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Abstract—Nucleoli, the largest subnuclear compartments, are formed around arrays of ribosomal gene
repeats transcribed by RNA polymerase I. The primary function of nucleoli is ribosome biogenesis. Specific
DNA damage response mechanisms exist to maintain the genomic stability of ribosomal repeats. Here, we
provide a snapshot of our current understanding of processes involved in nucleolar DNA damage response.
We discuss structure and function of ribosomal repeats, techniques developed for studying DNA damage
response in nucleoli, as well as molecular mechanisms of DNA damage-induced repression of nucleolar tran-

scription and nucleoli reorganization.
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DNA DAMAGE RESPONSE

Despite of its high chemical stability, the DNA
molecule is still sensitive to different stress factors.
Various DNA lesions are induced by aggressive envi-
ronmental factors, such as ionizing radiation, UV
light, and xenobiotics, and are classified as exogenous
lesions. At the same time, endogenous lesions arise
spontaneously during normal cell metabolism, for
example, when replication forks collapse [1], tran-
scription and replication machineries interfere with
each other [2], sister chromatids are incompletely seg-
regated during mitosis [3], etc. Tens or even hundreds
of thousands of lesions daily arise in genomic DNA as
a result of the total effect of exogenous and endoge-
nous factors [4]. Only 10—50 of the DNA lesions are
double-strand breaks (DSBs) according to rough esti-
mates [5, 6]. Although occurring in minor amounts,
DSBs are the most cytotoxic DNA lesions. DSB-asso-
ciated genome instability leads to various pathologies,
as is evident from the fact that defects in DSB repair
systems directly correlate with the incidence of
immune and neurological disorders [7] and cell malig-
nant transformation [8].

Various molecular mechanisms have developed in
evolution to maintain the DNA integrity and stability
in the cell and are collectively known as the DNA
damage response (DDR). The DDR is not restricted
to DNA repair, but includes damage detection sys-
tems, amplification of the damage signal, recruitment
of necessary repair proteins to the lesion, repair per se,
the regulation of the cell cycle, and the mechanisms

that trigger programmed cell death when repair is
impossible [9]. Two main mechanisms are used to
eliminate DSBs in higher eukaryotic cells. One is
homologous recombination repair (HRR), which
restores both physical integrity of the DNA molecule
and its nucleotide sequence at the site of damage.
DNA end joining is another mechanism utilized by the
cell. This mechanism is less accurate and restores the
DNA integrity, while the nucleotide sequence is not
always restored. The relevant mechanisms include
classic nonhomologous end joining (c-NHEJ) and
alternative NHEJ (alt-HNEJ). While the NHEJ sys-
tem is active throughout the cell cycle, HRR works
predominantly in the S/G2 phases because the sister
chromatid is utilized as a homology donor [10]. The
choice of the repair pathway does not always depend
on the cell cycle phase alone, but is determined in cer-
tain cases by the type of the DNA lesion [11] and the
epigenetic context and transcriptional status of the
region [12]. Thus, the response to damage is not uni-
form throughout nuclear DNA, and certain special-
ization is required in particular regions of the genome.
This is clearly seen in the regions that are far more
often affected by lesions as compared with other
regions and are known as the hotspots. The set
includes various genome regions enriched in repetitive
sequences, such as telomeres and centromeres [13];
fragile sites, such as late-replicating regions [14]; and
intensely transcribed regions [15—17]. Ribosomal
genes (rDNA) are among the major sources of genome
instability from this viewpoint [ 18, 19], because of sev-

182



DNA DAMAGE RESPONSE IN NUCLEOLI

eral factors. First, ribosomal genes are the most
intensely transcribed genes in the cell nucleus, and a
high density of RNA polymerase 1 (pol I) in rDNA
determines a manifold increase in the risk of collisions
between transcription and replication machineries.
The formation of R-loops is another vulnerability fac-
tor typical of rDNA. Newly synthesized RNA can
hybridize with the coding DNA in cis to produce a
RNA:DNA hybrid structure, which is known as the R-
loop [20]. Single-stranded DNA displaced as a result
of R-loop formation provides a preferential target for
mutation processes, such as deamination and depuri-
nation [21]. Being rather stable, R-loops form barriers
for the progress of RNA and DNA polymerases and
eventually lead to DSBs [22]. Second, replication is
complicated in the genome regions that have high
contents of GC or simple sequence repeats [23], and
rDNA is among these regions. When replicative stress
persists for a long period of time, structure-specific
endonucleases generate single-strand nicks and DSBs
in an attempt to restart the progress of stalled replica-
tion forks [24]. Third, GC-rich regions are prone to
forming the noncanonical DNA forms that consist of
four strands each and are known as the G-quadru-
plexes. G-quadruplexes may be formed by the non-
template DNA strand during the progress of pol I and
provide a barrier to the further progress of replication
forks [25].

