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A B S T R A C T

The genes that code for ribosomal RNA are present in hundreds of tandemly arrayed copies in the human
genome. Ribosomal DNA repeats transcribe vast amounts of ribosomal RNA in order to meet the cell’s relentless
demand for ribosome production. Intrinsic features of ribosomal DNA repeats render them uniquely vulnerable
to DNA damage. Sensing and repairing damage to ribosomal DNA involves dramatic spatial reorganization of the
nucleolus, the phase-separated nuclear subdomain where ribosomes are made. We highlight recent advances in
detecting the incidence of DNA damage and defining the mechanisms of DNA repair on these essential genes.

1. Introduction

The ribosomal DNA (rDNA) repeats encode the structural RNAs of
the ribosome, and are present in several hundred copies in large clusters
on several chromosomes. Ribosomal RNA (rRNA) production accounts
for over half of all cellular transcription [1] and generates an essential
catalytic component of the ribosome. Maintaining the integrity and
function of rDNA repeats thus has major effects on cellular fitness. In
spite of the central and essential function of rDNA repeats, we know
relatively little about the mechanisms that maintain the integrity of
rDNA genes due to the fact that these repetitive loci reside within the
small proportion of the human genome that remains un-mapped [2]. In
recent years, new computational and experimental approaches have
begun to shed light on the mechanisms that maintain and repair rDNA.

The variety of mechanisms used by eukaryotic cells to sense and
repair ssDNA and dsDNA lesions have been extensively reviewed else-
where [3,4] and have also been reviewed in the context of rDNA repair
[5–7]. This review will summarize recent advances in understanding
how DNA damage is generated, sensed, and repaired at the rDNA re-
peats, with a particular focus on the RNA polymerase I (Pol I)-tran-
scribed 47S rDNA repeats in mammalian cells. We will highlight unique
features of rDNA that make it especially vulnerable to damage, novel
findings on rDNA-specific damage signaling mechanisms, and the
context of DNA repair pathway choice at rDNA.

2. The genomic structure of mammalian rDNA repeats

In mammals, rDNA repeats are present in two types of tandem ar-
rays, termed the 5S and 47S (or 45S) arrays. The 5S rDNA repeats are
located in one large tandem repeat array on chromosome 1 in humans
and on chromosome 8 in mice. The 47S arrays are located on the short
arms of five acrocentric chromosomes in humans (chr. 13, 14, 15, 21,
22) and subcentromerically in mice (chr. 12, 15, 16, 18, 19) (reviewed
in [8]. The 5S and 47S rDNA repeats are each present in hundreds of
copies in mammalian genomes, with an estimated median of ∼300 for
humans, although the total variation in copy numbers between in-
dividuals spans two orders of magnitude [9]. This inter-individual
variation is generated by frequent meiotic recombination events in the
germline [10]. The 5S rDNA gene encodes a single ∼120 base pair
rRNA, while each human 47S rDNA repeat is ∼43 kb in length and is
composed of a ∼13 kb transcribed region and a ∼30 kb non-tran-
scribed intergenic spacer (IGS). The intergenic spacer (IGS) carries
regulatory elements and simple repeats [11]. The transcribed region of
each rDNA repeat encodes a single 47S transcript that is spliced into the
18S, 5.8S, and 28S ribosomal RNAs (Fig. 1). The 5S rDNA repeats are
transcribed by RNA Pol III, while the 47S repeats are transcribed by
RNA Pol I. The nucleolus, a membraneless organelle within the nucleus
which serves as the center for ribosome biogenesis and acts as an in-
tracellular signaling hub, forms around Pol I-engaged 47S repeats.
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3. Vulnerability of rDNA repeats to DNA damage

An individual cell is estimated to endure tens of thousands of DNA
lesions per day [12]. These lesions include single base changes such as
deamination, depurination, and depyrimidination; crosslinks; single-
stranded breaks; and double-stranded breaks (DSBs). DSBs are the least
frequent but most noxious type of DNA damage [13]. DSBs are not
dispersed uniformly across the genome. Rather, as recently developed
direct sequencing techniques have begun to uncover, double-stranded
breaks (DSBs) are highly enriched in nucleosome-depleted and active
transcription start sites, as well as in sites where non-B-DNA structures
such as G quadruplexes are predicted to form [14,15]. As summarized
below, these features are abundant within rDNA repeats, suggesting
that rDNA repeats are especially vulnerable to DNA damage.

