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Abstract: The nucleolus has been known for a long time to fulfill crucial functions in ribosome
biogenesis, of which cancer cells can become addicted to in order to produce sufficient amounts of
proteins for cell proliferation. Recently, the nucleolus has emerged as a central regulatory hub in many
other cancer-relevant processes, including stress sensing, DNA damage response, cell cycle control,
and proteostasis. This fostered the idea that nucleolar processes can be exploited in cancer therapy.
Interestingly, a significant proportion of poly(ADP-ribose) polymerase 1 (PARP1) molecules are
localized in the nucleolus and PARP1 also plays crucial roles in many processes that are important in
cancer biology, including genome maintenance, replication, transcription, and chromatin remodeling.
Furthermore, during the last years, PARP1 came into focus in oncology since it represents a promising
target of pharmacological PARP inhibitors in various types of cancers. Here, we provide an overview
of our current understanding on the role of PARP1 in nucleolar functions and discuss potential
implications in cancer biology and therapy.
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1. Introduction into the Biology of Nucleoli
Nucleoli are self-organizing, membrane-less sub-compartments of the nucleus, which are formed
around tandemly repeated clusters of 200 to 400 ribosomal DNA (rDNA) genes known as nucleolar
organizing centers (NORs) on the short arms of the five human acrocentric chromosomes 13, 14, 15, 21,
and 22 [1,2]. In humans, nucleoli are surrounded by peri-nucleolar heterochromatin (PNH) derived
from DNA sequences located distal and proximal to NORs [3]. The main function of nucleoli is
ribosome biogenesis, which is one of the most energy-demanding and highly controlled processes
in a cell. It has been estimated that in proliferating cells ribosome biogenesis consumes up to 80% of
the cellular energy [4]. Therefore, it is not surprising that ribosome biogenesis is tightly coupled to
the availability of growth factors, nutrients and cellular energy supply [5]. Nucleolar size positively
correlates with rRNA synthesis and cell proliferation, as dividing cells often possess large nucleoli,
while downregulation of rRNA gene transcription is associated with a reduction in nucleolar size [2].
Interestingly, an increased number and size of nucleoli have historically been used as a biomarker for
tumor development [6].
Ribosome biogenesis starts with RNA polymerase I (Pol I)-driven synthesis of 47S pre-ribosomal
RNA (pre-rRNA), which is rapidly processed by more than 200 non-ribosomal proteins and small
nucleolar RNAs (snoRNAs) to mature 18S, 5.8S and 28S rRNAs [7]. These RNAs are assembled with
ribosomal proteins (RPs) and 5S rRNA to form the pre-40S and pre-60S ribosomal subunits that are
subsequently exported to the nucleoplasm to produce mature 80S ribosomes. Since the 5S rRNA
is synthesized by RNA polymerase III (Pol III) and transcription of RP genes is mediated by RNA
polymerase II (Pol II), ribosome biogenesis requires the activities of all three cellular RNA polymerases.
Light and electron microscopy have revealed the tripartite structure of the nucleolus, which reflects
the different stages of ribosome biogenesis and is dependent on ongoing rDNA transcription [3,8].
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During interphase, nucleoli consist of one or a few fibrillar centers (FC), of which each is surrounded by a
dense fibrillar component (DFC) [9]. The FC contains non-transcribed rDNA sequences and transcription
factors, e.g., the upstream binding factor (UBF), which recognizes the rRNA gene promotor. Transcription
by Pol I occurs at the interface between FCs and the DFCs. DFCs are enriched in pre-rRNA processing
factors, e.g., small nucleolar ribonucleoproteins (snoRNPs) and fibrillarin, and are the nucleolar sites,
where early rRNA processing takes place. Both the FCs and the DFCs are embedded in a large granular
component (GC), which is associated with late rRNA processing. Apart from this, mature rRNAs assemble
in the GC with RPs into pre-ribosomal subunits [9].
Nucleoli are membrane-less biomolecular condensates thought to be organized by liquid-liquid
phase separation [10,11]. This is supported by the finding that nucleoli of Xenopus laevis germinal
vesicles fuse and turn over rapidly, thereby displaying liquid-like properties [12,13]. Mechanistically,
molecular interactions between low-complexity, disordered protein regions and RNA molecules
appear to contribute to such phase separation processes [14]. For a long time, an unresolved question
has been, how the three nucleolar components can coexist without fusing to a single liquid phase.
Recently, this issue has been addressed by Feric et al. [15] showing that nucleolar sub-compartments
represent distinct liquid phases that can co-exist due to differences in the biophysical properties of
their components, in particular due to distinct droplet surface tensions. Current evidence supports
a model in which nucleoli are formed by a combination of active recruitment processes of proteins,
active transcription of rDNA and formation of the respective rRNA, as well as phase separation
processes involving both protein and RNA components [14].
In humans, nucleoli undergo structural reorganization throughout the cell cycle resulting in a
transient loss of the tripartite structure. As cells enter mitosis, transcription of rDNA genes pauses,
and nucleoli disperse. Interestingly, some nucleolar proteins, e.g., UBF, remain associated with
NORs throughout the cell cycle, thus functioning as a mitotic bookmark and binding platform for
the remaining Pol I transcription machinery [10,16]. Components of the DFC and the GC, such as
fibrillarin and nucleophosmin, dissociate from the nucleolus during mitosis [17]. Before nucleoli
reassemble in late anaphase or early telophase, these processing factors coalesce in foci designated as
prenucleolar bodies (PNBs) [18]. The reassembly of nucleoli is initiated when pre-rRNA processing
factors associate with NORs. First, multiple small nucleoli are formed, which as the cell cycle progresses
coalesce to larger mature nucleoli [19].
Intriguingly, over the past two decades the nucleolus has emerged as a regulatory hub for multiple
nuclear functions [20]. Over 4500 proteins were identified to be localized in nucleoli, of which only 30%
are primarily associated with ribosome biogenesis [21,22]. This led to the assumption that the nucleolus
has non-canonical regulatory functions beyond ribosome biogenesis. At present, it is well accepted that
the nucleolus is a multifunctional nuclear sub-compartment, with additional roles, e.g., in stress
response, DNA damage signaling, telomere maintenance, cell cycle control, cell proliferation,
and proteostasis [23]. Furthermore, links between nucleolar functions and complex physiological
and pathophysiological cellular processes have been established. For instance, there is increasing
knowledge that the nucleolus is implicated in the aging process. In this context, several studies have
postulated that rDNA instability could be a causative factor for aging [24]. Recently, the nucleolar
size was shown to inversely correlate with longevity, thereby identifying small nucleoli as a potential,
visible hallmark for longevity and metabolic health [4,25]. Moreover, there is growing evidence, that
the nucleolus is involved in the development of neurodegenerative diseases, such as Parkinson’s
disease [26]. Importantly, dysregulation of nucleolar functions has been linked to carcinogenesis,
and consequently the nucleolus has emerged as a new target in cancer therapy [27–30]. This aspect
will be discussed in more detail in Section 5 below. Before returning to this issue, in the next sections,
we discuss how nucleoli respond to stress and DNA damage (Section 2), give a brief introduction into
PARylation and PARP1 (Section 3), and review the role of PARP1 in nucleolar functions (Section 4).
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2. How do Nucleoli Respond to Stress and DNA Damage?
Cells are constantly exposed to exogenous and endogenous sources of DNA damage [31].
To maintain genomic integrity, they possess a repertoire of repair proteins, which detect specific DNA
lesions and initiate the appropriate repair pathway. Intriguingly, over 150 DNA repair proteins were
identified in nucleoli under non-stress conditions, pointing to a role of nucleoli in DNA damage
response [32].
As there is no structural barrier between the nucleolus and the surrounding nucleoplasm,
proteins can, in principle, freely traffic from the nucleolus to the nucleoplasm and vice versa.
The mechanisms by which proteins are retained in the nucleolus are still not fully understood.
In general, it is assumed that nucleolar accumulation is a consequence of affinity interactions with RNA
or nucleolar proteins. Some nucleolar proteins, e.g., nucleophosmin, exhibit a nucleolar localization
sequence (NoLS) [33]. While there is no highly-conserved NoLS consensus sequence, about half of
the amino acids (aa) inside NoLS are lysines and arginines, which render NoLS highly positively
charged [23]. Since the nucleolus harbors high numbers of negatively charged RNA molecules,
electrostatic interactions between NoLS and RNA molecules were postulated to be responsible
for nucleolar accumulation of NoLS-bearing proteins. However, other nucleolar proteins lack a
well-defined NoLS and are thought to be targeted to the nucleolus through protein-protein interactions
with nucleolar anchored hub proteins, such as nucleophosmin or nucleolin [23].
The nucleolar accumulation of a variety of DNA repair proteins raised the question whether DNA
repair proteins are merely sequestered in the nucleolus for storage reasons until they are required for
their functional role in DNA repair, or if they also fulfill nucleolar-specific functions. Indeed, at least
for some DNA repair proteins, including the base excision repair (BER) protein apurinic/apyrimidinic
endonuclease 1 (APE1) and the RecQ helicase WRN, nucleolar-specific functions were postulated [32,34].
APE1 was not only shown to reside in the nucleolus and interact with nucleophosmin, there is also
growing evidence that it is involved in quality control of the transcribed rRNA [35]. The gene encoding
for the Werner protein (WRN) harbors mutations in Werner syndrome, an adult onset progeria
characterized by premature aging and cancer development [36]. WRN is involved in a number of DNA
repair pathways, including homologous recombination (HR), non-homologous end joining (NHEJ)
and BER [37,38]. Under non-stress conditions, it localizes to transcriptionally active nucleoli, giving rise
to the idea that WRN might also play a role in ribosome biogenesis [39]. Further studies supported
this notion in demonstrating that WRN co-immunoprecipitates with the RNA Pol I subunit RPA40
and that in the absence of WRN, 18S and 28S RNA levels are reduced [40]. Although the findings
require further elucidations, these data provide convincing evidence that bona fide DNA repair proteins
might play dual roles in DNA repair on the one hand and ribosome biogenesis on the other hand.
Nucleoli are highly dynamic and undergo dramatic structural changes upon suffering various
types of DNA damage. A plethora of cellular stressors, including UV and γ radiation, oxidative stress,
genotoxic chemotherapeutic agents, hypoxia, as well as nutrient and growth factor deprivation can
induce nucleolar re-organization or disruption [41]. Any stress-induced perturbation in ribosome
biogenesis that ultimately leads to disruptions in cell homeostasis through activation of p53 or other
stress signaling is referred to as nucleolar—or ribosomal stress [42]. Induction of nucleolar stress
can occur at various steps of ribosome biogenesis, from Pol I transcription to pre-RNA processing,
and eventually to assembly of ribosomal subunits and their release from the GC [42]. For instance,
treatment with actinomycin D (ActD), which at low doses acts as a selective inhibitor of RNA Pol I by
intercalating with G/C-rich rDNA, was shown to induce nucleolar segregation and the formation of
so called nucleolar caps [14]. Nucleolar caps are bipartite structures that are excluded from the GC
and reside at the nucleolar surface. They consist of FC and DFC components, with the DFC facing
the nucleolar interior and the FC facing the nucleoplasm [3]. Interestingly, a similar reorganization of
nucleolar structure was observed upon targeted induction of DSBs in rDNA repeats, which was shown
to result in ataxia telangiectasia mutated (ATM)-dependent inhibition of RNA Pol I transcription [43–45].
Other studies reported that rDNA DSB-induced Pol I inhibition and nucleolar cap formation can also
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be regulated by the DNA-dependent protein kinase (DNA-PK) [46,47]. The formation of nucleolar caps
was proposed to render damaged rDNA accessible for repair factors that are normally excluded from
nucleoli under non-stress conditions [48]. In three recent studies, the Physarum polycephalum homing
endonuclease I-Ppol, which can cleave within the 28S rRNA coding region in human cells, was used to
investigate whether rDNA DSBs are repaired by HR or NHEJ [49]. Harding et al. identified NHEJ as
the predominant pathway in the repair of DSBs within rDNA, since depletion of NHEJ, but not HR
factors, leads to accumulation of DSBs in the nucleolus [44]. Instead, van Sluis et al. [45] demonstrated
that HR is also involved in rDNA DSB repair. Interestingly, HR factors are recruited to stress-induced
nucleolar caps even in G1 cells, suggesting that in rDNA, HR occurs even in the absence of sister
chromatids, possibly by using other rDNA repeats as a template. Therefore, the formation of nucleolar
caps could facilitate repair of rDNA via HR by concentrating high levels of homologous sequences in
close proximity [50]. Interestingly and in contrast to the general notion that HR acts as an error-free
repair mechanism, it was reported that the HR-mediated repair of rDNA is error-prone, leading to a
reduction of rDNA repeats, thus promoting rDNA instability [51].
Ribosomal DNA sequences are especially vulnerable to DNA damage due to their repetitive nature,
the unique organization of rDNA in clusters on five different chromosomes and high transcription
rates [17]. These special features render the rDNA prone to unscheduled DNA recombination events
and frequent formation of DNA:RNA hybrids, which are thought to favor the generation of DSBs [52,53].
If not properly repaired, rDNA damage can give rise to rDNA instability, and therefore contribute to
premature onset of disease and carcinogenesis. Indeed, 50% of lung and colorectal cancers were shown
to harbor rDNA gene rearrangements [54]. The pathways involved in rDNA damage repair and their
regulatory mechanisms still require further investigations to gain a deeper insight into the mechanisms,
which drive rDNA instability and ultimately carcinogenesis.
Perturbations in nucleolar functions are often accompanied by the release of nucleolar
and ribosomal proteins into the nucleoplasm, where they are proposed to take on secondary functions
in stress response. For instance, nucleophosmin was shown to shuttle between the nucleolus,
the nucleoplasm, and the cytoplasm upon induction of stress [55,56]. Nucleolar release of
nucleophosmin can be induced by a variety of DNA-damaging agents, including ionizing radiation (IR),
cisplatin or etoposide treatment [23]. Interestingly, it was postulated that nucleophosmin takes over
moonlighting functions in the nucleoplasm by participating in several DNA repair pathways, including
BER and nucleotide excision repair (NER) [57]. Additionally, nucleophosmin drives p53 signaling
upon genotoxic stress. Nucleophosmin constitutively interacts with the key activator of the p53
signaling pathway ARF, thus targeting it to the nucleolus [58]. Upon genotoxic stress, modification of
nucleophosmin leads to the release of ARF into the nucleoplasm, where it inhibits HDM2, the E3 ligase
that negatively regulates p53 [17]. Additionally, nucleophosmin regulates the HDM2-p53 pathway in
an ARF-independent manner, by direct protein-protein interactions with HDM2 [59]. It is important to
note that while most proteins are released from nucleoli under stress conditions, there are some notable
exceptions. For example, upon stress, the promyelocytic leukemia tumor suppressor (PML) protein
sequesters Mdm2 to the nucleolus by nucleolar translocation, thereby stabilizing p53 in the nucleoplasm,
and promoting apoptosis [60]. Furthermore, stress-induced ubiquitination of the NF-κB subcomponent
RelA leads to its translocation to the nucleolus, by which this process elicits pro-apoptotic effects [61].
Interestingly, also Hsp70 and other chaperone proteins accumulate in the nucleolus during stress
conditions, suggesting to protect nucleolar proteins from aggregation [62–65]. In this regard, a recent
study by Frottin et al. [63] addressed the role of liquid-liquid demixing and phase transition processes
during nucleolar stress response. The authors reported that the liquid-like GC phase of the nucleolus
can act as a quality control compartment by exerting transient chaperone-like activity for nuclear
proteins entering the nucleolus during stress conditions [63].
Apart from proteins that have predominantly nucleolar functions, several DNA repair factors,
including APE1 and WRN, have been shown to undergo DNA damage-induced nucleolar-nucleoplasmic
shuttling [23,40,66]. Despite extensive research the exact molecular mechanisms, by which proteins
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are released from the nucleolus remain poorly understood. In general, it is assumed that such protein
dynamics are regulated by a network of PTMs and protein-protein interactions, which is likely to
occur in a stress- and protein-specific manner. For instance, Karmakar et al. [67] showed that WRN is
acetylated upon treatment with mitomycin C and the alkylating agent methyl methane-sulfonate (MMS),
but not after UV irradiation. In addition, phosphorylation was proposed to modulate WRN’s subnuclear
localization [39,68]. Consistent with the idea that such DNA damage-induced protein dynamics are
regulated in a stress-specific manner, we recently found that after treatment with H2 O2 and the alkylating
agent 2-chloroethyl ethyl sulfide (CEES), but not the topoisomerase inhibitor camptothecin (CPT),
nucleolar-nucleoplasmic translocation of WRN was dependent on the PARP1 protein, yet independent of
its enzymatic activity [69].
3. Introduction into the Biology of PARP1 and Poly(ADP-ribosyl)ation
Post-translational modifications (PTMs), such as phosphorylation, acetylation or ubiquitination,
represent an extremely versatile and fast means of regulating the complexity and dynamics of cellular
processes. In particular, ADP-ribosylation, which can be found in most eukaryotes and which has been
shown to be essential during mammalian development [70], represents a highly dynamic and fully
reversible PTM [70–73]. This modification is catalyzed by ADP-ribosyl transferases to which the family
of poly(ADP-ribose) polymerases (PARPs) belongs. The PARP gene family comprises 17 members
in humans and based on structural homology of their catalytic domain with the diphteria toxin,
they are also referred to as ADP-ribosyltransferases diptheria toxin-like (ARTDs) [74]. By using
nicotinamide adenine dinucleotide (NAD+ ) as a substrate, PARPs covalently attach ADP-ribose
units to a variety of aa residues of acceptor proteins, including serines, glutamates, aspartates,
lysines, and tyrosines [75–82]. While most PARPs possess mono(ADP-ribosyl)transferase activity
(mono(ADP-ribosyl)ation, MARylation) or are catalytically inactive, at least four of them, i.e., PARPs 1, 2,
5a, 5b, are known to synthesize negatively charged polymers of poly(ADP-ribose) (PAR), which earned
them the term ‘writers’ of poly(ADP-ribosyl)ation (PARylation)—(PARPs 5a and 5b are also known
as tankyrases 1 and 2). The resulting PAR chains are either linear or branched and may consist of
more than 200 ADP-ribose moieties [83–85]. Apart from covalent modification, certain proteins—so
called ‘readers’ of PARylation—can non-covalently interact with PAR chains via distinct PAR binding
modules, which, among others, include loosely conserved PAR binding motifs (PBM), zinc finger-type
structures, macrodomains, WWE domains and OB folds [86].
PARP1—the founding member of the PARP family—was extensively studied since the discovery
of PARylation in 1963 [87]. It plays pivotal roles in various cellular processes, including chromatin
remodeling, replication, transcription, RNA biology, energy metabolism, immunity and inflammation,
as well as cell death [88–92]. In addition, one of the most critical functions of PARP1, is its role in
DNA repair and genome maintenance. Thus, PARP1 participates in several DNA repair pathways,
including BER, NER, as well as the two double-strand break (DSB) repair pathways, i.e., NHEJ
and HR [88,93,94]. Furthermore, PARP1 was shown to recognize unligated Okazaki fragments
and to stabilize stalled replication forks, owing to promote repair during replication and replicative
stress [95,96]. The importance of PARP1 in DNA repair is impressively exemplified by the fact that
Parp1-deficient mice are hypersensitive towards DNA damaging agents, which is accompanied by
increased spontaneous as well as induced genomic instability and carcinogenesis [97]. On a molecular
level, PARP1 acts as a sensor of DNA damage, in particular DNA single and double strand breaks,
and detects those via certain zinc finger motifs of its N-terminal DNA binding domain. Binding to DNA
strand breaks induces allosteric conformational changes in the protein structure, which allow binding
of NAD+ to the C-terminal catalytic domain, leading to the enzymatic activation of PARP1 [71,85,98].
Indeed, PARP1 was reported to be responsible for over 90% of DNA damage-induced PARylation,
whereupon cellular PAR levels dramatically increase 10- to 500-fold compared to the PAR levels under
non-stress conditions [88,99,100]. Apart from DNA damage-dependent activation, PARP1 activity is
regulated by other PTMs, such as acetylation, phosphorylation and SUMOylation [101–104] as well as
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physical protein-protein interactions [85]. The first and main target of PARP1-dependent PARylation is
PARP1 itself [105,106]. Such automodification of PARP1 provides a platform for the recruitment of
downstream factors, i.e., ‘readers’ of PARylation, of which the DNA repair protein XRCC1 represents
a prime example [107–109]. There is now considerable evidence that high-affinity, non-covalent
interaction of proteins with auto-PARylated PARP1 mediates substrate specificity of PARP1 and targets
these PAR-binding proteins to subsequent covalent modification by PARP1 [110–112]. In total, several
hundred PARylated proteins have been identified, which are involved in diverse cellular functions,
ranging from genome maintenance, DNA damage response and chromatin organization to transcription,
RNA metabolism and cell cycle regulation [80,82,113].
Eventually PARP1 is released from DNA, which is assumed to occur due to steric and electrostatic
repulsion of the automodified protein, yet other, more specific and so far largely unexplored,
mechanisms may be conceivable as well [88,114,115]. Importantly, in many instances and in particular
upon genotoxic stress, PARylation is transient, highly dynamic, and fully reversible, since after
being synthesized, PAR chains are rapidly degraded in a two-step process, due to the enzymatic
activities of certain ‘eraser’ enzymes [116,117]. Thus, the bulk of DNA damage-induced PAR can be
degraded by poly(ADP-ribose) glycohydrolase (PARG), which harbors exo- as well as endo-glycosidic
activities for PAR. The most proximal, protein-bound ADP-ribose moiety, however, cannot be released
by PARG. This is instead carried out by several other eraser enzymes, which possess individual
specificities for certain ADP-ribose acceptor sites, e.g., ARH3 can remove ADP-ribose from serine,
and MacroD1/MacroD2 from glutamate or aspartate [116–121]. Moreover, the terminal ADP-ribose
protein glycohydrolase 1 (TARG1/C6orf130) was shown to act on glutamate and aspartate residues,
as well, by removing and releasing not only ADP-ribose, but also entire PAR chains [116,122].
In general, PARylation is thought to regulate the physicochemical properties, localization,
and enzymatic activities of its target proteins in a highly controlled, spatio-temporal manner. Furthermore,
PAR can serve as a signal to target proteins for degradation through the ubiquitin-proteasome system [123],
which can, therefore, act as a ‘kiss of death’ for certain factors during DNA damage response. Another layer
of complexity in the functions of PARylation is given by findings demonstrating that PAR can act as a seed for
liquid-liquid demixing processes, thereby triggering the formation of biomolecular condensates [124,125].
In this regard, it has also been reported that such processes contribute to the formation of dynamic
protein foci at sites of DNA damage, thereby facilitating DNA repair processes through transient
and functional compartmentalization of DNA damage sites [110,124]. Moreover, there is mounting
evidence that PARylation and PAR-binding regulate liquid-liquid phase separation and aggregation of
several neurodegenerative disease-associated RNA-binding proteins, including α-synuclein, TDP-43
and hnRNP A1 [126]. In summary, it is assumed that PARP1 orchestrates and supports DNA damage
response mechanisms and local chromatin dynamics. In addition, beyond its role in the control of protein
localization and biochemistry, PARP1 is involved in the regulation of cell death and cellular energy
metabolism, i.e., by using NAD+ as a substrate, for which reason it proves itself as a global regulator of
cellular physiology and pathophysiology [92,127].
Over the past decades, PARP1 came into focus as a target in clinical oncology, since PARP inhibitors
were identified to act as chemosensitizers in combination with classical DNA-damaging therapies or as
monotherapeutic agents to treat cancers with defects in HR repair according to the concept of synthetic
lethality. In 2005, two independent groups discovered the synthetic lethal interaction between PARP1
inhibition and loss of BRCA, i.e., BRCA1 or BRCA2 [128,129], which spurred the development of
clinical PARP inhibitors. By now, four of such small-molecule PARP inhibitors (i.e., olaparib, rucaparib,
niraparib, and talazoparib) have been approved by authorities such as the EMA and the FDA to treat
certain types of ovarian, breast or pancreatic cancer with germline loss-of-function mutations of BRCA
genes [130,131]. Functional BRCA1 and BRCA2 are of critical importance for the repair of DSBs via
HR [132]. Inhibition of PARP not only leads to accumulation of DNA single-strand breaks (SSBs),
but also to trapping of PARP at the DNA, which may result in toxic manifestations of the damage
and stalled replication forks [133]. Due to PARP inhibition and the absence of BRCA, the stalled
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replication forks cannot be restarted properly, leading to replication fork collapse and ultimately DSBs,
which are lethal for HR-deficient cancer cells [134]. By selectively targeting certain types of cancers,
PARP1 inhibitors provide a successful step towards precision medicine in oncology. In addition
to their use in BRCA-mutated cancers, there is meanwhile good evidence for further synthetic
lethal interactions of PARP inhibitors in combination with other genetic constellations. Moreover,
the use of PARP inhibitors as chemosensitizers represents a promising strategy for their use in cancer
treatment [130–132]. Taken together, it is expected that the area of application for the use of PARP
inhibitors will further expand during the next decade and that PARP inhibitors will find their place in
the range of chemotherapy regimens.
4. On the Role of PARP1 and PARylation in the Biology of the Nucleolus
Under non-stress conditions a substantial percentage of cellular PARP1 molecules (i.e., ~40%)
reside within nucleoli [135]. Nucleolar accumulation of PARP1 was firstly documented in the late
1980s by using immunolabeling and was later on confirmed in proteomic studies [136,137]. PARP1,
as well as PARP2, are retained in nucleoli via interaction with the multifunctional nucleolar hub
protein nucleophosmin, which is implicated in multiple steps of ribosome biogenesis, including rDNA
transcription and elongation, as well as rRNA processing [32,138]. Treatment with the RNA Pol I
inhibitor ActD resulted in nucleolar release of PARP1 and PARP2, indicating that active nucleolar
transcription is required for PARP1 and PARP2 to reside in nucleoli [139]. The presence of PARP1,
particularly in transcriptionally active nucleoli, gave rise to the idea that PARP1 might be involved
in canonical nucleolar functions, e.g., in regulating ribosomal biogenesis. Indeed, there is a growing
body of evidence, that PARP1 and PARylation play important roles in nucleolar biology, which will be
discussed in the following.
First evidence for PARP1 to play a role in nucleolar biology was proposed by Tulin et al. [140]
in 2002 by using Drosophila melanogaster as a model system. Unlike mammals, the Drosophila genome
contains only two PARP encoding genes, i.e., one that is highly related to mammalian PARP1,
as well as one homolog of tankyrases [141,142]. Therefore, Drosophila is a powerful model organism
to study PARP biology. In the study of Tulin et al. [140], it was shown that many of the PARylated
proteins in Drosophila are enriched in nucleoli and in the heterochromatic chromocenter regions.
Furthermore, disruption of PARP1 expression resulted in abrogated formation of nucleoli and larval
lethality, suggesting that PARP1 is required for the formation of nucleoli during development [140].
As previously discussed, it was shown that liquid-liquid phase separation plays an important role
in internal organization of nucleolar architecture [3]. Interestingly, PAR can function as a seed for
liquid-liquid demixing in intrinsically disordered proteins, which are abundant in nucleoli [125].
Therefore, it is conceivable, that PARylation regulates the general biophysical state of nucleolar
architecture by liquid-liquid demixing [124] (Figure 1). In this regard it is interesting to note that
nucleoli in yeast and other lower eukaryotes exhibit a bipartite structure, i.e., lacking the FC in
nucleoli [143]. The fact that PARylation is missing in yeast [144] makes this an interesting correlation,
which needs to be analyzed in detail for any causative relationship in future studies.
Meanwhile, several studies have revealed an important role of PARP1 in regulating multiple
steps of ribosome biogenesis. Thus, PARP1 was proposed to participate in ribosome biogenesis by
controlling pre-rRNA processing, post-transcriptional modification, and assembly of pre-ribosomal
subunits [145]. Disruptions of PARP1 enzymatic activity led to nucleolar disintegration and aberrant
localization of nucleolar-specific proteins, such as fibrillarin, nucleophosmin and nucleolin. Therefore,
the authors of this study concluded that PARP1 and PARylation are important for nucleolar
integrity and the localization of nucleolar-specific proteins in proximity to pre-rRNA. Furthermore,
PARP1 mutants displayed a delay in rRNA processing and increased levels of rRNA intermediates,
such as 47S and 36S, resulting in decreased ribosome levels [145]. In mammalian cells, it was
demonstrated that PARP1 participates in nucleolar remodeling complex (NoRC)-mediated rDNA
silencing during replication [146] (Figure 1).
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Figure 1. Functional roles of PARP1 in nucleolar biology. DDX21, DEAD-box helicase 21; DNA-PK,
DNA-dependent protein kinase; NoRC, nucleolar remodeling complex; PAR, poly(ADP-ribose); PARP1,
poly(ADP-ribosyl) polymerase 1; Pol I, polymerase I; pRNA, promotor-associated RNA; rDNA,
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complementing 1. For details see Section 4.