Finally, ribosomal genes occur as long tandem
repeats and have a higher recombination potential,
which may lead to major rearrangements in the case of
DNA damage. This factor explains why rDNA insta-
bility often accompanies many cancers [26], neurode-
generative disorders [27], and premature aging [28].

Data accumulated over recent years indicate that
unique features are characteristic of the response to
ribosomal gene damage [29—32]. The features are a
main focus of this review. We start with characterizing
the structure and function of ribosomal repeats and
their organization in the nucleolar compartment.
Then we consider the technical aspects of studying
DNA damage in the nucleolus; analyze the unique
features of the response to rDNA damage, including
transcriptional repression and nucleolar reorganiza-
tion; and consider the mechanisms of rDNA repair
and their specifics.

STRUCTURAL AND FUNCTIONAL
ORGANIZATION OF THE NUCLEOLUS

The nucleolus is a large membraneless subnuclear
compartment that is found in all types of eukaryotic
cells. The main functions of the nucleolus are transcrip-
tion of the ribosomal genes, rRNA processing, and
assembly of ribosome subunits. The ribosomal genes
are organized in tandem repeats, which are known as
the nucleolar organization region (NOR). The human
haploid genome harbors, on average, 300 copies of
these 43-kb repeats. Their clusters are in the short
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arms of all acrocentric chromosomes (chromosomes
13, 14, 15, 21, and 22) (Fig. 1) [33, 34]. The length of
a ribosomal gene cluster is surprisingly variable and
differs not only between different individuals, but also
between different cells of one individual, varying from
50 kb to several megabases [35]. The rDNA karyotype
is unique to each individual human as a result of this
high variability. The established maximal repeat num-
ber is approximately 400 per human genome, while the
minimal known repeat number is only 14 [36]. The
majority of rDNA repeats are arranged head to tail and
are canonical repeats. However, approximately one-
third of the repeats form palindromic, or noncanoni-
cal, repeats. Each 43-kb repeat unit includes a 13-kb
rRNA-coding segment and a 30-kb intergenic spacer.
The spacer harbors various regulatory elements, such
as a promoter, enhancer, and terminator sequences
[37] (Fig. 1).

Two forms are known for rDNA repeats: intensely
transcribed repeats occur in the form of open euchro-
matin, while inactive repeats are organized in heter-
ochromatin. Repeats of either form are localized in the
nucleolus. Thus, the intensity of rRNA synthesis can be
regulated not only by changing the total ribosomal repeat
number, but also by epigenetically changing the balance
between active and repressed repeat copies [38].

To allow transcription of the rRNA genes, a preini-
tiation complex is assembled on the rDNA promoter
to include pol I, the UBF and SLI1 transcription fac-
tors. When RNA polymerase I starts synthesizing
rRNA, UBF and SL1 remain associated with the pro-
moter region, thus allowing continuous recruitment of
pol I molecules [38, 39]. Each rRNA gene can there-
fore be transcribed several times simultaneously. Such
transcription creates a Christmas tree-like structure,
which is possible to visualize by electron microscopy
[40]. An initial 47S rRNA precursor transcript is pro-
cessed to produce the mature 18S, 5.8S, and 28S rRNAs,
which then undergo posttranscriptional modification
with small nucleolar RNPs and additional processing
factors. Finally, the processed mature rRNAs bind
with ribosomal proteins and are exported into the
cytoplasm [41].

Ribosomal repeats of higher eukaryotes are orga-
nized in three intranucleolar compartments: a fibrillar
center (FC), a dense fibrillar component (DFC), and
a granular component (GC). Each of the components
is easily identifiable by specific morphology via elec-
tron or light microscopy [41]. Many FCs can occur in
a nucleolus, each being organized around one to three
ribosomal genes [42, 43]. FCs store extra transcription
components, including pol I and transcription factors,
such as UBF, Treacle, SL1, and others. However,
transcription does not occur in FCs, but takes place at
the boundary between FCs and the DFC [43, 44]. The
DFC surrounds each FC and harbors mostly early
rRNA processing factors. In turn, the DFC is sur-
rounded by the GC, where rRNA moves after tran-
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Fig. 1. Schematic organization of the ribosomal repeat. Designations: 18S, 5.8S, and 28S are the sequences coding for the respec-
tive RNAs; AsiSI is a recognition site for AsiSI restriction enzyme; CORE is the minimal (core) promoter; ETS is the external
transcribed spacer; IGS, is the intergenic spacer; I-Ppol is a recognition site for I-Ppol restriction endonuclease; ORI is an origin
of replication; Poll is a RNA polymerase I promoter; Pol2 is a RNA polymerase 11 promoter; TO is a terminator-like element;
T1-T10 are transcription terminators; UCE (upstream control element) is a 5'-terminal regulatory element.

