and riboso-
mal DNA repair argue against existing concepts. In
addition, the importance of nucleolar-DNA damage
response (n-DDR) mechanisms for maintenance of
genome stability and the potential of such factors
as anti-cancer targets is becoming apparent. This re-
view will provide a detailed discussion of recent find-
ings and their implications for our understanding of
the n-DDR. The n-DDR shares features with the DNA
damage response (DDR) elsewhere in the genome
but is also emerging as an independent response
unique to ribosomal DNA and the nucleolus.

INTRODUCTION

Nuclear organization

Most of the genetic material in eukaryotic cells is packed in
the nucleus with a spatial arrangement that reflects its bio-
logical function (1). This strict organization allows cells to
coordinate genome-related functions in faithful ways while
misregulations of nuclear organization can cause diseases
(2). In human cells, predominant structures include chro-
matin (3), nuclear bodies (4,5) and sub-nuclear domains
such as nucleoli (6).

The nucleolus is the largest nuclear sub-structure, with
an organization that is tightly linked to its role in ribosome
biogenesis (7,8). It contains the most highly expressed genes
in the cell alongside repressed heterochromatic sequences.
A high density of nucleic acids and ribosomal proteins cre-
ates a unique physical environment distinct from other cel-
lular compartments (7,8). These features affect how all basic
cellular functions are conducted in the nucleolus including
transcription, replication and DNA repair.

Functions of the nucleolus

The canonical function of the nucleolus is ribosome bio-
genesis. The synthesis and processing of ribosomal RNAs
(rRNAs) take place in the nucleolus together with assembly
of pre-ribosomal particles that are subsequently exported
to the cytoplasm to form mature ribosomes (7). The nucle-
olus’s ribosome biogenesis function makes it an important
stress-sensor as perturbation of this pathway, commonly re-
ferred to as nucleolar stress, can activate p53-dependent and
-independent mechanisms to induce cell cycle arrest or even
cell death (9–11). Defects in ribosome biogenesis affect the
ageing process and manifest in a group of human disor-
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ders commonly called ribosomopathies (7,12,13). In addi-
tion, the nucleolus influences overall nuclear architecture
and can regulate transcriptional activity in other regions of
the genome through their localization to perinucleolar het-
erochromatin (14–16). Furthermore, the nucleolus retains
a large number of proteins and therefore influences their
abundance in other cellular compartments. Sequestration
or release of proteins impacts a range of cellular processes
including DNA repair and telomere maintenance (17–19).
This wide range of biological processes, essential for cell sur-
vival and human health, emphasizes the need to preserve
nucleolar function and ribosomal DNA integrity.

rDNA

Human cells contain hundreds of ribosomal RNA genes
(rDNA) dispersed in clusters on the short arms of the
acrocentric chromosomes (chromosomes 13, 14, 15, 21 and
22). The nucleolus originates from active nucleolar orga-
nizer regions (NORs) that are clusters of ribosomal RNA
genes (20–22). One nucleolus can contain rDNA from clus-
ters placed on different chromosomes. rDNA clusters are
flanked by specific sequences: the proximal junction on the
centromeric side, and the distal junction on the telomeric
side. The distal junction is important for nucleolar orga-
nization and has been proposed to function as an anchor
at the nucleolar periphery (Figure 1A) (23). The ribosomal
RNA gene encodes the 47S pre-rRNA transcript that is pro-
cessed and modified to form the 18S, 5.8S and 28S rRNAs
incorporated into ribosomes. A 30 kb long intergenic spacer
(IGS) containing regulatory elements is found in between
rDNA units (23). Active rDNA is highly transcribed by the
RNA Polymerase I (RNA Pol I), and rRNA accounts for
up to 60% of the cellular transcription in eukaryotic cells
(24,25). A chromatin composition specific to the nucleolus
may assist and regulate these very high levels of transcrip-
tion (26,27).

Nucleolar structure

Structurally, the nucleolus can be divided into three sub-
compartments: the fibrillar centre (FC), the dense fibrillar
component (DFC) and the granular component (GC) (28)
(Figure 1B). The organization of the nucleolus is tightly
linked to ribosome biogenesis: rRNA transcription occurs
at the transition between the FC and the DFC, whereas pro-
cessing of pre-rRNAs and ribosome assembly progressively
takes place through the DFC and the GC region (7,29,30).
Nucleoli exhibit a liquid-droplet behaviour in which the dif-
ferent nucleolar compartments represent immiscible liquid
phases (31,32) and this self-organizing structure is driven
by rRNA transcription (33–35). Inhibition of RNA Pol I
triggers a large-scale structural reorganization of the nu-
cleoli. This so-called nucleolar segregation is defined by
the translocation of rDNA repeats and associated proteins
from the nucleolar interior to the periphery, where they
form focal structures called nucleolar caps, with each cap
generally representing a single NOR (Figure 1B) (23,36–
38). Inhibition of RNA Pol I transcription allows multiple
FC/DFC foci to merge and move to the surface of nucleoli
forming nucleolar caps with DFC dividing the incompatible

FC and GC (36). A bi-phasic structure is maintained in nu-
cleolar caps, where the DFC is facing the GC (remaining in
the nucleolus) and the FC is projected into the nucleoplasm
(36).

rDNA: an intrinsically unstable genomic region

The unique nature of the rDNA makes it prone to vari-
ous types of DNA damage. The high rRNA transcription
levels are likely to generate transcription-replication con-
flicts known to cause DNA damage and chromosomal re-
arrangements (39,40). The repetitive nature of rDNA also
makes it vulnerable to faulty recombination, leading to
lengthening or shortening of arrays and eventually to copy-
number instability (41). The existence of molecular mecha-
nisms that regulate expansion and contraction of the rDNA
has been shown in yeast (42,43) but if such pathways are
also found in mammalian cells is yet unclear. Furthermore,
the close proximity of multiple rDNA-containing chromo-
somes in one nucleolus may put the clusters at risk of inter-
chromosomal recombination that can cause genomic insta-
bility (44,45). The high GC-content of rDNA can also in-
crease G-quadruplex formation, contributing to replication
stress and potentially double-stranded breaks (DSBs), at
least in a mutational background (46,47).

A mutational hotspot in cancer

Genome instability is a hallmark of cancer, and the rDNA
is one of the most frequently rearranged chromosomal re-
gions in solid tumours (48,49). rDNA rearrangements, in-
cluding insertions, translocations and amplifications, are for
example common in Hodgkin’s lymphoma (50).