In mid-late S phase, the NoRC mediates heterochromatin formation and silencing of rDNA
transcription via the recruitment of the histone acetylase HDAC1 and DNA methyltransferase (DNMT)
to the rDNA promoter [147]. PARP1 associates with the rDNA repressor TTF-1-interacting protein
5 (TIP5), which is part of NoRC, at silent rRNA genes during replication [146].
Furthermore, association of PARP1 with TIP5 is mediated by the NoRC-associated noncoding RNA
(pRNA, promoter-associated RNA). Interestingly, PARP1 PARylates silent chromatin and components of
the NoRC complex, including TIP5. Thus, it is likely that pRNA stimulates PARP1 enzymatic activity,
which is necessary to establish rDNA silencing. These findings indicate that PARP1 can modulate chromatin
structure and gene expression in nucleoli, revealing a mechanism by which PARP1 ensures that silent rDNA
regions are properly inherited after their disruption during DNA replication [148,149]. In a recent study,
another pathway was identified by which nucleolar actions of PARP1 participate in the control of rDNA
transcription and ribosome biogenesis during cell proliferation [112]. Thus, Kim et al. [112] demonstrated
that PARP1’s binding to snoRNAs leads to its catalytic activation in a DNA damage-independent
manner. Upon activation of its catalytic activity, PARP1 ADP-ribosylates the nucleolar RNA helicase