scription for further maturation and ribosome assem-
bly. Thus, the organization and structure of the intra-
nucleolar compartments is tightly associated with
steps of ribosome biogenesis and rRNA transport.

Properties of liquid drops (condensates) are char-
acteristic of many membraneless subnuclear compart-
ments, such as splicing centers (nuclear speckles) and
Cajal bodies. The phenomenon that underlies the for-
mation of these organelles is known as the liquid—lig-
uid phase separation (LLPS). LLPS is now increas-
ingly recognized as a basis of the internal organization of
the entire cell [45, 46]. Nucleoli also display certain liquid
properties [47]. Intrinsically disordered domains of
fibrillarin, nucleophosmin, and pol I (which are key
structures of the DFC, GC, and FC, respectively)
proved to be essential for drop formation, and their
RNA-binding motifs are necessary for maintaining
LLPS [48, 49]. The structure of the nucleolus is highly
dynamic owing to its liquid properties. For example, a
large-scale reorganization of the nucleolus and the
formation of the so-called nucleolar caps are observed
when ribosomal gene transcription is inhibited with
actinomycin D (ACD) [50]. To accompany the cap
formation, FC and DFC proteins together with rDNA
move to the periphery of the nucleolus so that the FC
faces the nucleoplasm and the DFC faces the interior
of the nucleolus. Many ribosomal proteins are trans-
ferred from the nucleolus into the nucleoplasm simul-

taneously with the above events. Once released, ribo-
somal proteins sequester MDM?2 ubiquitin ligase in
the nucleoplasm and thus facilitate an increase in p53,
which leads to a cell cycle arrest, senescence, or apop-
tosis [51]. Nucleolar reorganization follows this sce-
nario not only upon direct inhibition of ribosomal
gene transcription, but also in many other types of
stress, including heat shock [52, 53], oxidative stress,
osmotic stress [31], and DNA damage arising within
rDNA [29, 30] or in the rest of the genome [32, 54].
Thus, changes in the transcription level of ribosomal
genes and, in particular, their repression are a univer-
sal cell response to stress, and the nucleolus is thought
to act as a sensor and coordination center of this
response [55].

SYSTEMS TO INDUCE DAMAGE TO rDNA

The repair systems that eliminate lesions from
rDNA are experimentally studied by inducing damage
to rDNA by various methods. Each method has its
advantages and drawbacks. The choice of the method
depends on the problem to be addressed. Cells were
exposed to 7y irradiation or UV light in early studies of
the cell response to rDNA damage [54, 56, 57]. How-
ever, these factors act nonspecifically and damage not
only ribosomal genes, but total genomic DNA as well.
Laser microirradiation or ion microbeams produce

MOLECULAR BIOLOGY  Vol. 55

No.2 2021



DNA DAMAGE RESPONSE IN NUCLEOLI

more local damage because they are possible to focus
directly on the nucleolus [54, 58]. Certain limitations
and drawbacks are still characteristic of the methods.
First, the methods lack site specificity. Second, many
other DNA lesions (so-called clustered DNA damage)
are induced together with DSBs by laser and ion
beams, thus substantially complicating the interpreta-
tion of findings related to the recognition and repair of
the lesions. The above drawbacks are absent in the
approaches that utilize specific endonucleases to
introduce lesions of a known type into known rDNA
sites. Cells with ectopic expression of Physarum
polycephalum 1-Ppol homing endonuclease provide a
system that is commonly used to induce DSBs in
rDNA in order to study the response to ribosomal gene
damage [29—31, 59—61]. An I-Ppol recognition site of
13—15bp occursin the 28S rRNA-coding region of the
ribosomal repeat (Fig. 1) and is absent from the rest of
the genome; the site shows 100% identity among all
eukaryotes [62]. Expressed in human cells, I-Ppol
induces lesions in approximately 10% of its target sites
in rDNA; i.e., approximately 30 DSBs are introduced
in ribosomal genes [63]. I-Ppol additionally targets
approximately 13 other genomic sites, the majority of
which belong to 28S rRNA pseudogenes [64].