Several cancer-associated mechanisms challenge rDNA
and cause DNA lesions, potentially explaining the high
frequency of rearrangements and compromising overall
genome integrity. Oncogene activation and loss of tumour
suppressors can cause replication stress that is particularly
dangerous for so-called fragile sites in the genome as they
break more frequently under such conditions. rDNA con-
tains early replicating fragile sites and is therefore chal-
lenged by such genetic changes (51). Oncogene activation
and the loss of tumour suppressors also frequently up-
regulate rRNA transcription (52–54) and may contribute
to rDNA instability either by R-loop accumulation, in-
terference between transcription and replication or repair,
or potentially through loss of protective silent rDNA (55–
57). Defects in DNA repair pathways are another cancer-
associated feature that impacts rDNA stability. Patients
with Bloom Syndrome and Ataxia telangiectasia, caused by
mutations in the repair proteins BLM and Ataxia telang-
iectasia mutated (ATM) respectively, have strong predispo-
sition to cancer and rDNA instability (58). Furthermore,
many cancers exhibit pronounced rDNA array instability,
often with a reduced rDNA copy-number compared to nor-
mal tissue (59–62). However, the extent to which rDNA in-
stability is a driver of cancer development is still unclear.

The DNA damage response

To understand and discuss how the nucleolar response to
DNA damage has specialized to meet the needs of this par-
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Figure 1. rDNA organization. (A) In human cells rDNA clusters are found on the short arm of the acrocentric chromosomes (chromosome 13, 14, 15,
21 and 22). rDNA clusters are flanked by the proximal junction (PJ) on the centromeric side and the distal junction (DJ) on the telomeric side. Multiple
ribosomal RNA genes are found in each rDNA cluster separated by the intergenic spacer (IGS) sequences. (B) Left panel: an illustration of a transcrip-
tionally active nucleolus with fibrillar centres (FC), dense fibrillar components (DFC) and the granular component (GC) associated with progressive stages
of ribosome biogenesis. The DJ is located at the nucleolar periphery with rDNA looping into the nucleolus. Nucleolar sub-structures are dependent on
ongoing RNA Pol I transcription and represent immiscible liquid phases. The illustration is inspired from nucleolar electron microscopy images but rDNA
may not be accurately depicted as its spatial organization is yet unclear. Right panel: inhibition of RNA Pol I transcription triggers restructuring of the
rDNA and rDNA-associated proteins in the nucleolus through liquid-liquid phase separation. rDNA then becomes condensed in nucleolar caps at the
nucleolar periphery.

ticular cellular compartment, we will summarise the mech-
anisms that cells employ elsewhere in the genome to mini-
mize the consequences of DSBs. DSBs can arise as a con-
sequence of replication stress or be induced by ionizing ra-
diation (IR), chemicals or enzymes (63–65). To safeguard
the genome against DSBs, mammalian cells have evolved a
complex network of pathways collectively called the DNA
damage response (DDR). This network includes break de-
tection mechanisms, DNA repair pathways and cell cy-
cle checkpoints that become activated in response to a
DSB. The initial step of the DDR is the recognition of the
break and the activation of ATM and Ataxia telangiecta-
sia and Rad3-related (ATR) kinases (66). Following detec-
tion, these kinases phosphorylate a broad range of targets
and initiate signalling cascades that regulate various cellu-
lar processes including DNA replication, transcription, cell
cycle progression and senescence or apoptosis if the damage
is beyond repair (67,68).

Repair of DSBs is mainly conducted by one of two path-
ways; non-homologous end joining (NHEJ) or homologous

recombination (HR). NHEJ involves a fast but potentially
mutagenic resealing of the DNA initiated by the binding of
Ku70/Ku80 to the DSB-ends (69). Ku70/Ku80 promotes
binding of several other NHEJ factors including DNA-
dependent protein kinase catalytic subunit (DNA-PKcs),
DNA Ligase 4 and X-ray repair cross-complementing pro-
tein 4 (XRCC4) facilitating rapid sequence-independent re-
pair of the break (69).

Alternatively, the other major repair pathway, HR, can be
activated. HR is slower and requires a homologous DNA
sequence to act as a template for accurate repair (70). Al-
though NHEJ is less accurate than HR and can lead to
loss of genetic information, it can occur throughout the
cell cycle, whereas HR is generally restricted to S and G2
phases, when a sister chromatid is available (65,69,71,72).
One of the first steps towards HR is initiation of resection
by the MRN-complex, consisting of MRE11, RAD50 and
NBS1 and CtIP (73). Resection initiation is regulated by
cyclin-dependent kinases (CDKs) throughout the cell cycle
(74). CtIP activation in S-phase is mediated by CDK phos-
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phorylation, and leads to DNA resection, single stranded
DNA (ssDNA) generation (promptly coated by RPA), and
breast cancer type 1 susceptibility protein (BRCA1) re-
cruitment in response to DSB formation (75). DNA end-
resection is an important event in the repair pathway choice
and commits cells to HR while inhibiting NHEJ (74). For a
comprehensive review see Hustedt et al. (74).

The MRN-complex also functions as a scaffold for ATM
activation. A direct interaction between the C-terminus of
NBS1 and ATM tethers ATM to the break site (76). ATM
phosphorylates many targets, amongst them the histone
variant H2AX, referred to as �H2AX after phosphoryla-
tion (77). �H2AX provides a docking site for various fac-
tors, including the mediator of DNA damage checkpoint
protein 1 (MDC1) (77). At the site of damage MDC1 inter-
acts with the MRN complex (78), ensuring increased MRN
accumulation at the break site and thereby creating a posi-
tive feedback loop amplifying ATM recruitment (77). Mul-
tiple modifications of the surrounding chromatin lead to the
formation of ionizing radiation induced foci that facilitate
accumulation of proteins involved in processing and repair
of the DSB (65).

DDR in nuclear space

In the last decade, it has become clear that the response to
DSBs is not uniform across the genome. Technical advances
have allowed investigation of specialised DDR pathways
associated with specific chromatin states or nuclear com-
partments (79–82): in particular, our understanding of how
DSBs are detected, processed and repaired in the nucleo-
lus has advanced significantly. In the sections below these
findings will be discussed to give a comprehensive under-
standing of the nucleolar responses to DSBs and how they
protect the integrity of rDNA.

THE NUCLEOLAR-DNA DAMAGE RESPONSE

The nucleolar-DNA damage response (n-DDR) can induce
rapid inhibition of RNA Pol I transcription, formation of
nucleolar foci, nucleolar restructuring and formation of nu-
cleolar caps. Below we review each step, including the most
recent findings. We also propose a model of how inhibition
of nucleolar transcription contributes to nucleolar cap for-
mation under different conditions and highlight outstand-
ing questions, related to the coordination of nucleolar cap
formation, repair and cell cycle stage, that can progress our
understanding even further.