Cancers 2020, 12, 1813

9 of 21

DDX21, which results in enhanced rDNA transcription and proliferation of breast cancer cells (Figure 1).
As discussed below in more detail, the pharmacological inhibition of this pathway may contribute to
the effectiveness of PARP inhibitors in the treatment of certain cancers [112].
Importantly, there is emerging evidence that PARP1 and its enzymatic activity are involved
in the regulation of ribosome biogenesis under certain pathological conditions. For instance,
in hippocampal pyramidal neurons in Alzheimer’s disease (AD) nucleolar PARP1 is significantly
decreased compared to control cells [150]. It was proposed that under physiological conditions,
PARP1 ADP-ribosylates DNMT1, thereby preventing rDNA methylation, which results in upregulation
of rDNA transcription. Thus, in AD neurons, PARP1 mislocalization leads to hypermethylation
of rDNA, reduced rDNA transcription and impaired ribosome biogenesis, which ultimately results
in disruption of long-term memory formation. Interestingly, such a decrease in PARP1 staining was
revealed in neurons of individuals with mild cognitive impairment (MCI), suggesting that decreased
nucleolar PARP1 could act as an early biomarker of cognitive impairment [151]. For a more detailed
discussion on this topic and the role of PARPs and PARylation in RNA biology in general the reader is
referred to a comprehensive recent review by Kim et al. [91].
Apart from its contribution to ribosome biogenesis under non-stress conditions, PARP1 was
shown to participate in the nucleolar stress response, in particular DNA damage response. A study
by Calkins et al. [152] demonstrated that PARP1 regulates rDNA transcription in response to
DNA damage (Figure 1). Induction of DNA damage, by using γ irradiation, UV light or
the cross-linking agent cisplatin, resulted in inhibition of rDNA transcription, as well as cell cycle
arrest in S phase. Inhibition of PARP1 or DNA-PK prevented silencing of rRNA synthesis, yet not
the accumulation of cells in S phase. These results indicate that PARP1 and DNA-PK are involved
in DNA damage-induced inhibition of rDNA transcription, however not in the accompanying cell
cycle arrest. Loss of DNA-PK function prevented PARP1 from being activated and recruited to
chromatin, suggesting that DNA-PK acts upstream of PARP1 to block rRNA synthesis upon DNA
damage. While the exact mechanistic details by which PARP1 and DNA-PK contribute to DNA
damage-induced inhibition of rDNA transcription remain to be elucidated, PARP1 may also facilitate
DNA damage-induced block of rRNA synthesis through the recruitment of nucleolar proteins with
roles in ribosome biogenesis to the nucleoplasm. For instance, fluorescence loss in photobleaching
(FLIP) experiments showed that the macrodomain-containing protein TARG1/C6orf130 continuously
undergoes nucleolar-nucleoplasmic shuttling [153]. Interestingly, the distribution of TARG1/C6orf130
between these two compartments was regulated by PARylation. Thus, in the absence of PAR, TARG1
localizes to transcriptionally active nucleoli, while in response to DNA damage-induced PAR formation,
e.g., upon H2 O2 treatment, it re-localizes to the nucleoplasm. Since TARG1 was reported to bind to
RNA, ribosomal proteins, as well as proteins associated with rRNA proteins and ribosomal assembly
factors, it is conceivable that in nucleoli, TARG1 plays a role in ribosome assembly or quality control,
which is stalled when TARG1 is recruited to sites of DNA damage in a PAR-dependent manner [153].
With regards to a role of PARP1 and PARylation in nucleolar DNA damage response, we recently showed
that upon H2 O2 treatment of HeLa cells, WRN and XRCC1 translocate from nucleoli to the nucleoplasm,
however interestingly enough, probably by different mechanisms [69]. Thus, while the release of
WRN from nucleoli was purely dependent on the presence of PARP1 protein without any obvious
involvement of its catalytic activity, we found that relocalization of XRCC1 upon H2 O2 -induced DNA
damage was dependent on both PARP1 protein and its enzymatic activity (Figure 1). We hypothesized
that in case of WRN, PARP1 and an additional unknown factor mediate the release of WRN from
nucleoli, while XRCC1 requires nucleoplasmic DNA damage-bound and PARylated PARP1 as a loading
platform, which leads to XRCC1 retention in the nucleoplasm until its tasks in BER are completed.
This notion is supported by findings revealing that in cells without PARP1 activity, XRCC1 relocates
quickly to nucleoli upon DNA damage induction [69].
Similarly to XRCC1, upon induction of DNA damage the ribosomal protein L6 (RPL6) is recruited
to sites of DNA damage in a PARP-dependent manner [154]. At sites of DNA damage RPL6 appears to
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regulate the DNA damage response. Thus, RPL6 directly interacts with histone H2A and depletion
of RPL6 impairs the recruitment of the mediator of DNA damage checkpoint 1 (MDC1), reduces
ubiquitination of H2A and phosphorylated histone H2AX (γH2AX). These results exemplify that
ribosomal proteins can exert PARP-dependent extraribosomal functions in DNA damage response.
In general, these results support the notion that nucleolar-nucleoplasmic shuttling mechanisms are
mediated by several different processes, which are highly dependent on the specific stress condition as
well as the specific protein.
Another layer of complexity is added by a study of Leger et al. [155], which showed that H2 O2
and N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) induce PAR formation in nucleoli. Interestingly,
the combination of H2 O2 or MNNG treatment with low doses of ActD revealed a synergistic effect on
nucleolar PAR formation. At low concentrations ActD intercalates with GC-rich sequences of rDNA
downstream of rDNA transcription start sites. Thus, ActD prevents transcription at the elongation step,
resulting in accumulation of short rRNA transcripts. Interestingly, this study reported that PARP2,
but not PARP1, binds through its N-terminal SAP domain to these short rRNA transcripts and thereby
becomes activated, which contributes to the enhanced PAR formation inside nucleoli [155].
5. Implications for Cancer Biology
The first link between nucleoli and cancer was established over a century ago, when pathologists
noticed that nucleoli in cancer cells are often enlarged, irregularly shaped, as well as increased in
number and therefore could serve as markers of aggressive malignancies [156]. In general, the roles of
nucleolar processes in cancer biology are manifold and for a more in-depth discussion on this topic
the reader is referred to comprehensive recent review articles [6,17,29,30,157]. Broadly speaking,
the role of nucleoli in carcinogenesis falls into two interdependent categories: ribosome biogenesis
and stress response. The current consensus is that structural abnormalities of nucleoli in cancer cells
are the direct consequence of increased ribosome biogenesis, which goes along with aberrant Pol I
transcription [157]. Thus, in a way, tumor cells depend on increased ribosome biogenesis to reach
their demand for newly synthesized proteins during cell proliferation [6]. Interestingly, rDNA gene
clusters represent hot spots of recombination in human cancer [6]. Thus, more than half of solid tumors
such as lung or colorectal cancer exhibit rDNA rearrangements [54] and alterations are also frequently
observed in Hodgkin’s lymphoma [158].
Usually cells precisely monitor the accuracy of ribosome biogenesis, as well as nucleolar integrity,
and disruption at any step of ribosome biogenesis results in activation of cellular checkpoints [27]. Thus,
while the increased ribosome biogenesis was originally thought to merely reflect the increased growth
and proliferation rates in cancer cells, today it is well accepted that dysregulation in ribosome biogenesis
is a result of increased activity of oncogenes or inactivated tumor suppressors [28]. One of the best
understood cellular surveillance mechanisms in this context is the nucleolar stress response, also referred
to as the ribosomal surveillance pathway, that often results in activation of p53 [28]. The tumor
suppressor p53 restrains tumor growth by inducing cell cycle arrest, senescence, or apoptosis [159].
Therefore, it is not surprising that p53 is mutated or functionally inactivated in most human cancers [160].
Targeting p53 by activating wildtype p53 or restoring the activity of loss-of-function mutants has
become a promising strategy in cancer treatment. Classical chemotherapeutics, such as alkylating
agents or platinum-based drugs, in general target cancer cells by directly or indirectly inducing DNA
damage in rapidly proliferating cells, which leads to activation of p53 [161]. Interestingly, 21 of
36 screened chemotherapeutics, including doxorubicin and camptothecin, were shown to additionally
inhibit various steps of ribosome biogenesis, leading to p53 stabilization [162]. Since classical
chemotherapeutics discriminate between cancer cells and healthy cells by their different proliferative
index, patients frequently suffer from side effects on other proliferating cells in the body, which includes
bone marrow suppression, alopecia, mucositis, as well as toxicity to the gastrointestinal tract, skin,
and heart [163]. In addition, long-term adverse effects, such as infertility or development of secondary
cancers were observed in patients following chemotherapy [164]. The finding that p53 can also