Ectopic expression of Arthrobacter endonuclease
AsiSI provides another system to induce DSBs in
rDNA [29, 65]. An 8-bp recognition site of the enzyme
occurs in the 47S RNA-coding region (Fig. 1). However,
AsiSI induces lesions not only in the ribosomal repeat,
but also in 174 other sites of the human genome [66].
AsiSI is therefore far less commonly used to study
rDNA damage as compared with I-Ppol. A quantita-
tive analysis has not been performed yet to character-
ize the AsiSI-induced rDNA lesions. It should also be
noted that AsiSI fails to cleave the recognition sites
that contain methylated CpG dinucleotides. Because
methylation is responsible for inactivating part of the
rDNA repeats [38], AsiSI most likely cleaves only
active repeats, which are demethylated.

Finally, CRISPR/Cas9 technology provides a
highly efficient means to introduce DSBs in rDNA in
a targeted manner. A DSB is possible to induce in
almost every part of the rDNA repeat by
CRISPR/Cas9 technology when a proper protospacer
adjacent motif (PAM) is in place. DSBs were success-
fully induced in both transcribed region and the non-
transcribed intergenic spacer of the ribosomal repeat
with the CRISPR/Cas9 system in order to study the
response to rDNA damage [29, 60]. However, it
should be noted that long-term expression of I-Ppol,
AsiSI, or Cas9 in cells leads to repetitive cleavage—res-
toration cycles at target DNA sites until repair errors
change the target sequence [63]. This limitation of the
method is not substantial, but still important to con-
sider in long-term experiments.
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RIBOSOMAL DNA DAMAGE INDUCES
PIKK-DEPENDENT REPRESSION
OF NUCLEOLAR TRANSCRIPTION

The team headed by R. Casellas was the first to
report the data on the response to DNA damage in the
nucleolus in 2007 [54]. It was shown that large-scale
repression of ribosomal gene transcription arises in
mouse embryonic fibroblasts exposed to genotoxic
stress, which was induced using 7 irradiation, laser
microirradiation, or etoposide (a DNA topoisomerase
IT inhibitor). The repression is accompanied by a
nucleolar reorganization and, in particular, the forma-
tion of nucleolar caps, which are identical to those
forming when ribosomal gene transcription is inhib-
ited with ACD [54]. An amazing finding was made in
further studies of the mechanisms of the observed
phenomenon. Nucleolar transcription was not pas-
sively blocked by DNA damage. Transcriptional
repression proved to be a regulated process and
depended on activation of ATM kinase, which is one
of the main proteins of phosphatidylinositol 3-kinase-
like kinases (PIKKSs) responsible for DSB recognition
and repair [67, 68]. Recently, the role of ATM in DSB-
induced repression of nucleolar transcription was con-
firmed in studies with I-Ppol [29, 31, 59—61], AsiSI [65],
and CRISPR/Cas9 [29, 60]. As was found in studies of
CRISPR/Cas9-induced breaks, ATM-dependent
transcriptional repression arises regardless of whether
the coding or noncoding regions of a ribosomal repeat
are affected by lesions [60]. The finding excluded the
possibility of a nonregulated physical stop of pol I by
breaks in the template DNA strand.

Further studies showed that ATM is not the only
PIKK that regulates rDNA transcription in response
to DNA damage. ATR was also found to play a role in
the process. Although ATR is to a lesser extent
involved in DSB repair and is mostly responsible for
maintaining the stability of DNA replication, several
studies showed that ATR acts to ensure nucleolar tran-
scriptional repression in response to DSBs induced by
various agents [29, 30]. Our team demonstrated that
ATR actstogether with ATM to repress nucleolar tran-
scription in response to co-transcriptional R-loops
induced by hypoosmotic stress [31]. However, it
remained unclear whether conversion of R-loops to
DSBs or the mere R-loop structure acts to trigger the
ATR/ATM-dependent signaling pathway.