Regulation of nucleolar transcription in response to rDNA
DSBs

DSBs in nuclear chromatin induce ATM-dependent inhibi-
tion of RNA Pol I in trans, causing a global and transient
transcriptional inhibition of all nucleoli within the cell (83).
In mice cells it was demonstrated that when DSBs occur
in rDNA, the n-DDR is able to act locally, with an ATM-
dependent in cis mechanism only decreasing transcription
of the affected nucleolus (84). Recent data using human cells
demonstrated that in some cases the inhibition is restricted
even further, repressing transcription in only part of a nu-
cleolus (85–87). These findings raise the questions of what

mechanisms control the spreading of the inhibitory signal
in the nucleolus and whether it can be restricted to single
rDNA units, single NORs or if chromatin topology influ-
ences its range of action (88). Future studies taking advan-
tage of high-resolution technologies can provide additional
insights into these questions.

When ATM becomes activated in the nucleolus it targets
a number of nucleolar proteins (89–91). The nucleolar pro-
tein Treacle (also referred to as TCOF1) (92) has emerged as
a particularly important regulator of transcriptional activ-
ity after DSBs. Upon nucleolar DSBs, Treacle recruits the
DNA damage protein NBS1 and both are required for nu-
cleolar transcriptional inhibition (Figure 2) (83,84,93). The
recruitment of NBS1 to nucleoli requires combined phos-
phorylation of SQ/TQ sites by ATM and phosphorylated
SDT-like motifs on the N-terminus of Treacle to bind the
FHA/BRCT domains of NBS1 (83,93), leading to accumu-
lation of NBS1 in nucleolar foci (83,85,93,94).

ATM, however, was recently demonstrated to be insuffi-
cient to induce a complete transcriptional shut-down with
ATR activity also being required for a complete response
(85,93). The role of ATR in regulation of nucleolar tran-
scription has also been reported in other contexts than
DSBs (95,96). Interestingly, the activation of ATR after
rDNA DSBs is also dependent on Treacle, but in this case
through a Treacle-dependent recruitment of DNA Topoiso-
merase II Binding Protein 1 (TOPBP1) to the nucleolus (93).
TOPBP1 binds to the ATM-phosphorylated C-terminal do-
main of Treacle, with Treacle simultaneously binding NBS1,
and NBS1 being required for TOPBP1 recruitment (Figure
2).

In response to rDNA DSBs, NBS1 is recruited to rDNA
as part of the MRN-complex, known to process DSB-
ends and to contribute to ATR activation (85,93). Deple-
tion of the MRN-subunit MRE11 or inhibition of ATR re-
sults in very similar phenotypes including defects in inhibi-
tion of rRNA transcription, abrogation of rDNA translo-
cation and accumulation of rDNA foci inside the nucleolus
(85,86). As the MRN-complex is acting upstream of ATR
activation (85), a resection-mediated role of the MRN-
complex in ATR activation was therefore investigated (93).
Surprisingly, it was found that ATR activity is required
for the formation of nucleolar RPA foci, a commonly used
marker for resection and ssDNA (93). In further support
of this finding, depletion of the end-resection factor CtIP
does not abrogate nucleolar segregation but only influences
rDNA repair within nucleolar caps (85,93). These findings
suggest that resection is not required for ATR activation
and thus the mechanism underlying ATR activation in the
nucleolus requires further investigation.

Recent studies indicate that ATM and ATR are not the
only kinases activated upon DSBs in the nucleolus. Inhibi-
tion of the Checkpoint kinases 1 and 2 (CHK1/CHK2) by
small-molecule inhibitors was recently shown to partially
compromise transcriptional inhibition (93). The effector ki-
nases CHK1/CHK2 may therefore contribute to transcrip-
tional silencing downstream of ATM/ATR.

The MST2 kinase was also shown to induce transcrip-
tional inhibition via ATM-dependent post-translational
modifications of histones. MST2 phosphorylates histone
H2B on serine 14 after rDNA DSBs. This response was
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Figure 2. The response to rDNA DSBs. Upon DSBs in the rDNA, ATM becomes activated and initiates the inhibition of nucleolar transcription. A central
ATM target is the nucleolar protein Treacle that recruits the MRN-complex and TOPBP1 to activate the ATR kinase. ATR augments the inhibition of
nucleolar transcription and promotes nucleolar cap formation. Additional factors, such as the cohesin/HUSH complex, RPA2 phospho-serine 33, JMJD6
and the LINC/actin pathway are also required for nucleolar cap formation under certain conditions. Furthermore, downstream kinases like MST2 and
CHK1/CHK2 can contribute to transcriptional inhibition. In nucleolar caps rDNA DSBs are recognized by HR-associated repair factors including CtIP,
BRCA1 and RPA2 phospho-serine 4/8.

rapidly and transiently activated in the nucleolus and re-
quired for rRNA transcriptional inhibition after rDNA
DSB (27).

In addition, ATM may also play a role in transcriptional
inhibition through a process involving the cohesin subunits
SMC1 and SMC3 (97). Cohesin interacts with the MRN
complex and ATM-mediated phosphorylation of cohesin
is dependent on NBS1 (97,98). A recent study showed that
transcriptional inhibition of the rDNA is regulated through
the cohesin complex, which recruits the Human Silenc-
ing Hub (HUSH) complex and Suv39H1/2 methyltrans-
ferase to introduce H3K9me3 repressive chromatin mark
(86), thereby allowing transcriptional shutdown. Depletion
of subunits from these complexes impairs rDNA transcrip-
tional shutdown and subsequent nucleolar cap formation
upon nucleolar DSB induction (86).

These recent studies have revealed the molecular com-
plexity underlying the inhibition of rRNA transcription
triggered by rDNA DSBs (Figure 2). Numerous confirmed
targets of ATM/ATR are however present in the nucleolus

(89,90) and further investigations are therefore needed for
an even more comprehensive understanding of these pro-
cesses. Future studies will also shed light on the importance
of transcriptional inhibition for genome stability. Lack of
transcriptional inhibition outside the nucleolus has been as-
sociated with large-scale chromosomal rearrangements and
translocations and further studies will determine if failure
to repress transcription in the nucleolus can have similar
consequences, especially as rDNA is found on several chro-
mosomes (99).