Cancers 2020, 12, 1813

11 of 21

be activated in a non-genotoxic manner by disrupting nucleolar function and the aim to overcome
adverse effects, gave rise to the development of a series of small molecule inhibitors, which selectively
inhibit RNA Pol I transcription [165,166]. One of the most promising of such inhibitors is CX-5461,
which impedes the selectivity factor SL1 from binding to the rDNA promoter, thereby preventing
recruitment of the Pol I complex to the rDNA and initiation of transcription [167]. Apart from this,
CX-5461 stabilizes G-quadruplex structures with increased toxicity in BRCA-deficient or PARP inhibition
resistant cancer cells [168]. In vitro studies have revealed a high antiproliferative effect of CX-5461 in
a wide range of human cancers, with those derived from p53 wildtype hematological malignancies
being the most sensitive [167]. By using the Eµ-Myc mouse model of Burkitt’s lymphoma, which is
an aggressive type of lymphoma affecting B lymphocytes, it was shown in vivo that treatment with
CX-5461 has the potential to lead to an almost complete disease remission and a significantly increased
survival [165]. Importantly, the normal B cell population in those mice was maintained, suggesting that
CX-5461 selectively targets cancer cells. Due to the promising results of this preclinical data, CX-5461
is currently tested in several clinical trials. A phase I clinical trial has successfully been completed in
patients with hematological cancers and at present phase I/II trails are undergoing for solid tumors,
including metastatic breast cancer, ovarian, and pancreas cancer [169]. Thus, selectively targeting
ribosome biogenesis could provide a novel and efficient strategy in cancer therapy. Most cancer types
rely on increased levels of ribosomes and therefore display higher sensitivity towards inhibition of
ribosome biogenesis compared to normal cells. Thus, in contrast to existing chemotherapies, inhibition
of ribosome biogenesis is likely less genotoxic to the non-tumor population of cells, which is associated
with a reduced risk of adverse effects. The previously mentioned findings from studies with CX-5461
strongly support this notion. Given the high complexity of ribosome biogenesis and the variety of
factors, which are involved in this process, it is likely that in future even more effective small molecule
inhibitors will be identified.
As described in Section 3, PARP inhibitors have successfully entered the clinic as monotherapeutic
agents, as well as in combination with cytostatic chemotherapy or radiotherapy. PARP inhibitors
can act by inducing synthetic lethality in cancers that are deficient in HR-mediated DNA repair,
e.g., loss-of-function mutation in BRCA [128,129]. More recent studies have suggested that PARP
inhibitors may also induce replication stress and subsequent DNA damage [95,170,171]. Development of
chemo-resistance has been proven to be a major problem in the clinical efficacy of PARP inhibitors [172].
Extensive in vitro and in vivo studies have identified several potential resistance mechanisms, including
reactivation of HR, upregulation of drug efflux pumps and stabilization of replication forks [131].
Interestingly, some recent studies suggested that targeting nucleolar proteins/processes in
combination with PARP inhibitor treatment may be beneficial for the treatment of some cancers,
e.g., by overcoming PARP inhibitor resistance mechanisms. Thus, in a recent study CX-5461 was
demonstrated to induce replication stress and activate the DNA damage response in high-grade
serous ovarian cancer (HGSOC) cells [173]. CX-5461 showed significant therapeutic benefit as a
single agent in HGSOC-patient-derived xenografts with reduced sensitivity to PARP inhibitors by
overcoming replication fork protection, which is a well-known PARP inhibitor resistance mechanism.
Importantly, the combination of CX-5461 and PARP inhibitors resulted in enhanced replication stress,
DNA damage and cell death and exhibited great therapeutic efficacy, especially in HR-deficient
HGSOC-patient-derived xenografts. Thus, there is evidence that combining PARP inhibitors with
CX-5461 could improve treatment of HR-deficient HGSOC.
Furthermore, a novel mechanism for PARP resistance development has been reported by
Sun et al. [174], which involves increased phosphorylation of the ribosomal protein S6 (RPS6). RPS6 is
a component of the 40S ribosomal subunit and a well-known downstream effector of the mammalian
target of rapamycin (mTOR) signaling pathway, which is the major nutrient-sensitive regulator of
eukaryotic cell growth, metabolism, proliferation and survival [175]. RPS6 is phosphorylated by
ribosomal protein S6 kinases (S6Ks) at five C-terminal serine sites and this modification is crucial
for regulation of cell size, cell proliferation and glucose homeostasis [176]. Phosphorylation of RPS6
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is greatly increased in BRCA1-deficient cancer cells, which are resistant to PARP inhibition [174].
Importantly, in BRCA1-deficient cells RPS6 phosphorylation promoted loading of the HD marker
RAD51 onto DNA following IR-induced DNA damage. Thus, RPS6 phosphorylation might play a key
role in PARP inhibitor resistance by regulating HR. Intriguingly, rapamycin, which is a clinically used
selective inhibitor of mTOR and S6 phosphorylation, could restore sensitivity towards PARP inhibition,
suggesting that combined inhibition of S6 phosphorylation and PARP could be efficient in cancers
with PARP inhibitor resistance and HR defects, including BRCA1-deficient breast and ovarian cancers.
Several studies have reported that BRCA mutations or other HR-mediated DNA repair deficiencies
are not mandatory for the clinical effectiveness of PARP inhibitors in cancer therapy [177–179].
In accordance with this, Kim et al. [112] revealed an alternative working mechanism of PARP inhibitors,
which is independent of HR, DNA damage and replication stress. Mechanistically, it was shown that
snoRNAs can stimulate PARP1 enzymatic activity in the nucleolus, resulting in ADP-ribosylation of
DDX21. The DEAD-box RNA helicase DDX21 was previously reported to directly interact with rRNA
and snoRNAs at the transcribed rDNA locus, thereby promoting rRNA synthesis, rRNA processing
and modification [180]. Furthermore, analyses of gene expression profiles from breast cancer patients
identified DDX21 as a prognostic marker in breast cancer [181]. Kim et al. [112] demonstrated that DDX21
promotes rDNA transcription and breast cancer growth upon PARP1-mediated ADP-ribosylation.
PARP inhibition on the other hand resulted in reduced tumor cell growth by modulating rRNA levels,
DDX21 ADP-ribosylation and DDX21 localization. These findings could be explained by the fact that
some cancer types are “addicted” to ribosome biogenesis, whereas reducing ribosome biogenesis can
counteract cancer cell growth. The finding that PARP inhibitors can reduce tumor growth by targeting
ribosome biogenesis provides a mechanistic explanation for efficacy of PARP inhibitors in cancer cells
lacking deficiencies in HR. In addition, these results further suggest that DDX21 nucleolar localization
could be a predictive biomarker of clinical responses to PARP inhibition.
6. Concluding Remarks and Perspectives
Nucleolar localization of PARP1 was demonstrated almost four decades ago. For many years,
scientists have been puzzled whether PARP1 accumulation in the nucleolus merely occurs for storage
reasons or if PARP1 might also be implicated in nucleolar functions. As summarized in this review,
there is growing evidence, supporting a role of PARP1 and PARylation in nucleolar biology. PARP1 is
implicated in multiple areas of nucleolar function, including maintenance of nucleolar integrity
and structure, regulation of Pol I transcription, establishment of silent rDNA chromatin, as well as
regulation of DNA damage-induced nucleolar-nucleoplasmic shuttling processes of key genome
maintenance factors, e.g., WRN and XRCC1 (Figure 1). Previous studies have demonstrated that
PAR can function as a seed of liquid-liquid demixing processes, thereby triggering the formation
of biomolecular condensates [124,125]. Therefore, it can be assumed that PARP1 and PARylation
might regulate the general biophysical state of nucleolar structure. Since PARP1 plays a crucial
role in several DNA repair pathways, of which at least NHEJ and HR have been reported to
take place in the nucleolus, it can be anticipated that PARP1 might also be involved in the repair of
rDNA [88,182]. Repetitive rDNA sequences represent one of the most unstable regions in the genome [6].
Instability of rDNA is associated with severe pathological conditions, including cancer, premature aging
and neurological impairments [182]. Yet, the DNA damage repair mechanisms that govern genomic
stability and maintenance in the nucleolus remain elusive. In future studies, recent advancements in
CRISPR-genome engineering could provide deeper insights into the mechanisms that help cells keep
their rDNA intact. Until now, in large, only PARP1 was reported to play a role in nucleolar biology.
In future studies it will be interesting to investigate to what extent other members of the PARP family,
e.g., PARP2, also contribute to nucleolar functions. As previously described, the tripartite organization
of the nucleolus reflects the different stages of ribosome biogenesis. Therefore, identifying the exact
localization of PARP1 and other PARPs, as well as PAR, in nucleolar substructures could provide
further evidence for a role in certain steps of ribosome biogenesis. Importantly, PARP1 inhibitors
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have entered the clinic as promising chemotherapeutic agents in the treatment of various cancer types,
mainly by exploiting synthetic lethal interactions between PARP inhibition and defects in genes that
are responsible for HR-mediated DNA repair. As discussed above alternative working mechanisms
of PARP inhibitors are conceivable, which act by preventing tumor growth through inhibition of
ribosome biogenesis [112]. These data indicate that PARP inhibitors might be effective in a broader
spectrum of cancer types than originally anticipated. In addition, in this study, the DEAD-box RNA
helicase DDX21 was identified as a potential marker to predict sensitivity towards PARP inhibitors,
which needs to be further evaluated in clinical trials. In future studies it will be important to elucidate
further mechanisms by which PARP inhibitors contribute to inhibition of nucleolar functions, to pave
the way for the identification of other biomarkers, which can predict response to PARP inhibitors in
cancer patients.
Author Contributions: Conceptualization of the manuscript, M.E. and A.M.; writing and editing of the manuscript,
M.E. and A.M. All authors have read and agreed to the published version of the manuscript.
Funding: Experimental research of our lab that is associated with the research topic reviewed in this article is
funded by University of Konstanz and the German Research Foundation (DFG, grant MA4905/4-1). Funding for
open access charge: University of Konstanz.
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design and the in
the writing of the manuscript.