DNA-PKcs is another PIKK that is primarily
involved in DSB recognition and repair, like ATM.
There are only two studies reported the possibility of
DNA-PKcs-dependent repression of poll. One was
carried out using in vitro systems [69], and the other
implicated DNA-PKcs in rDNA transcriptional
repression in response to cisplatin- and UV-induced
damage [70]. A role of DNA-PKcs in repression of
rDNA transcription was not confirmed in the majority
of further studies, which were carried out using
CRISPR/Cas9, I-Ppol, or ionizing radiation [31, 54,
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Fig. 2. Generalized scheme of the mechanisms that sustain repression of RNA polymerase I-dependent transcription in response
to DNA damage in ribosomal repeats. Damage to rDNA induces methylation of histone H3 and phosphorylation of histone H2B,
the effects facilitating chromatin compaction and transcriptional silencing. In addition, ATM/ATR-dependent phosphorylation
of Treacle accompanies rDNA damage and stimulates the Treacle interaction with the MRN complex and TOPBP1. This inter-
action is also necessary for transcriptional repression of ribosomal genes.

59]. The prevailing opinion now is therefore that the
role of DNA-PKGcs in the response to rDNA damage is
limited to repair. It still cannot be excluded that ATM,
ATR, and DNA-PKcs eventually trigger the same
mechanisms of transcriptional repression by acting as
effectors of different lesions.

MECHANISMS OF RIBOSOMAL DNA
TRANSCRIPTIONAL REPRESSION

On exposure to ionizing radiation, the repair fac-
tors Nbs1, MDC1 and ATM are necessary for efficient
repression of nucleolar transcription, while several
other repair proteins, including Ku80, BRCAI,
53BP1, and histone H2AX, are not essential. Studies
with FRAP microscopy showed that ATM-dependent
repression of nucleolar transcription is due to inhib-
ited initiation of transcription driven by pol I and the
removal of the enzyme from chromatin at elongation
[54]. However, the exact mechanism responsible for
DSB-induced rDNA repression is still the focus of
research. A search for and identification of ATM tar-
gets in the nucleolus may provide crucial data for
understanding the mechanism. Several targets were
identified in phosphoproteome studies [71, 72]. The
set included the RPA34 subunit of pol I, the TAF1C
component of the SLI1-initiator complex, transcrip-

tion termination factor 1 (TTF1), the UBF transcrip-
tion factor, and its interaction partner Treacle. A direct
role in DSB-induced repression of ribosomal genes
was demonstrated only for Treacle in further studies
(Fig. 2).

Treacle (also known as TCOF1) is a nucleolar
phosphoprotein; mutations of its gene are found in
Treacher—Collins syndrome, which is a congenital
disorder characterized by craniofacial deformities
[73]. Treacle harbors 17 S/T-Q motifs, which act as
specific phosphorylation sites for ATM and other
PIKKs. Studies by S.J. Elledge, M. Stucki, and
D.H. Larsen showed that ATM-dependent phosphory-
lation of Ser1199 in one of the S/T-Q motifs of Treacle is
necessary for the Treacle interaction with Nbsl when
DSBs are induced in ribosomal genes with the use of
CRISPR/Cas9 or ionizing radiation. In turn, the
interaction is necessary for rDNA transcriptional
repression in response to damage [29, 32, 54, 74].

Recently, two research teams showed inde-
pendently that the ATR activator TOPBP1 also binds
with Treacle in response to rDNA damage [30, 31].
Stuki and colleagues [30] found that the Treacle—
TOPBPI1 interaction is necessary for repressing ribo-
somal transcription in the case of damage induced
using I-Ppol and that the interaction is mediated by
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both ATR and ATM kinase activities and Nbsl1 [30].
Because Nbsl interacts with the N-terminal domain
of Treacle and TOPBPI1 interacts with its C-terminal
domain, the interactions do not interfere with each
other and can occur simultaneously. Treacle binding
with TOPBP1 is most likely also regulated by
ATM/ATR-dependent phosphorylation of S/T-Q
motifs of Treacle. Our team showed that stabilization
of R-loops in hypoosmotic stress similarly leads to
ATR-dependent Treacle—TOPBP1 interaction, which
is necessary for ATM activation and nucleolar tran-
scriptional repression [31]. As was observed by another
team, TOPBP1 overexpression is sufficient for ATR-
dependent repression of ribosomal genes in the
absence of their damage [75]. It is therefore possible to
assume that Treacle temporarily loses its transcription
function as a result of its ATM/ATR-dependent mod-
ification and direct interaction with the repair proteins
TOPBPI and Nbs1 and that this loss facilitates repres-
sion of ribosomal genes (Fig. 2).