Uncoupling transcriptional shut-down and cap formation

rDNA segregation and nucleolar cap formation has previ-
ously been suggested to be a passive process occurring as a
consequence of transcriptional arrest (79), as nucleoli form
through transcription-mediated liquid-liquid phase separa-
tion (31,32,35). This view is in agreement with studies us-
ing the endonucleases I-PpoI and Cas9 to induce DSBs in
rDNA that reported consistent cap formation after DSB in-
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duction in the majority of cells (79,85,93). Recent evidence,
however, has shown that under conditions where DSBs were
induced by the AsiSI endonuclease, DSB-induced cap for-
mation was restricted to S and G2 phases while transcrip-
tional inhibition occurred during all stages of the cell cy-
cle (86). In this study, the Linker of Nucleoskeleton and
Cytoskeleton (LINC) complex was found to mediate nu-
cleolar reorganization through nuclear envelope invagina-
tions that require the actin network (see Figure 2) (86). In-
terestingly, rDNA stability was also shown to depend on
association with the nuclear envelope in yeast, suggesting
that this mechanism may be conserved (100). It should be
noted however that the AsiSI enzyme induces a large num-
ber of DSBs outside the nucleolus (101), and further inves-
tigations using rDNA-targeted DSBs should be conducted
to verify that the reported mechanism is not influenced by
the canonical DDR or by competition between the two
DDR-branches. In agreement with the study above, another
study reported that upon depletion or knock-out of the his-
tone demethylase JMJD6, an interaction partner of Treacle,
transcriptional repression occurred but cap formation was
impaired after rDNA damage (102). DSB mobilization was
however consistently associated with transcriptional inhibi-
tion, suggesting that it is a prerequisite for segregation and
cap formation, even if other factors may also be needed.

In summary, these findings have questioned the previ-
ously dominant idea of nucleolar segregation as a pas-
sive process occurring solely as a consequence of transcrip-
tional inhibition. New data have revealed an additional
layer of complexity where, under certain conditions, nucleo-
lar DSBs may only translocate to the nucleolar periphery as
cells enter S or G2 phases. This concept is in agreement with
previous data found in yeast (103). The underlying differ-
ences between these responses are as yet unclear but the load
of damage and persistence of the breaks likely influence nu-
cleolar segregation (for a recent review see Vitor et al., 2020
(65)). We therefore propose a model where persistent DNA
breaks result in a signalling response that exceeds a thresh-
old and inhibits transcription in the entire nucleolus (Fig-
ure 3) in agreement with data presented previously by the
Greenberg lab (104). Transcriptional inhibition then trig-
gers cell cycle-independent nucleolar restructuring and cap
formation similarly to that induced by transcriptional in-
hibitors like ActD (Figure 3) (105). Under conditions with
fewer or primarily non-persistent DSBs however, only a lo-
cal transcriptional inhibition takes place and relocalization
of the break depends on complementary mechanisms that
are only activated in S/G2 (Figure 3). Future studies us-
ing experimental systems where DSB-induction and repair
can be monitored in detail will allow a better understanding
of the regulation of nucleolar segregation following rDNA
DSBs.

The chromatin context of rDNA DSBs

The n-DDR reflects the different chromatin composition
of the rDNA compared to that of nuclear chromatin. One
of the major targets of ATM, the histone H2AX, has de-
creased nucleosome occupancy, particularly in the tran-
scribed region of the rDNA, and limited phosphorylation
of H2AX can therefore be detected in the nucleolar inte-

rior after ATM activation (41,85,86). The mediator pro-
tein MDC1, which is normally recruited to sites of dam-
age by the phosphorylated histone, is excluded from the
nucleolar interior (85). Consistent with this observation,
NBS1 foci formation upon rDNA damage is independent
of H2AX and MDC1 in contrast to the canonical DDR
(85). However, Treacle has emerged as a central coordina-
tor of the n-DDR, facilitating MRN recruitment to the nu-
cleolus, binding of TOPBP1 to facilitate ATR activation,
interaction with JMJD6 and with a potential link to the co-
hesin complex via the MRN-complex (41,85,86,102). Trea-
cle is an example of adaption of the n-DDR to a special-
ized chromatin landscape and a physical environment ex-
cluding DDR proteins such as MDC1. Furthermore, these
findings place Treacle at the heart of the n-DDR, coordinat-
ing multiple branches of the response (Figure 2). The precise
role of Treacle in rDNA chromatin remains unclear. Treacle
has been described to associate with rDNA through direct
binding, and through upstream binding transcription fac-
tor (UBF) -dependent and -independent mechanisms (106–
108). Further investigations of the structural-functional re-
lationship between rDNA and Treacle will therefore be im-
portant to understand the function of Treacle in the n-DDR
in greater detail.

Compartmentalization of rDNA repair

Studies inducing DSBs in rDNA have described a funda-
mental reorganization of the nucleolus, as discussed above
(36,41,85,86,104). As the nucleolus transits from an actively
transcribing stage to repressed nucleolar caps, the predom-
inant type of repair likely shifts from NHEJ to HR. Below
we discuss the compartmentalization of rDNA repair and
the steps required for the individual processes (see Figure
2).

NHEJ repair in actively transcribing nucleoli. Immediate
repair of rDNA damage is primarily carried out by NHEJ
in the nucleolar interior, mitigating the impact on rDNA
transcription levels and not causing massive reorganization
of the nucleolus (104). This mechanism is dependent on the
DNA-PK, XRCC4 and XRCC5 and when abrogated it ex-
acerbates both the transcriptional inhibition response by
ATM and the accumulation of downstream repair factors
(41,104). Furthermore, it has been demonstrated using I-
PpoI that the fraction of broken rDNA loci increased after
inhibition of the NHEJ pathway, whereas this was not the
case upon inhibition of HR (104). It was therefore suggested
that NHEJ repairs the majority of rDNA breaks rapidly in
the interior of nucleoli without sustained ATM activation
and nucleolar restructuring (104). NHEJ was also found to
uphold rDNA integrity in meiosis in Arabidobsis thaliana
where DSBs occur as part of the meiotic recombination
process. rRNA transcription was activated at the onset of
meiosis, shielding rDNA from recombination by the HR
machinery in the nucleolus, presumably to maintain stable
rDNA gene clusters through generations (109). If the nu-
cleolar NHEJ pathway deviates from that operating in nu-
clear chromatin is currently unclear. More studies focusing
on NHEJ in rDNA are required to gain a deeper under-
standing of how NHEJ functions in a nucleolar context, in
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Figure 3. Proposed model for nucleolar segregation and cap formation. Left panel: transcriptional inhibitors can shut down nucleolar transcription and
induce LLPS-mediated cap formation in all cell cycle phases without recruitment of repair factors. Middle panel: persistent DNA damage signalling
inhibits nucleolar transcription to an extent that exceeds a threshold where nucleolar segregation is induced irrespective of the cell cycle phase. Under such
conditions, other cellular mechanisms may assist rDNA segregation and cap formation. Furthermore, if cell cycle phase influences recruitment of repair
proteins to nucleolar caps is as yet unclear. Right panel: low level of DNA damage signalling does not trigger immediate nucleolar segregation but depends
on other cellular pathways for rDNA translocation and nucleolar cap formation. These caps are primarily formed in S/G2 phases where HR-associated
repair factors are available.
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particular with regards to its spatial organization (further
discussed below).