References
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.

Henderson, A.S.; Warburton, D.; Atwood, K.C. Location of ribosomal DNA in the human chromosome
complement. Proc. Natl. Acad. Sci. USA 1972, 69, 3394–3398. [CrossRef] [PubMed]
Bersaglieri, C.; Santoro, R. Genome Organization in and around the Nucleolus. Cells 2019, 8, 579. [CrossRef]
[PubMed]
Mangan, H.; Gailin, M.O.; McStay, B. Integrating the genomic architecture of human nucleolar organizer
regions with the biophysical properties of nucleoli. FEBS J. 2017, 284, 3977–3985. [CrossRef] [PubMed]
Tiku, V.; Antebi, A. Nucleolar Function in Lifespan Regulation. Trends Cell. Biol. 2018, 28, 662–672. [CrossRef]
Kusnadi, E.P.; Hannan, K.M.; Hicks, R.J.; Hannan, R.D.; Pearson, R.B.; Kang, J. Regulation of rDNA
transcription in response to growth factors, nutrients and energy. Gene 2015, 556, 27–34. [CrossRef] [PubMed]
Weeks, S.E.; Metge, B.J.; Samant, R.S. The nucleolus: A central response hub for the stressors that drive
cancer progression. Cell. Mol. Life Sci. 2019, 76, 4511–4524. [CrossRef]
Lewis, J.D.; Tollervey, D. Like attracts like: Getting RNA processing together in the nucleus. Science 2000,
288, 1385–1389. [CrossRef]
Farley, K.I.; Surovtseva, Y.; Merkel, J.; Baserga, S.J. Determinants of mammalian nucleolar architecture.
Chromosoma 2015, 124, 323–331. [CrossRef]
Cerqueira, A.V.; Lemos, B. Ribosomal DNA and the Nucleolus as Keystones of Nuclear Architecture,
Organization, and Function. Trends Genet. 2019, 35, 710–723. [CrossRef]
Nemeth, A.; Grummt, I. Dynamic regulation of nucleolar architecture. Curr. Opin. Cell. Biol. 2018, 52,
105–111. [CrossRef]
Banani, S.F.; Lee, H.O.; Hyman, A.A.; Rosen, M.K. Biomolecular condensates: Organizers of cellular
biochemistry. Nat. Rev. Mol. Cell. Biol. 2017, 18, 285–298. [CrossRef] [PubMed]
Brangwynne, C.P.; Mitchison, T.J.; Hyman, A.A. Active liquid-like behavior of nucleoli determines their size
and shape in Xenopus laevis oocytes. Proc. Natl. Acad. Sci. USA 2011, 108, 4334–4339. [CrossRef]
Hyman, A.A.; Weber, C.A.; Julicher, F. Liquid-liquid phase separation in biology. Annu. Rev. Cell. Dev. Biol.
2014, 30, 39–58. [CrossRef]
Latonen, L. Phase-to-Phase with Nucleoli-Stress Responses, Protein Aggregation and Novel Roles of RNA.
Front. Cell. Neurosci. 2019, 13, 151. [CrossRef] [PubMed]
Feric, M.; Vaidya, N.; Harmon, T.S.; Mitrea, D.M.; Zhu, L.; Richardson, T.M.; Kriwacki, R.W.; Pappu, R.V.;
Brangwynne, C.P. Coexisting Liquid Phases Underlie Nucleolar Subcompartments. Cell 2016, 165, 1686–1697.
[CrossRef] [PubMed]

Cancers 2020, 12, 1813

16.

17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.
28.
29.

30.
31.
32.
33.

34.
35.

36.
37.

38.

14 of 21

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]
Lindstrom, M.S.; Jurada, D.; Bursac, S.; Orsolic, I.; Bartek, J.; Volarevic, S. Nucleolus as an emerging hub in
maintenance of genome stability and cancer pathogenesis. Oncogene 2018, 37, 2351–2366. [CrossRef]
Hernandez-Verdun, D. Nucleolus: From structure to dynamics. Histochem. Cell. Biol. 2006, 125, 127–137.
[CrossRef]
Caragine, C.M.; Haley, S.C.; Zidovska, A. Nucleolar dynamics and interactions with nucleoplasm in living
cells. Elife 2019, 8. [CrossRef]
Boisvert, F.M.; van Koningsbruggen, S.; Navascues, J.; Lamond, A.I. The multifunctional nucleolus. Nat. Rev.
Mol. Cell. Biol. 2007, 8, 574–585. [CrossRef]
Andersen, J.S.; Lam, Y.W.; Leung, A.K.; Ong, S.E.; Lyon, C.E.; Lamond, A.I.; Mann, M. Nucleolar proteome
dynamics. Nature 2005, 433, 77–83. [CrossRef] [PubMed]
Ahmad, Y.; Boisvert, F.M.; Gregor, P.; Cobley, A.; Lamond, A.I. NOPdb: Nucleolar Proteome Database—2008
update. Nucleic Acids Res. 2009, 37, 181–184. [CrossRef] [PubMed]
Iarovaia, O.V.; Minina, E.P.; Sheval, E.V.; Onichtchouk, D.; Dokudovskaya, S.; Razin, S.V.; Vassetzky, Y.S.
Nucleolus: A Central Hub for Nuclear Functions. Trends Cell. Biol. 2019, 29, 647–659. [CrossRef] [PubMed]
Kobayashi, T. A new role of the rDNA and nucleolus in the nucleus—rDNA instability maintains genome
integrity. Bioessays 2008, 30, 267–272. [CrossRef]
Tiku, V.; Jain, C.; Raz, Y.; Nakamura, S.; Heestand, B.; Liu, W.; Spath, M.; Suchiman, H.E.D.; Muller, R.U.;
Slagboom, P.E.; et al. Small nucleoli are a cellular hallmark of longevity. Nat. Commun. 2017, 8, 16083.
[CrossRef]
Parlato, R.; Liss, B. How Parkinson’s disease meets nucleolar stress. Biochim. Biophys. Acta 2014, 1842,
791–797. [CrossRef]
Hein, N.; Hannan, K.M.; George, A.J.; Sanij, E.; Hannan, R.D. The nucleolus: An emerging target for cancer
therapy. Trends Mol. Med. 2013, 19, 643–654. [CrossRef]
Woods, S.J.; Hannan, K.M.; Pearson, R.B.; Hannan, R.D. The nucleolus as a fundamental regulator of the p53
response and a new target for cancer therapy. Biochim. Biophys. Acta 2015, 1849, 821–829. [CrossRef]
Orsolic, I.; Jurada, D.; Pullen, N.; Oren, M.; Eliopoulos, A.G.; Volarevic, S. The relationship between
the nucleolus and cancer: Current evidence and emerging paradigms. Semin. Cancer Biol. 2016, 37, 36–50.
[CrossRef]
Stepinski, D. The nucleolus, an ally, and an enemy of cancer cells. Histochem. Cell. Biol. 2018, 150, 607–629.
[CrossRef]
Ciccia, A.; Elledge, S.J. The DNA damage response: Making it safe to play with knives. Mol. Cell. 2010, 40,
179–204. [CrossRef] [PubMed]
Ogawa, L.M.; Baserga, S.J. Crosstalk between the nucleolus and the DNA damage response. Mol. Biosyst.
2017, 13, 443–455. [CrossRef] [PubMed]
Nishimura, Y.; Ohkubo, T.; Furuichi, Y.; Umekawa, H. Tryptophans 286 and 288 in the C-terminal region of
protein B23.1 are important for its nucleolar localization. Biosci. Biotechnol. Biochem. 2002, 66, 2239–2242.
[CrossRef] [PubMed]
Nunez Villacis, L.; Wong, M.S.; Ferguson, L.L.; Hein, N.; George, A.J.; Hannan, K.M. New Roles for
the Nucleolus in Health and Disease. Bioessays 2018, 40, e1700233. [CrossRef]
Antoniali, G.; Lirussi, L.; Poletto, M.; Tell, G. Emerging roles of the nucleolus in regulating the DNA
damage response: The noncanonical DNA repair enzyme APE1/Ref-1 as a paradigmatical example.
Antioxid. Redox. Signal 2014, 20, 621–639. [CrossRef]
Shen, J.C.; Loeb, L.A. The Werner syndrome gene: The molecular basis of RecQ helicase-deficiency diseases.
Trends Genet. 2000, 16, 213–220. [CrossRef]
Chen, L.; Huang, S.; Lee, L.; Davalos, A.; Schiestl, R.H.; Campisi, J.; Oshima, J. WRN, the protein deficient
in Werner syndrome, plays a critical structural role in optimizing DNA repair. Aging Cell 2003, 2, 191–199.
[CrossRef]
Harrigan, J.A.; Wilson, D.M., III; Prasad, R.; Opresko, P.L.; Beck, G.; May, A.; Wilson, S.H.; Bohr, V.A.
The Werner syndrome protein operates in base excision repair and cooperates with DNA polymerase beta.
Nucleic Acids Res. 2006, 34, 745–754. [CrossRef]

Cancers 2020, 12, 1813

39.
40.

41.
42.
43.

44.
45.

46.
47.
48.
49.
50.
51.
52.
53.
54.

55.
56.

57.
58.

59.

60.