Although a lower nucleosome density is character-
istic of ribosomal genes, histone modifications con-
tribute to the regulation of rDNA transcription in
response to damage. Histone H2B is phosphorylated
at Ser14 (H2BS14p) when rDNA damage is induced
by ionizing radiation or I-Ppol, and H2BS14p is a
repressive modification. MST2 kinase is responsible
for histone H2B phosphorylation in this case and is
activated by ATM with the involvement of the adaptor
protein RASSF1A. Lack of any component in the
ATM—RASSFIA—MST2 axis leads to a loss of
H2BS14p and prevents DSB-induced repression of
ribosomal genes [76]. Legube and colleagues [65]
showed that the level of histone H3 trimethylated at
Lys9 (H3K9Me3) increases upon AsiSI-induced
rDNA damage, and H3K9Me3 is also a factor in inac-
tive chromatin formation. Methylation is due to activ-
ities of the HUSH repressor complex and SUV39H 1
histone methyltransferase. A knockdown in either
protein decreases the extent of DSB-induced repres-
sion and prevents the formation of nucleolar caps [65].
Thus, a set of mechanisms governs DNA damage-
induced transcriptional repression of ribosomal genes
and includes not only modification of transcription
components, but also changes in the epigenetic status
of nucleolar chromatin.

LONG-DISTANCE EFFECTS OF rDNA
TRANSCRIPTIONAL REPRESSION

The effect of DNA damage on transcription has
recently come to be studied not only for the genes that
directly contain a DSB, but also for intact adjacent
genes. DSB induction in genes intensely transcribed
by RNA polymerase II was shown to lead to their
ATM/DNA-PK-dependent repression [77, 78]. A
decrease in transcription or an accumulation of
repressive chromatin marks was observed in genes
located up to several kilobases away from a specific

MOLECULAR BIOLOGY Vol. 55

No.2 2021

187

break site [77, 79]. Ribonucleotide incorporation and
the active RNA polymerase 11 form were lacking in
YH2AX-marked regions when DSBs were induced
with ionizing or laser irradiation [80]. Thus, the range
of the transcription-repressing effect is most likely
limited to a repair compartment. The question is
whether similar long-distance effects occur in the case
of rDNA damage. This issue is poorly understood.
How long away from the rDNA damage site can the
signaling cascades that repress transcription range?
Do the cascades act only within the ribosomal repeat
where an induced lesion occurs? Or does transcrip-
tional repression additionally act in cis to involve the
adjacent intact repeats?

Kruhlak et al. [54] used laser microbeams to induce
DSBs in a single nucleolus. The microbeam power
ensured the introduction of one DSB per 1 Mb DNA.
The results obtained using this approach showed, first,
that transcriptional repression occurs exclusively in
the exposed nucleolus and does not extend to the other
nucleoli of the same cell nucleus. Second, nucleolar
transcriptional repression, nucleolar reorganization,
and cap formation can occur at an extremely low DSB
density, approximately one DSB per 23 ribosomal
repeats. However, the DSB frequency was only
roughly estimated and most likely underestimated in
[54] because the DSB amount was not measured
directly, but was inferred from the intensity of H2AX
phosphorylation in the nucleolus, which has a lower
nucleosome density [81].

Transcriptional repression throughout the total
nucleolus is provoked by I-Ppol endonuclease [59],
although I-Ppol induces DSBs only in 10% of ribo-
somal repeats [63]. The DSB rate might be underesti-
mated again because the efficiency of cell transfection
with I-Ppol and the DSB distribution between active
and inactive repeats are disregarded in the estimation
method.

Larsen et al. [29] more accurately estimated the
DSB amount in rTDNA. DSBs were induced in the
rDNA intergenic spacer with CRISPR/Cas9 and led
to transcriptional repression and cap formation.
Quantitative PCR showed that approximately 30% of
rDNA repeats were damaged, corresponding to one
DSB per three repeats or one DSB per a FC [29].
Given that actively transcribed regions are predomi-
nantly affected by DSBs induced with CRISPR/Cas9
[82], it is possible to assume that the repressive poten-
tial of one DSB is limited to one FC.

Lesions induced in part of ribosomal repeats were
shown to provoke local repression of the damaged
region rather than global repression of the total nucle-
olus. Relevant studies were carried out using AsiSI
endonuclease, which induces breaks in fewer ribo-
somal repeats as compared with I-Ppol and
CRISPR/Cas9. It was observed that only a certain
part of the ribosomal repeats is repressed and moves to
caps in a nucleolus, while the remaining intact repeats
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are still transcribed within the nucleolus [65]. An
attempt was recently made to study the response of the
nucleolus to local rDNA lesions induced with carbon
ion microbeams [58]. The method makes it possible to
focus the radiation beam to a dot of no more than 1
wm in diameter and to irradiate a small intranucleolar
area rather than the total nucleolus. DSBs are possible
to induce at a rate of 0.2—20 DSBs/um by varying the
ion content in a beam. As was demonstrated with this
approach, transcriptional repression occurs exclu-
sively in the exposed area regardless of the DSB num-
ber and fully colocalizes with phosphorylated histone
H2AX, which is a DSB marker. Large-scale transcrip-
tional repression and nucleolar reorganization were
not observed in the study [58].