Mobilization of rDNA and nucleolar reorganization. When
rDNA breaks persist, they are mobilized to the nucleolar
periphery where HR protein assembly can take place. The
mobilization of rDNA follows a characteristic pattern: ini-
tial formation of small interior n-DDR foci, followed by
clustering into larger foci still in the nucleolar interior that
eventually translocate to the nucleolar periphery to consti-
tute nucleolar caps (85,86). As mentioned, this transloca-
tion of DSBs to the nucleolar periphery is associated with a
shift in repair pathway, from NHEJ to HR. At which stage
of this process the commitment to HR occurs and what
role DNA end-processing plays in rDNA mobilization is
emerging from recent data. Data using the AsiSI endonu-
clease showed accumulation of both total RPA and RPA2
phospho-serine 33 already prior to segregation of rDNA
(86). Depletion of RPA2 prevented rDNA segregation and
strongly decreased cap formation, demonstrating that RPA
is required for nucleolar cap formation (86). This increase
in RPA2 phospho-serine 33 is specific for rDNA damage
repair and not equally pronounced after transcription in-
hibition by ActD. Depletion of MRE11 (known to initiate
resection) was shown to yield a similar phenotype, with de-
creased accumulation of RPA2 phospho-serine 33 and re-
duced cap formation. Depletion of BLM/DNA2 (proteins
involved in long-range resection) also reduced phosphory-
lation of RPA2 but only resulted in a small defect in cap for-
mation. Based on these observations, the authors concluded
that resection occurs prior to nucleolar segregation and that
it is required for cap formation (86). The requirement of the
MRN-complex for ATR activation in the nucleolus should
however be taken into account, and that RPA2 serine 33
is an ATR target (110). The depletion of MRE11 could
therefore prevent RPA2 phosphorylation and cap forma-
tion due to failure to activate the ATR kinase and thereby
inhibit nucleolar transcription rather than preventing resec-
tion (85,93).

The nucleolar RPA2 phosphorylation pattern in rDNA
is also clearly distinct from that elsewhere in the genome.
Long-range resection in genomic DNA has been estimated
to create >1000 bp overhangs that commit cells to HR
(111). In rDNA however, RPA2 phospho-serine 33 occu-
pies the entire 13 kb transcribed region, overlapping with
RNA Pol I occupancy (86). Intriguingly, data showed that
RPA2 foci formation and translocation of rDNA DSBs to
the nucleolar periphery was not affected by depletion of the
resection factor CtIP, arguing against resection prior to cap
formation (93). Further investigations should determine if
RPA-coated DNA is created as a result of resection or if it
may have alternative origins. It is not unreasonable to con-
sider whether the very open structure of the transcribed re-
peats in rDNA could expose stretches of ssDNA that could
give rise to the RPA2 phospho-serine 33 upon ATR activa-
tion, promoting cap formation.

Nucleolar caps: an HR-associated repair compartment at the
interface between the nucleolus and the nucleoplasm. When
rDNA breaks reach the nucleolar periphery, they are con-
densed in nucleolar caps, where rDNA DSBs come into con-
tact with HR-associated repair factors including RAD51,

RAD52 and BRCA1 (Figure 2) (41,79,85,93,104). The en-
donuclease CtIP accumulates in nucleolar caps and this
event is required for sustained NBS1 and MRE11 accumu-
lation and recruitment of HR factors, such as BRCA1, to
nucleolar caps (85). Furthermore, RPA2 phosphorylation
on serine 4/8, another marker of resection, accumulates in
addition to RPA2 phospho-serine 33 (79,85,93). The ac-
cumulation of RPA2 phospho-serine 4/8 is dependent on
the nuclease activity of MRE11 and can be abrogated by
treatment with the MRE11 inhibitor Mirin (93). The re-
quirement for CtIP, MRE11 nuclease activity and the ac-
cumulation of RPA2 phospho-serine 4/8 only in nucleolar
caps suggest that the processing of rDNA DSBs in nucle-
olar caps is qualitatively distinct from the interior RPA2
phospho-serine 33 accumulation. It could also suggest that
long-range resection of rDNA occurs at this stage in nucle-
olar caps (85,86) and not in the interior. In yeast, rDNA re-
section was shown to be conducted in a hierarchical manner
by the three endonucleases encoded by ast1, exo1 and rad2
(112). Investigation of the involvement of the human ho-
mologs in rDNA resection can provide further insight into
this process and its regulation in mammalian cells.

Recently, damage-induced small RNAs were identified at
the 28S locus of the rDNA(113). These RNA molecules are
transcribed by RNA Pol II and possibly regulate resection,
RPA coating of single-stranded DNA and loading of HR
factors (113–115). To determine how and at what stage of
rDNA repair these mechanisms are of importance further
studies are required.

Translocation of rDNA breaks to the nucleolar periph-
ery has been proposed to serve as a mechanism to physi-
cally separate rDNA repeats from different chromosomes
prior to HR to prevent inter-chromosomal recombination
(23,38,116). The heterochromatic environment at the nucle-
olar periphery may also decrease the mobility of the break-
ends and thereby limit faulty recombination (117). How-
ever, HR repair was reported to lead to loss of rDNA re-
peats and reduced cellular viability (41) and depletion of
HR factors resulted in faster resolution of foci, rescued re-
peat loss and increased viability, indicating that HR repair
of the repetitive rDNA is not without consequences even in
nucleolar caps (41).

As mentioned above, the upstream role of NHEJ and
the accumulation of HR factors in nucleolar caps suggest
a shift in the use of repair pathways as rDNA translocates
to the nucleolar periphery. Previous reports failed to detect
NHEJ factors in nucleolar caps (79), further supporting this
idea. However, NHEJ factors are not trivial to detect by
immunofluorescence and additional studies are required to
determine if NHEJ contributes to rDNA DSB repair after
translocation or if HR is the predominant pathway operat-
ing in nucleolar caps.