15 of 21

Gray, M.D.; Wang, L.; Youssoufian, H.; Martin, G.M.; Oshima, J. Werner helicase is localized to transcriptionally
active nucleoli of cycling cells. Exp. Cell Res. 1998, 242, 487–494. [CrossRef]
Shiratori, M.; Suzuki, T.; Itoh, C.; Goto, M.; Furuichi, Y.; Matsumoto, T. WRN helicase accelerates
the transcription of ribosomal RNA as a component of an RNA polymerase I-associated complex. Oncogene
2002, 21, 2447–2454. [CrossRef]
Rubbi, C.P.; Milner, J. Disruption of the nucleolus mediates stabilization of p53 in response to DNA damage
and other stresses. EMBO J. 2003, 22, 6068–6077. [CrossRef] [PubMed]
Yang, K.; Yang, J.; Yi, J. Nucleolar Stress: Hallmarks, sensing mechanism and diseases. Cell Stress 2018, 2,
125–140. [CrossRef] [PubMed]
Kruhlak, M.; Crouch, E.E.; Orlov, M.; Montano, C.; Gorski, S.A.; Nussenzweig, A.; Misteli, T.; Phair, R.D.;
Casellas, R. The ATM repair pathway inhibits RNA polymerase I transcription in response to chromosome
breaks. Nature 2007, 447, 730–734. [CrossRef] [PubMed]
Harding, S.M.; Boiarsky, J.A.; Greenberg, R.A. ATM Dependent Silencing Links Nucleolar Chromatin
Reorganization to DNA Damage Recognition. Cell Rep. 2015, 13, 251–259. [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]
Kuhn, A.; Gottlieb, T.M.; Jackson, S.P.; Grummt, I. DNA-dependent protein kinase: A potent inhibitor of
transcription by RNA polymerase I. Genes Dev. 1995, 9, 193–203. [CrossRef]
Michaelidis, T.M.; Grummt, I. Mechanism of inhibition of RNA polymerase I transcription by DNA-dependent
protein kinase. Biol. Chem. 2002, 383, 1683–1690. [CrossRef]
Van Sluis, M.; McStay, B. Nucleolar DNA Double-Strand Break Responses Underpinning rDNA Genomic
Stability. Trends Genet. 2019, 35, 743–753. [CrossRef]
Berkovich, E.; Monnat, R.J., 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]
Van Sluis, M.; McStay, B. Nucleolar reorganization in response to rDNA damage. Curr. Opin. Cell. Biol. 2017,
46, 81–86. [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]
Hamperl, S.; Cimprich, K.A. The contribution of co-transcriptional RNA: DNA hybrid structures to DNA
damage and genome instability. DNA Rep. 2014, 19, 84–94. [CrossRef] [PubMed]
Tsekrekou, M.; Stratigi, K.; Chatzinikolaou, G. The Nucleolus: In Genome Maintenance and Repair. Int. J.
Mol. Sci. 2017, 18, 1411. [CrossRef] [PubMed]
Stults, D.M.; Killen, M.W.; Williamson, E.P.; Hourigan, J.S.; Vargas, H.D.; Arnold, S.M.; Moscow, J.A.;
Pierce, A.J. Human rRNA gene clusters are recombinational hotspots in cancer. Cancer Res. 2009, 69,
9096–9104. [CrossRef] [PubMed]
Yung, B.Y.; Busch, H.; Chan, P.K. Translocation of nucleolar phosphoprotein B23 (37 kDa/pI 5.1) induced by
selective inhibitors of ribosome synthesis. Biochim. Biophys. Acta 1985, 826, 167–173. [CrossRef]
Yang, K.; Wang, M.; Zhao, Y.; Sun, X.; Yang, Y.; Li, X.; Zhou, A.; Chu, H.; Zhou, H.; Xu, J.; et al. A redox
mechanism underlying nucleolar stress sensing by nucleophosmin. Nat. Commun. 2016, 7, 13599. [CrossRef]
[PubMed]
Scott, D.D.; Oeffinger, M. Nucleolin and nucleophosmin: Nucleolar proteins with multiple functions in DNA
repair. Biochem. Cell. Biol. 2016, 94, 419–432. [CrossRef]
Korgaonkar, C.; Hagen, J.; Tompkins, V.; Frazier, A.A.; Allamargot, C.; Quelle, F.W.; Quelle, D.E.
Nucleophosmin (B23) targets ARF to nucleoli and inhibits its function. Mol. Cell. Biol. 2005, 25, 1258–1271.
[CrossRef]
Kurki, S.; Peltonen, K.; Latonen, L.; Kiviharju, T.M.; Ojala, P.M.; Meek, D.; Laiho, M. Nucleolar protein
NPM interacts with HDM2 and protects tumor suppressor protein p53 from HDM2-mediated degradation.
Cancer Cell 2004, 5, 465–475. [CrossRef]
Bernardi, R.; Scaglioni, P.P.; Bergmann, S.; Horn, H.F.; Vousden, K.H.; Pandolfi, P.P. PML regulates p53
stability by sequestering Mdm2 to the nucleolus. Nat. Cell. Biol. 2004, 6, 665–672. [CrossRef]

Cancers 2020, 12, 1813

61.

62.
63.

64.
65.

66.

67.
68.

69.

70.

71.

72.

73.
74.
75.

76.
77.

78.
79.

80.

16 of 21

Thoms, H.C.; Loveridge, C.J.; Simpson, J.; Clipson, A.; Reinhardt, K.; Dunlop, M.G.; Stark, L.A. Nucleolar
targeting of RelA (p65) is regulated by COMMD1-dependent ubiquitination. Cancer Res. 2010, 70, 139–149.
[CrossRef] [PubMed]
Velazquez, J.M.; Lindquist, S. hsp70: Nuclear concentration during environmental stress and cytoplasmic
storage during recovery. Cell 1984, 36, 655–662. [CrossRef]
Frottin, F.; Schueder, F.; Tiwary, S.; Gupta, R.; Korner, R.; Schlichthaerle, T.; Cox, J.; Jungmann, R.; Hartl, F.U.;
Hipp, M.S. The nucleolus functions as a phase-separated protein quality control compartment. Science 2019,
365, 342–347. [CrossRef] [PubMed]
Welch, W.J.; Feramisco, J.R. Nuclear and nucleolar localization of the 72,000-dalton heat shock protein in
heat-shocked mammalian cells. J. Biol. Chem. 1984, 259, 4501–4513.
Pelham, H.; Lewis, M.; Lindquist, S. Expression of a Drosophila heat shock protein in mammalian cells:
Transient association with nucleoli after heat shock. Philos. Trans. R Soc. Lond. B Biol. Sci. 1984, 307, 301–307.
[CrossRef] [PubMed]
Vascotto, C.; Fantini, D.; Romanello, M.; Cesaratto, L.; Deganuto, M.; Leonardi, A.; Radicella, J.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]
Karmakar, P.; Bohr, V.A. Cellular dynamics and modulation of WRN protein is DNA damage specific.
Mech. Ageing Dev. 2005, 126, 1146–1158. [CrossRef]
Kusumoto-Matsuo, R.; Ghosh, D.; Karmakar, P.; May, A.; Ramsden, D.; Bohr, V.A. Serines 440 and 467 in
the Werner syndrome protein are phosphorylated by DNA-PK and affects its dynamics in response to DNA
double strand breaks. Aging 2014, 6, 70–81. [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, 10075. [CrossRef]
Menissier de Murcia, J.; Ricoul, M.; Tartier, L.; Niedergang, C.; Huber, A.; Dantzer, F.; Schreiber, V.; Ame, J.C.;
Dierich, A.; LeMeur, M.; et al. Functional interaction between PARP-1 and PARP-2 in chromosome stability
and embryonic development in mouse. EMBO J. 2003, 22, 2255–2263. [CrossRef]
Langelier, M.F.; Eisemann, T.; Riccio, A.A.; Pascal, J.M. PARP family enzymes: Regulation and catalysis of
the poly (ADP-ribose) posttranslational modification. Curr. Opin. Struct. Biol. 2018, 53, 187–198. [CrossRef]
[PubMed]
Luscher, B.; Butepage, M.; Eckei, L.; Krieg, S.; Verheugd, P.; Shilton, B.H. ADP-Ribosylation, a Multifaceted
Posttranslational Modification Involved in the Control of Cell Physiology in Health and Disease. Chem. Rev.
2018, 118, 1092–1136. [CrossRef] [PubMed]
Cohen, M.S.; Chang, P. Insights into the biogenesis, function, and regulation of ADP-ribosylation.
Nat. Chem. Biol. 2018, 14, 236–243. [CrossRef] [PubMed]
Hottiger, M.O.; Hassa, P.O.; Luscher, B.; Schuler, H.; Koch-Nolte, F. Toward a unified nomenclature for
mammalian ADP-ribosyltransferases. Trends Biochem. Sci. 2010, 35, 208–219. [CrossRef]
Altmeyer, M.; Messner, S.; Hassa, P.O.; Fey, M.; Hottiger, M.O. Molecular mechanism of
poly(ADP-ribosyl)ation by PARP1 and identification of lysine residues as ADP-ribose acceptor sites.
Nucleic Acids Res. 2009, 37, 3723–3738. [CrossRef]
Daniels, C.M.; Ong, S.E.; Leung, A.K. Phosphoproteomic approach to characterize protein monoand poly(ADP-ribosyl)ation sites from cells. J. Proteome Res. 2014, 13, 3510–3522. [CrossRef]
Leslie Pedrioli, D.M.; Leutert, M.; Bilan, V.; Nowak, K.; Gunasekera, K.; Ferrari, E.; Imhof, R.; Malmstrom, L.;
Hottiger, M.O. Comprehensive ADP-ribosylome analysis identifies tyrosine as an ADP-ribose acceptor site.
EMBO Rep. 2018, 19. [CrossRef]
Palazzo, L.; Leidecker, O.; Prokhorova, E.; Dauben, H.; Matic, I.; Ahel, I. Serine is the major residue for
ADP-ribosylation upon DNA damage. Elife 2018, 7. [CrossRef]
Leidecker, O.; Bonfiglio, J.J.; Colby, T.; Zhang, Q.; Atanassov, I.; Zaja, R.; Palazzo, L.; Stockum, A.; Ahel, I.;
Matic, I. Serine is a new target residue for endogenous ADP-ribosylation on histones. Nat. Chem. Biol. 2016,
12, 998–1000. [CrossRef]
Martello, R.; Leutert, M.; Jungmichel, S.; Bilan, V.; Larsen, S.C.; Young, C.; Hottiger, M.O.; Nielsen, M.L.
Proteome-wide identification of the endogenous ADP-ribosylome of mammalian cells and tissue.
Nat. Commun. 2016, 7, 12917. [CrossRef]

Cancers 2020, 12, 1813

81.