The likelihood of global nucleolar transcriptional
repression most likely correlates with the amount of
lesions induced in the nucleolus. It cannot be
excluded that repression extends in cis from one DSB
to several neighbor ribosomal repeats. However, the
effect is spatially limited, to one FC presumably, and
this limitation prevents a local lesion from provoking
drastic transcriptional repression of the total IDNA
pool.

TRANSCRIPTIONAL REPRESSION
AND THE FORMATION
OF NUCLEOLAR CAPS

A reorganization of nucleoli with the formation of
nuclear caps usually correlates with inhibition of
nucleolar transcription. Caps form both when pol I is
directly inhibited with ACD and when ATM/ATR-
dependent repression develops in response to TDNA
damage. Active forms of ATM and ATR are located
directly in caps, and inhibition of the PIKKSs fully
blocks their generation while the amount of induced
lesions remains constant in tDNA [29—-31, 59]. The
cap formation mechanism is a matter of discussion.
Two hypotheses were advanced to explain the mecha-
nism. One assumes a passive process that is based on
the changes arising in liquid phase-properties of the
nucleolus upon transcriptional repression. The FC
and DFC occur as drops in an actively transcribing
nucleolus and are prevented from fusion by intense
transcription and the presence of RNA. A transcrip-
tion arrest leads to local depletion of the RNA compo-
nent, drop properties of FC components consequently
start to prevail, leading to fusion, aggregation, and
passive translocation of the components to the periph-
ery of the nucleolus [49, 83]. Transcriptional inhibi-
tion is therefore responsible for cap formation accord-
ing to this hypothesis. The other hypothesis suggests
active TDNA movement with the involvement of
motor mechanisms of the cell. The LINK complex,
which connects the nuclear lamina with the cytoskel-
eton, and actin filaments are responsible for the trans-
location of part of damaged rDNA repeats in response
to rDNA damage induced with AsiSI. That is, the role
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is played by the same factors that ensure DSB relocation
and clustering in other genomic loci according to the
available data [84—86]. However, this LINK/actin-
dependent translocation was observed only in the S
and G2 phases of the cell cycle, indicating that the
process depends on the specifics of AsiSI-induced
break repair [65].

Thus, several factors may be responsible for cap
formation. For example, cap formation is a direct con-
sequence of transcriptional repression and is driven
only by LLPS forces when the majority of ribosomal
repeats is repressed upon exposure to ACD, ionizing
radiation, I-Ppol, or CRISPR/Cas9. When only a
minor portion of repeats is damaged (as is the case
with AsiSI), LLPS forces are not strong enough, and
LINK and actin may contribute to the translocation.
However, the translocation efficiency will depend on
the type of lesions and, therefore, the type and rate of
their repair in this case.

Two main roles are presumably played by cap for-
mation. First, rDNAs of different chromosomes are
spatially separated to prevent aberrant interchromo-
somal recombination. Second, rDNA repair is
ensured by cap formation. Certain repair factors
(including HRR factors) remain undetectable until
nucleolar caps form in the case of rDNA breaks [87].
The factor set includes MDCI1, 53BP1, and BRCA1
[29, 87]. The exact cause of the phenomenon is still
unknown now. It is thought that the proteins may lack
the domains that are necessary for their compatibility
with the liquid phase within the nucleolus [49]. At the
same time, some of the proteins are recruited to the
damaged site via histone modifications and, in partic-
ular, H2AX phosphorylation [88]. As is known, a
lower nucleosome density is characteristic of ribo-
somal genes, and the absence of the above repair pro-
teins from the nucleolus may therefore reflect a weak
response to DNA damage.