Coordination of cell cycle and accumulation of repair factors

Previously, McStay and colleagues proposed a model sug-
gesting that the HR repair pathway is used for rDNA DSBs
even in G1, templated in cis by repeats from the same NOR
(79). The formation of nucleolar caps and accumulation of
HR factors including RPA, RAD51, RAD52 and BRCA1
were confirmed by several labs using the CRISPR/Cas9 and
the I-PpoI systems, suggesting that the HR pathway can
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be used for rDNA repair in G1 (41,79,85,93,104). Interest-
ingly, data also using the I-PpoI showed that even though
caps formed throughout the cell cycle, RPA2 accumulation
in caps was either delayed in G1 versus S/G2 (RPE1 cells)
or less pronounced (U2OS cells), suggesting that cell cycle
stage does influence the response (93). A cell cycle depen-
dent repair pattern was even more pronounced when exam-
ined using the AsiSI endonuclease in U2OS cells to induce
DSBs in rDNA. The AsiSI endonuclease induced nucleo-
lar caps in 35% of cells (Compared to 70% in Cas9 and I-
PpoI treated cells) and the majority were found in S/G2
phases of the cell cycle. A similar pattern was found for
RPA2 phospho-serine 33, suggesting that repair of rDNA
DSBs by HR in G1 may not be the bona fide pathway, even
if it can be employed (79). Detailed analysis of cell cycle
stage and accumulation of individual repair factors will be
required to fully understand how this process is regulated
(Figure 3) and if HR repair in G1 is distinct from that in
S/G2.

Checkpoint signaling beyond the nucleolus

DSBs in nuclear chromatin efficiently activate cellular
checkpoints, but recent data suggest that the n-DDR may
also deviate in this regard. rDNA damage generated by
CRISPR-Cas9 in U2OS and HEK 293T cells did not in-
duce global cellular phosphorylation of the DDR effector
proteins CHK1, CHK2 and KAP1, or activate the G2/M
checkpoint (85). However, as previously mentioned, the
CHK1/CHK2 kinases were activated after DSB-induction
using the I-PpoI endonuclease, and chemical inhibition of
CHK1/CHK2 compromised nucleolar transcriptional inhi-
bition (93). These data suggest that the CHK1/CHK2 ki-
nases are activated as part of the n-DDR in the nucleolus
but that the signal is potentially contained within individ-
ual nucleoli, as has also been demonstrated for the ATM
and ATR kinases (79,84). In contrast, a study examining
rDNA damage in RPE1 cells noticed a strong inhibition
of mitotic entry after DSB. Further investigations should
therefore clarify the underlying differences and if variation
between cell lines occur (41).

THE NUCLEOLAR DDR AND GENOME INSTABILITY

The role of the n-DDR in genome stability and cell viability

The factors involved in the n-DDR have proven to be essen-
tial to maintain genome integrity and thus cellular survival.
In this context, recent evidence revealed the existence of
phenotypes associated with a dysfunctional n-DDR. Induc-
tion of rDNA DSBs in cells depleted of Treacle or MRE11
results in an elevated number of dead cells, increased apop-
tosis and higher frequency of micronuclei (85,93). Besides
Treacle and MRE11, depletion of TOPBP1 was also shown
to decrease cell viability upon DSBs generated primarily in
the rDNA (93). On the other hand, depletion of the cohesin
subunit SMC1 and SMC5 led to decreased rearrangements
of rDNA, with a rescue of non-canonical rDNA units and
loss of repeats respectively. (41,86). Depletion of BRCA1
also prevented rDNA repeat loss after DSB generation (41).
SMC1, SMC5 and BRCA1 all promote HR repair, which
suggests that HR repair is potentially harmful as mentioned

above and a process that can compromise survival. Further
investigations are required to fully understand the impact
of defects in n-DDR factors on genome stability and cel-
lular fitness. This will be an important task in order to un-
derstand the role of n-DDR factors in pathogenesis, and in
particular, in cancer.

The n-DDR as an anti-cancer target

In the pursuit of new cancer treatments, the potential of the
n-DDR as an anti-cancer target should be evaluated. An
individual assessment of candidates will likely be required,
as depletion of different n-DDR factors has very different
outcomes both with regards to cell survival and genome in-
stability.

Several compounds have been developed to selectively in-
hibit RNA Pol I (118–122). CX-5461 was the first RNA Pol
I inhibitor described and also currently the only RNA Pol I
inhibitor that has completed a clinical phase I study. From
the clinical trial, CX-5461 was found safe and the maximum
tolerated dose was determined. CX-5461 prevents the for-
mation of the pre-initiation complex and thereby inhibits
RNA Pol I transcription leading to activation of the ri-
bosomal checkpoint and induction of cell death predom-
inantly in tumour cells (52). CX-5461 was also found to
be selectively lethal in BRCA1/2 deficient tumours possi-
bly via stabilization of G-quadruplex structures and is cur-
rently in clinical phase I for BRCA1/2-deficient tumours
(123). A second promising RNA Pol I inhibitor is BMH-21.
BMH-21 was identified based on its ability to activate p53
and further studies demonstrated that this was mediated
through activation of the ribosomal checkpoint. BMH-21
stalls RNA Pol I transcription and leads to degradation of
the RNA Pol I subunit, RPA194, and thereby acts through
mechanisms distinct from those of other RNA Pol I in-
hibitors (124). BMH-21 was demonstrated not to activate
the DNA damage response, potentially resulting in less side
effects in a clinical context (122). For a detailed and recent
review see Ferreira et al. (121).

An alternative strategy to consider is the inhibition of
early n-DDR factors. When cells are depleted of n-DDR
factors such as Treacle and MRE11, they become genomi-
cally unstable as described previously. The nucleolar stress
that consequently arises can potentially induce cell cycle ar-
rest and even cell death through abrogation of ribosome
biogenesis (125,126). This combination of responses makes
early n-DDR factors interesting anti-cancer targets for fu-
ture investigation: more translational and clinical studies
are required to test their potential in vivo.

The power of synthetic lethality has been demonstrated
clinically and is also relevant in the context of the nucleolus
as an anti-cancer target. Many different types of chemother-
apeutics target the nucleolus and induce DNA damage or
ribosomal stress (125). Oxaliplatin is an example of a com-
mon chemotherapeutic that induces ribosomal stress (127)
but a large number of other chemotherapeutics have been
demonstrated to do so (128). It will be interesting to further
investigate if a synthetic lethal relationship exists between
such chemotherapeutic compounds and n-DDR factors.

A thorough knowledge of the n-DDR may be used to
hamper cancer development and progression and can po-
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tentially pave the way to identify new protein targets and
treatment strategies for cancer therapy.

rDNA instability and ageing

In yeast, rDNA instability has emerged as an important as-
pect of cellular ageing. rDNA instability increases with age,
correlates with lifespan and likely contributes directly to
the ageing process (42,43,129,130). In human cells the con-
nection between rDNA instability and ageing is less clear.
The human premature ageing disease, Werner Syndrome,
shows increased frequency of rDNA rearrangements (131)
and patients with Lewy body dementia also display al-
terations of rDNA (132), suggesting that ageing and age-
related diseases can be associated with rDNA instability.
However, to obtain a more comprehensive understanding
of the causative effect of rDNA in the ageing process in hu-
mans further studies will be required.