17 of 21

Zhang, Y.; Wang, J.; Ding, M.; Yu, Y. Site-specific characterization of the Asp- and Glu-ADP-ribosylated
proteome. Nat. Methods 2013, 10, 981–984. [CrossRef] [PubMed]
82. Larsen, S.C.; Hendriks, I.A.; Lyon, D.; Jensen, L.J.; Nielsen, M.L. Systems-wide Analysis of Serine
ADP-Ribosylation Reveals Widespread Occurrence and Site-Specific Overlap with Phosphorylation. Cell Rep.
2018, 24, 2493–2505.e4. [CrossRef] [PubMed]
83. Miwa, M.; Saikawa, N.; Yamaizumi, Z.; Nishimura, S.; Sugimura, T. Structure of poly(adenosine diphosphate
ribose): Identification of 20 -[100 -ribosyl-200 -(or 300 -) (1000 -ribosyl)]adenosine-50 , 500 , 5000 -tris(phosphate) as a
branch linkage. Proc. Natl. Acad. Sci. USA 1979, 76, 595–599. [CrossRef] [PubMed]
84. Alvarez-Gonzalez, R.; Jacobson, M.K. Characterization of polymers of adenosine diphosphate ribose
generated in vitro and in vivo. Biochemistry 1987, 26, 3218–3224. [CrossRef] [PubMed]
85. Alemasova, E.E.; Lavrik, O.I. Poly(ADP-ribosyl)ation by PARP1: Reaction mechanism and regulatory
proteins. Nucleic Acids Res. 2019, 47, 3811–3827. [CrossRef] [PubMed]
86. Kamaletdinova, T.; Fanaei-Kahrani, Z.; Wang, Z.Q. The Enigmatic Function of PARP1: From PARylation
Activity to PAR Readers. Cells 2019, 8, 1625. [CrossRef] [PubMed]
87. Chambon, P.; Weill, J.D.; Mandel, P. Nicotinamide mononucleotide activation of new DNA-dependent
polyadenylic acid synthesizing nuclear enzyme. Biochem. Biophys. Res. Commun. 1963, 11, 39–43. [CrossRef]
88. Ray Chaudhuri, A.; Nussenzweig, A. The multifaceted roles of PARP1 in DNA repair and chromatin
remodelling. Nat. Rev. Mol. Cell. Biol. 2017, 18, 610–621. [CrossRef]
89. Kunze, F.A.; Hottiger, M.O. Regulating Immunity via ADP-Ribosylation: Therapeutic Implications
and Beyond. Trends Immunol. 2019, 40, 159–173. [CrossRef]
90. Hanzlikova, H.; Caldecott, K.W. Perspectives on PARPs in S Phase. Trends Genet. 2019, 35, 412–422. [CrossRef]
91. Kim, D.S.; Challa, S.; Jones, A.; Kraus, W.L. PARPs and ADP-ribosylation in RNA biology: From RNA
expression and processing to protein translation and proteostasis. Genes Dev. 2020, 34, 302–320. [CrossRef]
[PubMed]
92. Hopp, A.K.; Gruter, P.; Hottiger, M.O. Regulation of Glucose Metabolism by NAD (+) and ADP-Ribosylation.
Cells 2019, 8, 890. [CrossRef] [PubMed]
93. Eisemann, T.; Pascal, J.M. Poly(ADP-ribose) polymerase enzymes and the maintenance of genome integrity.
Cell. Mol. Life Sci. 2020, 77, 19–33. [CrossRef] [PubMed]
94. Azarm, K.; Smith, S. Nuclear PARPs and genome integrity. Genes Dev. 2020, 34, 285–301. [CrossRef]
[PubMed]
95. Hanzlikova, H.; Kalasova, I.; Demin, A.A.; Pennicott, L.E.; Cihlarova, Z.; Caldecott, K.W. The Importance
of Poly(ADP-Ribose) Polymerase as a Sensor of Unligated Okazaki Fragments during DNA Replication.
Mol. Cell 2018, 71, 319–331.e3. [CrossRef]
96. Berti, M.; Ray Chaudhuri, A.; Thangavel, S.; Gomathinayagam, S.; Kenig, S.; Vujanovic, M.; Odreman, F.;
Glatter, T.; Graziano, S.; Mendoza-Maldonado, R.; et al. Human RECQ1 promotes restart of replication forks
reversed by DNA topoisomerase I inhibition. Nat. Struct. Mol. Biol. 2013, 20, 347–354. [CrossRef]
97. Shall, S.; de Murcia, G. Poly(ADP-ribose) polymerase-1: What have we learned from the deficient mouse
model? Mutat. Res. DNA Rep. 2000, 460, 1–15. [CrossRef]
98. Kruger, A.; Burkle, A.; Hauser, K.; Mangerich, A. Real-time monitoring of PARP1-dependent PARylation by
ATR-FTIR spectroscopy. Nat. Commun. 2020, 11, 2174. [CrossRef]
99. Rank, L.; Veith, S.; Gwosch, E.C.; Demgenski, J.; Ganz, M.; Jongmans, M.C.; Vogel, C.; Fischbach, A.;
Buerger, S.; Fischer, J.M.; et al. Analyzing structure-function relationships of artificial and cancer-associated
PARP1 variants by reconstituting TALEN-generated HeLa PARP1 knock-out cells. Nucleic Acids Res. 2016,
44, 10386–10405. [CrossRef]
100. Martello, R.; Mangerich, A.; Sass, S.; Dedon, P.C.; Burkle, A. Quantification of cellular poly(ADP-ribosyl)ation
by stable isotope dilution mass spectrometry reveals tissue- and drug-dependent stress response dynamics.
ACS Chem. Biol. 2013, 8, 1567–1575. [CrossRef]
101. Hassa, P.O.; Haenni, S.S.; Buerki, C.; Meier, N.I.; Lane, W.S.; Owen, H.; Gersbach, M.; Imhof, R.; Hottiger, M.O.
Acetylation of poly(ADP-ribose) polymerase-1 by p300/CREB-binding protein regulates coactivation of
NF-kappaB-dependent transcription. J. Biol. Chem. 2005, 280, 40450–40464. [CrossRef] [PubMed]
102. Kauppinen, T.M.; Chan, W.Y.; Suh, S.W.; Wiggins, A.K.; Huang, E.J.; Swanson, R.A. Direct phosphorylation
and regulation of poly(ADP-ribose) polymerase-1 by extracellular signal-regulated kinases 1/2. Proc. Natl.
Acad. Sci. USA 2006, 103, 7136–7141. [CrossRef] [PubMed]

Cancers 2020, 12, 1813

18 of 21

103. Messner, S.; Schuermann, D.; Altmeyer, M.; Kassner, I.; Schmidt, D.; Schar, P.; Muller, S.; Hottiger, M.O.
Sumoylation of poly(ADP-ribose) polymerase 1 inhibits its acetylation and restrains transcriptional coactivator
function. FASEB J. 2009, 23, 3978–3989. [CrossRef] [PubMed]
104. Piao, L.; Fujioka, K.; Nakakido, M.; Hamamoto, R. Regulation of poly(ADP-Ribose) polymerase 1 functions
by post-translational modifications. Front. Biosci. 2018, 23, 13–26. [CrossRef]
105. Chapman, J.D.; Gagne, J.P.; Poirier, G.G.; Goodlett, D.R. Mapping PARP-1 auto-ADP-ribosylation sites by
liquid chromatography-tandem mass spectrometry. J. Proteome Res. 2013, 12, 1868–1880. [CrossRef]
106. Gagne, J.P.; Ethier, C.; Defoy, D.; Bourassa, S.; Langelier, M.F.; Riccio, A.A.; Pascal, J.M.; Moon, K.M.;
Foster, L.J.; Ning, Z.; et al. Quantitative site-specific ADP-ribosylation profiling of DNA-dependent PARPs.
DNA Repair 2015, 30, 68–79. [CrossRef]
107. Mortusewicz, O.; Ame, J.C.; Schreiber, V.; Leonhardt, H. Feedback-regulated poly(ADP-ribosyl)ation by
PARP-1 is required for rapid response to DNA damage in living cells. Nucleic Acids Res. 2007, 35, 7665–7675.
[CrossRef]
108. Hanzlikova, H.; Gittens, W.; Krejcikova, K.; Zeng, Z.; Caldecott, K.W. Overlapping roles for PARP1 and PARP2
in the recruitment of endogenous XRCC1 and PNKP into oxidized chromatin. Nucleic Acids Res. 2017, 45,
2546–2557. [CrossRef]
109. Breslin, C.; Hornyak, P.; Ridley, A.; Rulten, S.L.; Hanzlikova, H.; Oliver, A.W.; Caldecott, K.W. The XRCC1
phosphate-binding pocket binds poly (ADP-ribose) and is required for XRCC1 function. Nucleic Acids Res.
2015, 43, 6934–6944. [CrossRef]
110. Singatulina, A.S.; Hamon, L.; Sukhanova, M.V.; Desforges, B.; Joshi, V.; Bouhss, A.; Lavrik, O.I.; Pastre, D.
PARP-1 Activation Directs FUS to DNA Damage Sites to Form PARG-Reversible Compartments Enriched in
Damaged DNA. Cell Rep. 2019, 27, 1809–1821.e1805. [CrossRef]
111. Fischbach, A.; Kruger, A.; Hampp, S.; Assmann, G.; Rank, L.; Hufnagel, M.; Stockl, M.T.; Fischer, J.M.F.;
Veith, S.; Rossatti, P.; et al. The C-terminal domain of p53 orchestrates the interplay between non-covalent
and covalent poly(ADP-ribosyl)ation of p53 by PARP1. Nucleic Acids Res. 2018, 46, 804–822. [CrossRef]
[PubMed]
112. Kim, D.S.; Camacho, C.V.; Nagari, A.; Malladi, V.S.; 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.
[CrossRef] [PubMed]
113. Jungmichel, S.; Rosenthal, F.; Altmeyer, M.; Lukas, J.; Hottiger, M.O.; Nielsen, M.L. Proteome-wide
identification of poly(ADP-Ribosyl)ation targets in different genotoxic stress responses. Mol. Cell 2013, 52,
272–285. [CrossRef] [PubMed]
114. Satoh, M.S.; Lindahl, T. Role of poly(ADP-ribose) formation in DNA repair. Nature 1992, 356, 356–358.
[CrossRef] [PubMed]
115. Steffen, J.D.; McCauley, M.M.; Pascal, J.M. Fluorescent sensors of PARP-1 structural dynamics and allosteric
regulation in response to DNA damage. Nucleic Acids Res. 2016, 44, 9771–9783. [CrossRef] [PubMed]
116. O’Sullivan, J.; Tedim Ferreira, M.; Gagne, J.P.; Sharma, A.K.; Hendzel, M.J.; Masson, J.Y.; Poirier, G.G.
Emerging roles of eraser enzymes in the dynamic control of protein ADP-ribosylation. Nat. Commun. 2019,
10, 1182. [CrossRef]
117. Rack, J.G.M.; Palazzo, L.; Ahel, I. (ADP-ribosyl) hydrolases: Structure, function, and biology. Genes Dev.
2020, 34, 263–284. [CrossRef]
118. Abplanalp, J.; Leutert, M.; Frugier, E.; Nowak, K.; Feurer, R.; Kato, J.; Kistemaker, H.V.A.; Filippov, D.V.;
Moss, J.; Caflisch, A.; et al. Proteomic analyses identify ARH3 as a serine mono-ADP-ribosylhydrolase.
Nat. Commun. 2017, 8, 2055. [CrossRef]
119. Jankevicius, G.; Hassler, M.; Golia, B.; Rybin, V.; Zacharias, M.; Timinszky, G.; Ladurner, A.G. A family of
macrodomain proteins reverses cellular mono-ADP-ribosylation. Nat. Struct. Mol. Biol. 2013, 20, 508–514.
[CrossRef]
120. Rosenthal, F.; Feijs, K.L.; Frugier, E.; Bonalli, M.; Forst, A.H.; Imhof, R.; Winkler, H.C.; Fischer, D.; Caflisch, A.;
Hassa, P.O.; et al. Macrodomain-containing proteins are new mono-ADP-ribosylhydrolases. Nat. Struct.
Mol. Biol. 2013, 20, 502–507. [CrossRef]
121. Fontana, P.; Bonfiglio, J.J.; Palazzo, L.; Bartlett, E.; Matic, I.; Ahel, I. Serine ADP-ribosylation reversal by
the hydrolase ARH3. Elife 2017, 6, e28533. [CrossRef] [PubMed]