DNA REPAIR IN THE NUCLEOLUS

Two main pathways, NHEJ and HRR, are respon-
sible for DSB repair in ribosomal genes, like in other
regions of the genome. NHEJ repair starts with DSB
recognition by the Ku70—Ku80 heterodimer. The het-
erodimer provides a platform for other repair factors,
including nucleases, polymerases, and ligases. The
Ku70—Ku80 complex binds with DNA-PKcs kinase,
leading to its conformational modification and activa-
tion. Then the XLF/XRCC4/DNA ligase IV complex
is recruited to the break to ensure ligation of the DNA
ends. When I-Ppol is used to induce lesions, the
Ku70—Ku80 heterodimer binds to rDNA within the
nucleolus long before caps form [89]. Chemical inhi-
bition or a knockdown of DNA-PK and knockdowns
of certain NHEJ factors substantially increase the
amount of DSBs induced in rDNA by endonucleases
I-Ppol and AsiSI. In addition, lack of NHEJ factors
aggravates the transcriptional repression induced by
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I-Ppol and AsiSI [59, 65]. The findings clearly point
to a functional dependence of r DNA repair on NHEJ.

NHEJ factors other than 53BP1 are absent from
nucleolar caps [87]. In contrast, the majority of HRR
factors, such as RPA, MDC1, Rad51, and BRCAL, are
recruited predominantly to nucleolar caps. HRR is
consequently thought to proceed most intensely in
caps. Three main steps are possible to recognize in
HRR. At the first step, the MRE11-RADS50—NBSI1
(MRN) complex; Exol, Dna2, and CtIP nucleases;
and BLM helicase bind to the break. The proteins
resect the DNA ends and produce single-stranded
regions, which are immediately covered by RPA. At
the second step, RPA is replaced with RAD51 recom-
binase and a nucleoprotein filament forms. RPA is
known to have high affinity for ssDNA, and special
mediator proteins are consequently required for its
replacement with RADS51. BRCAI1 acts as such a
mediator. The events are followed by a homology
search and invasion of the DNA strand to be repaired
into the homologous duplex to produce a displace-
ment loop and a Holliday junction. At the third step,
the damaged DNA region is synthesized [88].

As is well known, HRR occurs predominantly in
the S and G2 phases of the cell cycle because the sister
chromatid is present. When rDNA lesions are induced
with I-Ppol and AsiSI, HRR factors are, in fact, local-
ized in nucleolar caps of S/G2 cells predominantly
[30, 65]. Surprisingly, when CRISPR/Cas9-induced
damage is repaired, HRR factors are localized in caps
even in G1 cells, where sister chromatids have still not
form. Intact rDNA repeats presumably serve as a tem-
plate for homologous recombination in cis in this case.
Thus, the choice of HRR for rDNA repair may be
determined by the lesion characteristics rather than by
the cell cycle phase. I-Ppol and AsiSI introduce sim-
ple breaks, which are repaired quickly, and rDNA with
a relatively small amount of such breaks can be
repaired immediately within the nucleolus by NHEJ
before transcriptional repression arises and caps form.
Breaks induced with CRISPR/Cas9 are more com-
plex and display relatively slow repair kinetics (up to
10 h) [90]. NHE] is not efficient enough in this case,
and rDNA moves to nucleolar caps, where repair pro-
ceeds via the HRR mechanism [87]. Thus, the type
and complexity of the lesion can primarily determine
the choice between the rDNA repair pathways.

CONCLUSIONS

The nucleolus is the largest subnuclear compart-
ment and its main function consists in ribosome bio-
genesis, which is one of the most energy-consuming
metabolic processes. Timely transcriptional regulation
in the nucleolus serves, first, to maintain the rDNA
stability upon rDNA damage and, second, to redis-
tribute the energy resources that ensure cell homeosta-
sis in stress. Data obtained by our and other teams
confirm that the nucleolus and pol I act as multifunc-
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tional sensors of cell stress. The level of gene transcrip-
tion with pol I is far higher than that with RNA poly-
merase II, and the nucleolus is consequently far more
sensitive to various stress factors. The nucleolus-spe-
cific response to DNA damage can trigger various
pathways of the cell stress response. Activation of ATR
and ATM kinases can lead to activation of p53 and cell
cycle checkpoint kinases, thus arresting cell prolifera-
tion or triggering the cell death. It is of interest that
rDNA transcription arrest itself is capable of activating
p53. An arrest of nucleolar transcription leads to a
release of ribosomal proteins, which suppress MDM?2,
and MDM2 suppression leads to p53 activation. The
structural changes that occur in the nucleolus upon
pol I inhibition can induce a redistribution of the
nucleolar proteins (B23, fibrillarin, and nucleolin)
that are involved in the cell stress response. However,
in spite of the long history of studies of the nucleolus,
its functional role as a cell stress sensor is still far from
fully understood.
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