CONCLUSION

In summary, recent discoveries have significantly extended
our understanding of how cells respond to DSBs in rDNA
and have placed ATR downstream of ATM as a key reg-
ulator of transcriptional inhibition. The nucleolar protein
Treacle has emerged as a central coordinator of several
branches of the n-DDR with links to both transcriptional
inhibition, recovery and DNA repair. To determine how
processing of rDNA is conducted, its role in nucleolar seg-
regation and when cells commit to HR, further studies are
necessary. To understand nucleolar regulation of HR repair
in more depth, additional investigations must be conducted
as current data indicate regulation both at the level of cap
formation and recruitment of HR-factors to caps (Figure
3). A recent discovery of a potential fourth nucleolar com-
partment called ‘nucleolus rim’ at the nucleolar periphery
may also be of importance to understand regulation of HR
in the nucleolus (133). Moreover, these regulatory mecha-
nisms may not apply equally to all types of DSBs for rea-
sons currently unknown. In addition, the previously dom-
inating idea of nucleolar segregation as a passive process
has been challenged and nucleolar caps likely require addi-
tional cellular pathways to form, in particular under condi-
tions where a DSB occurs in a nucleolus that is still partially
transcriptionally active.
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38. Mangan,H., Gailı́n,M.Ó and McStay,B. (2017) Integrating the
genomic architecture of human nucleolar organizer regions with the
biophysical properties of nucleoli. FEBS J., 284, 3977–3985.

39. Lin,Y.-L. and Pasero,P. (2012) Interference between DNA
replication and transcription as a cause of genomic instability. CG,
13, 65–73.

40. Tubbs,A. and Nussenzweig,A. (2017) Endogenous DNA damage as
a source of genomic instability in cancer. Cell, 168, 644–656.

41. Warmerdam,D.O., van den Berg,J. and Medema,R.H. (2016) Breaks
in the 45S rDNA lead to Recombination-Mediated loss of repeats.
Cell Rep., 14, 2519–2527.

42. Kobayashi,T., Heck,D.J., Nomura,M. and Horiuchi,T. (1998)
Expansion and contraction of ribosomal DNA repeats in
Saccharomyces cerevisiae: requirement of replication fork blocking
(Fob1) protein and the role of RNA polymerase I. Genes Dev., 12,
3821–3830.

43. Kobayashi,T. (2011) Regulation of ribosomal RNA gene copy
number and its role in modulating genome integrity and
evolutionary adaptability in yeast. Cell. Mol. Life Sci., 68,
1395–1403.

44. Osborne,C.S. (2014) Molecular pathways: transcription factories
and chromosomal translocations. Clin. Cancer Res., 20, 296–300.

45. Potapova,T.A., Unruh,J.R., Yu,Z., Rancati,G., Li,H.,
Stampfer,M.R. and Gerton,J.L. (2019) Superresolution microscopy
reveals linkages between ribosomal DNA on heterologous
chromosomes. J. Cell Biol., 218, 2492–2513.

46. Wallgren,M., Mohammad,J.B., Yan,K.-P.,
Pourbozorgi-Langroudi,P., Ebrahimi,M. and Sabouri,N. (2016)
G-rich telomeric and ribosomal DNA sequences from the fission
yeast genome form stable G-quadruplex DNA structures in vitro

and are unwound by the Pfh1 DNA helicase. Nucleic Acids Res., 44,
6213–6231.

47. Wang,Y., Yang,J., Wild,A.T., Wu,W.H., Shah,R., Danussi,C.,
Riggins,G.J., Kannan,K., Sulman,E.P., Chan,T.A. et al. (2019)
G-quadruplex DNA drives genomic instability and represents a
targetable molecular abnormality in ATRX-deficient malignant
glioma. Nat. Commun., 10, 943.

48. Hanahan,D. and Weinberg,R.A. (2011) Hallmarks of Cancer: The
next generation. Cell, 144, 646–674.

49. Stults,D.M., Killen,M.W., Williamson,E.P., Hourigan,J.S.,
Vargas,H.D., Arnold,S.M., Moscow,J.A. and Pierce,A.J. (2009)
Human rRNA gene clusters are recombinational hotspots in cancer.
Cancer Res., 69, 9096–9104.

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

51. Barlow,J.H., Faryabi,R.B., Callén,E., Wong,N., Malhowski,A.,
Chen,H.T., Gutierrez-Cruz,G., Sun,H.-W., McKinnon,P., Wright,G.
et al. (2013) Identification of early replicating fragile sites that
contribute to genome instability. Cell, 152, 620–632.

52. Bywater,M.J., Poortinga,G., Sanij,E., Hein,N., Peck,A.,
Cullinane,C., Wall,M., Cluse,L., Drygin,D., Anderes,K. et al. (2012)
Inhibition of RNA polymerase I as a therapeutic strategy to
promote Cancer-Specific activation of p53. Cancer Cell, 22, 51–65.

53. Tsoi,H., Lam,K.C., Dong,Y., Zhang,X., Lee,C.K., Zhang,J.,
Ng,S.C., Ng,S.S.M., Zheng,S., Chen,Y. et al. (2017) Pre-45s rRNA
promotes colon cancer and is associated with poor survival of CRC
patients. Oncogene, 36, 6109–6118.

54. Uemura,M., Zheng,Q., Koh,C.M., Nelson,W.G.,
Yegnasubramanian,S. and De Marzo,A.M. (2012) Overexpression
of ribosomal RNA in prostate cancer is common but not linked to
rDNA promoter hypomethylation. Oncogene, 31, 1254–1263.

55. Wang,J., Leung,J.W., Gong,Z., Feng,L., Shi,X. and Chen,J. (2013)
PHF6 regulates cell cycle progression by suppressing ribosomal
RNA synthesis. J. Biol. Chem., 288, 3174–3183.

56. Kotsantis,P., Silva,L.M., Irmscher,S., Jones,R.M., Folkes,L.,
Gromak,N. and Petermann,E. (2016) Increased global transcription
activity as a mechanism of replication stress in cancer. Nat.
Commun., 7, 13087.

57. Ide,S., Miyazaki,T., Maki,H. and Kobayashi,T. (2010) Abundance
of ribosomal RNA gene copies maintains genome integrity. Science,
327, 693–696.