Cancers 2020, 12, 1813

19 of 21

122. Sharifi, R.; Morra, R.; Appel, C.D.; Tallis, M.; Chioza, B.; Jankevicius, G.; Simpson, M.A.; Matic, I.;
Ozkan, E.; Golia, B.; et al. Deficiency of terminal ADP-ribose protein glycohydrolase TARG1/C6orf130 in
neurodegenerative disease. EMBO J. 2013, 32, 1225–1237. [CrossRef] [PubMed]
123. Vivelo, C.A.; Ayyappan, V.; Leung, A.K.L. Poly(ADP-ribose)-dependent ubiquitination and its clinical
implications. Biochem. Pharmacol. 2019, 167, 3–12. [CrossRef] [PubMed]
124. Leung, A.K.L. Poly(ADP-ribose): A Dynamic Trigger for Biomolecular Condensate Formation. Trends Cell. Biol.
2020, 30, 370–383. [CrossRef]
125. Altmeyer, M.; Neelsen, K.J.; Teloni, F.; Pozdnyakova, I.; Pellegrino, S.; Grofte, M.; Rask, M.D.; Streicher, W.;
Jungmichel, S.; Nielsen, M.L.; et al. Liquid demixing of intrinsically disordered proteins is seeded by
poly(ADP-ribose). Nat. Commun. 2015, 6, 8088. [CrossRef]
126. Liu, C.; Fang, Y. New insights of poly(ADP-ribosylation) in neurodegenerative diseases: A focus on protein
phase separation and pathologic aggregation. Biochem. Pharmacol. 2019, 167, 58–63. [CrossRef]
127. Aredia, F.; Scovassi, A.I. Poly(ADP-ribose): A signaling molecule in different paradigms of cell death.
Biochem. Pharmacol. 2014, 92, 157–163. [CrossRef]
128. Bryant, H.E.; Schultz, N.; Thomas, H.D.; Parker, K.M.; Flower, D.; Lopez, E.; Kyle, S.; Meuth, M.; Curtin, N.J.;
Helleday, T. Specific killing of BRCA2-deficient tumours with inhibitors of poly(ADP-ribose) polymerase.
Nature 2005, 434, 913–917. [CrossRef]
129. Farmer, H.; McCabe, N.; Lord, C.J.; Tutt, A.N.; Johnson, D.A.; Richardson, T.B.; Santarosa, M.; Dillon, K.J.;
Hickson, I.; Knights, C.; et al. Targeting the DNA repair defect in BRCA mutant cells as a therapeutic strategy.
Nature 2005, 434, 917–921. [CrossRef]
130. Pilie, P.G.; Tang, C.; Mills, G.B.; Yap, T.A. State-of-the-art strategies for targeting the DNA damage response
in cancer. Nat. Rev. Clin. Oncol. 2019, 16, 81–104. [CrossRef] [PubMed]
131. Slade, D. PARP and PARG inhibitors in cancer treatment. Genes Dev. 2020, 34, 360–394. [CrossRef] [PubMed]
132. Ashworth, A.; Lord, C.J. Synthetic lethal therapies for cancer: What’s next after PARP inhibitors? Nat. Rev.
Clin. Oncol. 2018, 15, 564–576. [CrossRef] [PubMed]
133. Murai, J.; Huang, S.Y.; Das, B.B.; Renaud, A.; Zhang, Y.; Doroshow, J.H.; Ji, J.; Takeda, S.; Pommier, Y. Trapping
of PARP1 and PARP2 by Clinical PARP Inhibitors. Cancer Res. 2012, 72, 5588–5599. [CrossRef] [PubMed]
134. Pommier, Y.; O’Connor, M.J.; de Bono, J. Laying a trap to kill cancer cells: PARP inhibitors and their
mechanisms of action. Sci. Transl. Med. 2016, 8, 362ps317. [CrossRef]
135. 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 Rep. 2009, 8, 286–297. [CrossRef]
136. Fakan, S. Immunoelectron microscopical distribution of poly(ADP-ribose)polymerase in the mammalian cell
nucleus*1. Exp. Cell Res. 1988, 179, 517–526. [CrossRef]
137. Scherl, A.; Coute, Y.; Deon, C.; Calle, A.; Kindbeiter, K.; Sanchez, J.C.; Greco, A.; Hochstrasser, D.; Diaz, J.J.
Functional proteomic analysis of human nucleolus. Mol. Biol. Cell 2002, 13, 4100–4109. [CrossRef]
138. Lindstrom, M.S. NPM1/B23: A Multifunctional Chaperone in Ribosome Biogenesis and Chromatin
Remodeling. Biochem. Res. Int. 2011, 2011, 195209. [CrossRef]
139. Meder, V.S.; Boeglin, M.; de Murcia, G.; Schreiber, V. PARP-1 and PARP-2 interact with nucleophosmin/B23
and accumulate in transcriptionally active nucleoli. J. Cell Sci. 2005, 118, 211–222. [CrossRef]
140. Tulin, A.; Stewart, D.; Spradling, A.C. The Drosophila heterochromatic gene encoding poly(ADP-ribose)
polymerase (PARP) is required to modulate chromatin structure during development. Genes Dev. 2002, 16,
2108–2119. [CrossRef]
141. Miwa, M.; Hanai, S.; Poltronieri, P.; Uchida, M.; Uchida, K. Functional analysis of poly(ADP-ribose)
polymerase in Drosophila melanogaster. Mol. Cell. Biochem. 1999, 193, 103–107. [CrossRef] [PubMed]
142. Adams, M.D.; Celniker, S.E.; Holt, R.A.; Evans, C.A.; Gocayne, J.D.; Amanatides, P.G.; Scherer, S.E.; Li, P.W.;
Hoskins, R.A.; Galle, R.F.; et al. The genome sequence of Drosophila melanogaster. Science 2000, 287,
2185–2195. [CrossRef]
143. Thiry, M.; Lafontaine, D.L. Birth of a nucleolus: The evolution of nucleolar compartments. Trends Cell. Biol.
2005, 15, 194–199. [CrossRef]
144. Citarelli, M.; Teotia, S.; Lamb, R.S. Evolutionary history of the poly(ADP-ribose) polymerase gene family in
eukaryotes. BMC Evol. Biol. 2010, 10, 308. [CrossRef] [PubMed]
145. Boamah, E.K.; Kotova, E.; Garabedian, M.; Jarnik, M.; Tulin, A.V. Poly(ADP-Ribose) polymerase 1 (PARP-1)
regulates ribosomal biogenesis in Drosophila nucleoli. PLoS Genet. 2012, 8, e1002442. [CrossRef] [PubMed]

Cancers 2020, 12, 1813

20 of 21

146. Guetg, C.; Scheifele, F.; Rosenthal, F.; Hottiger, M.O.; Santoro, R. Inheritance of silent rDNA chromatin is
mediated by PARP1 via noncoding RNA. Mol. Cell 2012, 45, 790–800. [CrossRef]
147. Santoro, R.; Li, J.; Grummt, I. The nucleolar remodeling complex NoRC mediates heterochromatin formation
and silencing of ribosomal gene transcription. Nat. Genet. 2002, 32, 393–396. [CrossRef]
148. Isabelle, M.; Gallouzi, I.E.; Poirier, G.G. PARP1 parylation promotes silent locus transmission in the nucleolus:
The suspicion confirmed. Mol. Cell 2012, 45, 706–707. [CrossRef]
149. Ji, Y.; Tulin, A.V. The roles of PARP1 in gene control and cell differentiation. Curr. Opin. Genet. Dev. 2010, 20,
512–518. [CrossRef]
150. Zeng, J.; Libien, J.; Shaik, F.; Wolk, J.; Hernandez, A.I. Nucleolar PARP-1 Expression Is Decreased in
Alzheimer’s Disease: Consequences for Epigenetic Regulation of rDNA and Cognition. Neural Plast. 2016,
2016, 8987928. [CrossRef]
151. Regier, M.; Liang, J.; Choi, A.; Verma, K.; Libien, J.; Hernandez, A.I. Evidence for Decreased Nucleolar
PARP-1 as an Early Marker of Cognitive Impairment. Neural Plast. 2019, 2019, 4383258. [CrossRef] [PubMed]
152. Calkins, A.S.; Iglehart, J.D.; Lazaro, J.B. DNA damage-induced inhibition of rRNA synthesis by DNA-PK
and PARP-1. Nucleic Acids Res. 2013, 41, 7378–7386. [CrossRef] [PubMed]
153. Butepage, M.; Preisinger, C.; von Kriegsheim, A.; Scheufen, A.; Lausberg, E.; Li, J.; Kappes, F.; Feederle, R.;
Ernst, S.; Eckei, L.; et al. Nucleolar-nucleoplasmic shuttling of TARG1 and its control by DNA damage-induced
poly-ADP-ribosylation and by nucleolar transcription. Sci. Rep. 2018, 8, 6748. [CrossRef] [PubMed]
154. Yang, C.; Zang, W.; Ji, Y.; Li, T.; Yang, Y.; Zheng, X. Ribosomal protein L6 (RPL6) is recruited to DNA
damage sites in a poly(ADP-ribose) polymerase-dependent manner and regulates the DNA damage response.
J. Biol. Chem. 2019, 294, 2827–2838. [CrossRef] [PubMed]
155. Leger, K.; Bar, D.; Savic, N.; Santoro, R.; Hottiger, M.O. ARTD2 activity is stimulated by RNA. Nucleic Acids Res.
2014, 42, 5072–5082. [CrossRef] [PubMed]
156. Derenzini, M.; Montanaro, L.; Trere, D. What the nucleolus says to a tumour pathologist. Histopathology 2009,
54, 753–762. [CrossRef] [PubMed]
157. Carotenuto, P.; Pecoraro, A.; Palma, G.; Russo, G.; Russo, A. Therapeutic Approaches Targeting Nucleolus in
Cancer. Cells 2019, 8, 1090. [CrossRef] [PubMed]
158. 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]
159. Aubrey, B.J.; Kelly, G.L.; Janic, A.; Herold, M.J.; Strasser, A. How does p53 induce apoptosis and how does
this relate to p53-mediated tumour suppression? Cell Death Differ. 2018, 25, 104–113. [CrossRef]
160. Wade, M.; Li, Y.C.; Wahl, G.M. MDM2, MDMX and p53 in oncogenesis and cancer therapy. Nat. Rev. Cancer
2013, 13, 83–96. [CrossRef]
161. Woods, D.; Turchi, J.J. Chemotherapy induced DNA damage response: Convergence of drugs and pathways.
Cancer Biol. Ther. 2013, 14, 379–389. [CrossRef] [PubMed]
162. Burger, K.; Muhl, 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] [PubMed]
163. Rao, B.; Lain, S.; Thompson, A.M. p53-Based cyclotherapy: Exploiting the ‘guardian of the genome’ to protect
normal cells from cytotoxic therapy. Br. J. Cancer 2013, 109, 2954–2958. [CrossRef] [PubMed]
164. Schwartz, C.L. Long-term survivors of childhood cancer: The late effects of therapy. Oncologist 1999, 4, 45–54.
[CrossRef]
165. 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]
166. Hannan, R.D.; Drygin, D.; Pearson, R.B. Targeting RNA polymerase I transcription and the nucleolus for
cancer therapy. Expert Opin. Ther. Target. 2013, 17, 873–878. [CrossRef]
167. 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]

Cancers 2020, 12, 1813

21 of 21

168. 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. CX-5461 is a DNA G-quadruplex stabilizer with selective lethality in BRCA1/2 deficient
tumours. Nat. Commun. 2017, 8, 14432. [CrossRef]
169. Ferreira, R.; Schneekloth, J.S., Jr.; 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]
170. Maya-Mendoza, A.; Moudry, P.; Merchut-Maya, J.M.; Lee, M.; Strauss, R.; Bartek, J. High speed of fork
progression induces DNA replication stress and genomic instability. Nature 2018, 559, 279–284. [CrossRef]
171. Parsels, L.A.; Karnak, D.; Parsels, J.D.; Zhang, Q.; Velez-Padilla, J.; Reichert, Z.R.; Wahl, D.R.; Maybaum, J.;
O’Connor, M.J.; Lawrence, T.S.; et al. PARP1 Trapping and DNA Replication Stress Enhance Radiosensitization
with Combined WEE1 and PARP Inhibitors. Mol. Cancer Res. 2018, 16, 222–232. [CrossRef] [PubMed]
172. Noordermeer, S.M.; van Attikum, H. PARP Inhibitor Resistance: A Tug-of-War in BRCA-Mutated Cells.
Trends Cell. Biol. 2019, 29, 820–834. [CrossRef] [PubMed]
173. 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, 2641. [CrossRef] [PubMed]
174. Sun, C.K.; Zhang, F.; Xiang, T.; Chen, Q.; Pandita, T.K.; Huang, Y.; Hu, M.C.; Yang, Q. Phosphorylation
of ribosomal protein S6 confers PARP inhibitor resistance in BRCA1-deficient cancers. Oncotarget 2014, 5,
3375–3385. [CrossRef]
175. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 169, 361–371.
[CrossRef]
176. Meyuhas, O. Ribosomal Protein S6 Phosphorylation: Four Decades of Research. Int. Rev. Cell Mol. Biol. 2015,
320, 41–73. [CrossRef]
177. Bitler, B.G.; Watson, Z.L.; Wheeler, L.J.; Behbakht, K. PARP inhibitors: Clinical utility and possibilities of
overcoming resistance. Gynecol. Oncol. 2017, 147, 695–704. [CrossRef]
178. Evans, T.; Matulonis, U. PARP inhibitors in ovarian cancer: Evidence, experience and clinical potential.
Ther. Adv. Med. Oncol. 2017, 9, 253–267. [CrossRef]
179. Scott, C.L.; Swisher, E.M.; Kaufmann, S.H. Poly (ADP-ribose) polymerase inhibitors: Recent advances
and future development. J. Clin. Oncol. 2015, 33, 1397–1406. [CrossRef]
180. Calo, E.; Flynn, R.A.; Martin, L.; Spitale, R.C.; Chang, H.Y.; Wysocka, J. RNA helicase DDX21 coordinates
transcription and ribosomal RNA processing. Nature 2015, 518, 249–253. [CrossRef]
181. Cimino, D.; Fuso, L.; Sfiligoi, C.; Biglia, N.; Ponzone, R.; Maggiorotto, F.; Russo, G.; Cicatiello, L.; Weisz, A.;
Taverna, D.; et al. Identification of new genes associated with breast cancer progression by gene expression
analysis of predefined sets of neoplastic tissues. Int. J. Cancer 2008, 123, 1327–1338. [CrossRef] [PubMed]
182. Warmerdam, D.O.; Wolthuis, R.M.F. Keeping ribosomal DNA intact: A repeating challenge. Chromosome Res.
2019, 27, 57–72. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