58. Killen,M.W., Stults,D.M., Adachi,N., Hanakahi,L. and Pierce,A.J.
(2009) Loss of Bloom syndrome protein destabilizes human gene
cluster architecture. Hum. Mol. Genet., 18, 3417–3428.

59. Valori,V., Tus,K., Laukaitis,C., Harris,D.T., LeBeau,L. and
Maggert,K.A. (2020) Human rDNA copy number is unstable in
metastatic breast cancers. Epigenetics, 15, 85–106.

60. Wang,M. and Lemos,B. (2017) Ribosomal DNA copy number
amplification and loss in human cancers is linked to tumor genetic
context, nucleolus activity, and proliferation. PLos Genet., 13,
e1006994.

61. Xu,B., Li,H., Perry,J.M., Singh,V.P., Unruh,J., Yu,Z., Zakari,M.,
McDowell,W., Li,L. and Gerton,J.L. (2017) Ribosomal DNA copy
number loss and sequence variation in cancer. PLos Genet., 13,
e1006771.

62. Salim,D., Bradford,W.D., Freeland,A., Cady,G., Wang,J.,
Pruitt,S.C. and Gerton,J.L. (2017) DNA replication stress restricts
ribosomal DNA copy number. PLos Genet., 13, e1007006.

63. Halazonetis,T.D., Gorgoulis,V.G. and Bartek,J. (2008) An
Oncogene-Induced DNA damage model for cancer development.
Science, 319, 1352–1355.

64. Jackson,S.P. and Bartek,J. (2009) The DNA-damage response in
human biology and disease. Nature, 461, 1071–1078.

65. Vı́tor,A.C., Huertas,P., Legube,G. and de Almeida,S.F. (2020)
Studying DNA Double-Strand Break Repair: An Ever-Growing
Toolbox. Front. Mol. Biosci., 7, 24.
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repair in the nucleolus employs a nonhomologous End-Joining
mechanism. Plant Cell, 31, 2259–2275.

110. Olson,E., Nievera,C.J., Klimovich,V., Fanning,E. and Wu,X. (2006)
RPA2 is a direct downstream target for ATR to regulate the S-phase
checkpoint. J. Biol. Chem., 281, 39517–39533.

111. Syed,A. and Tainer,J.A. (2018) The MRE11-RAD50-NBS1 complex
conducts the orchestration of damage signaling and outcomes to
stress in DNA replication and repair. Annu. Rev. Biochem., 87,
263–294.

112. Barnum,K.J., Nguyen,Y.T. and O’Connell,M.J. (2019) XPG-related
nucleases are hierarchically recruited for double-stranded rDNA
break resection. J. Biol. Chem., 294, 7632–7643.

113. Bonath,F., Domingo-Prim,J., Tarbier,M., Friedländer,M.R. and
Visa,N. (2018) Next-generation sequencing reveals two populations
of damage-induced small RNAs at endogenous DNA double-strand
breaks. Nucleic Acids Res., 46, 11869–11882.

114. Ohle,C., Tesorero,R., Schermann,G., Dobrev,N., Sinning,I. and
Fischer,T. (2016) Transient RNA-DNA hybrids are required for
efficient Double-Strand break repair. Cell, 167, 1001–1013.

115. Domingo-Prim,J., Endara-Coll,M., Bonath,F., Jimeno,S.,
Prados-Carvajal,R., Friedländer,M.R., Huertas,P. and Visa,N.
(2019) EXOSC10 is required for RPA assembly and controlled DNA
end resection at DNA double-strand breaks. Nat. Commun., 10,
2135.

116. van Sluis,M. and McStay,B. (2017) Nucleolar reorganization in
response to rDNA damage. Curr. Opin. Cell Biol., 46, 81–86.

117. Lemaı̂tre,C. and Soutoglou,E. (2015) DSB (Im)mobility and DNA
repair compartmentalization in mammalian cells. J. Mol. Biol., 427,
652–658.

118. 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. (2012) Discovery of CX-5461, the first direct and
selective inhibitor of RNA polymerase I, for cancer therapeutics.
ACS Med. Chem. Lett., 3, 602–606.

119. 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.
(2011) Targeting RNA polymerase I with an oral small molecule
cx-5461 inhibits ribosomal RNA synthesis and solid tumor growth.
Cancer Res., 71, 1418–1430.

120. Peltonen,K., Colis,L., Liu,H., Jaamaa,S., Zhang,Z., af Hallstrom,T.,
Moore,H.M., Sirajuddin,P. and Laiho,M. (2014) Small molecule

BMH-Compounds that inhibit RNA polymerase I and cause
nucleolar stress. Mol. Cancer Ther., 13, 2537–2546.

121. Ferreira,R., Schneekloth,J.S., Panov,K.I., Hannan,K.M. and
Hannan,R.D. (2020) Targeting the RNA polymerase I transcription
for cancer therapy comes of age. Cells, 9, 266.

122. Colis,L., Peltonen,K., Sirajuddin,P., Liu,H., Sanders,S., Ernst,G.,
Barrow,J.C. and Laiho,M. (2014) DNA intercalator BMH-21
inhibits RNA polymerase I independent of DNA damage response.
Oncotarget, 5, 4361–4369.

123. Xu,H., Di Antonio,M., McKinney,S., Mathew,V., Ho,B.,
O’Neil,N.J., Santos,N.D., Silvester,J., Wei,V., Garcia,J. et al. (2017)
CX-5461 is a DNA G-quadruplex stabilizer with selective lethality
in BRCA1/2 deficient tumours. Nat. Commun., 8, 14432.

124. Peltonen,K., Colis,L., Liu,H., Trivedi,R., Moubarek,M.S.,
Moore,H.M., Bai,B., Rudek,M.A., Bieberich,C.J. and Laiho,M.
(2014) A targeting modality for destruction of RNA polymerase I
that possesses anticancer activity. Cancer Cell, 25, 77–90.

125. Carotenuto,P., Pecoraro,A., Palma,G., Russo,G. and Russo,A.
(2019) Therapeutic approaches targeting nucleolus in cancer. Cells,
8, 1090.

126. van Sluis,M. and McStay,B. (2014) Ribosome biogenesis: Achilles
heel of cancer? Genes Cancer, 5, 152–153.

127. Bruno,P.M., Liu,Y., Park,G.Y., Murai,J., Koch,C.E., Eisen,T.J.,
Pritchard,J.R., Pommier,Y., Lippard,S.J. and Hemann,M.T. (2017)
A subset of platinum-containing chemotherapeutic agents kills cells
by inducing ribosome biogenesis stress. Nat. Med., 23, 461–471.
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