3.1. Vulnerability #1: high transcription rate

Highly transcribed regions are particularly vulnerable to DNA da-
mage [16]. Under homeostatic conditions, roughly half of a cell’s rDNA
repeats are stably silenced by packaging within heterochromatin out-
side the nucleolus, while active rDNA repeats engage with Pol I within
the nucleolus (reviewed in [17]). This subset of rDNA repeats are ex-
tremely transcriptionally active. In fact, electron micrographs of active
rDNA indicate that each repeat is extraordinarily densely covered by
Pol I, with nascent chains of rRNA extending off the rDNA like bristles
of a brush [18].

One transcription-linked vulnerability that rDNA repeats face is the
production of R-loops. As RNA synthesis proceeds, nascent RNA can
hybridize with the DNA that encodes it in cis, preventing reannealing of
dsDNA and creating an RNA:DNA hybrid structure known as an R-loop
[19]. R-loops expose a region of displaced ssDNA to mutagenic pro-
cesses such as deamination and depurination [19]. If not resolved, R-
loops can stall the progression of RNA and DNA polymerases, even-
tually leading to double-stranded DNA breaks [20]. Unique sequence
features render rDNA repeats especially vulnerable to transcription-
linked R-loop formation. In particular, the relatively high GC content of
the rDNA repeats (∼56 % [21],) compared to the genome-wide average
(∼41 % [22],) increases the likelihood that stable RNA:DNA hybrids
will form and decreases the likelihood that they will be resolved before
they are encountered by another DNA-templating enzyme [19]. The
movement of RNA polymerases through DNA promotes partial un-
coiling of the DNA strand; this topological stress promotes the forma-
tion of R-loops. The topoisomerase I enzyme plays an important role in
resolving R loops by generating ssDNA nicks to relieve strain, including
at rDNA [23–25]. A recent study that mapped R-loops genome-wide
revealed that topoisomerase I inhibition causes the rapid accumulation
of R-loops along several kilobases of the rDNA locus [25]. This ob-
servation suggests that R-loops and R-loop-related genomic instability

may be abundant on rDNA repeats.

3.2. Vulnerability #2: replication stress

Genomic regions with high GC content, such as the rDNA, are
challenging for the DNA replication machinery to navigate [26]. In
addition, the presence of simple repeats and microsatellites can cause
replication fork “slippage” as nascent DNA anneals to another nearby
region of homology [26]. The large intergenic spacer region of each
rDNA repeat contains several types of simple repeats [11] that chal-
lenge the replication machinery. Collisions between replication and
transcription machineries present an additional problem [27]. As rDNA
repeats are extremely densely covered with actively transcribing Pol I
they may be especially vulnerable to transcription-replication colli-
sions. If any of these types of replication stress persist for a significant
period of time, endonucleases will generate either ssDNA or dsDNA
breaks in an attempt to resolve stalled or collapsed replication forks,
inducing DNA damage [28]. Rapidly proliferating cells, such as hema-
topoietic progenitor cells, are particularly vulnerable to the accumu-
lation of DNA damage arising from each round of DNA replication.
Indeed, unresolved damage arising from replication stress appears to
accumulate on rDNA repeats within hematopoietic stem cells during
mammalian aging [29].

3.3. Vulnerability #3: non-B-DNA structures in ribosomal DNA repeats

Regions of DNA with high GC content are prone to form a non-B-
DNA structure known as a G-quadruplex. G-quadruplexes form from
single-stranded stretches of guanine nucleotides that interact in cis to
form stacking interactions rather than participating in Watson-Crick
base pairing [30]. As Pol I moves through the template strand of an
rDNA repeat, the non-template strand forms G-quadruplexes [31]. G-
quadruplexes may actually accelerate transcription by decreasing the
likelihood that the template and non-template strands re-anneal after a
Pol I molecule passes through. However, G-quadruplexes also present
an obstacle to the subsequent movement of the DNA replication ma-
chinery [32]. Intriguingly, the abundant nucleolar protein nucleolin
binds to G-quadruplexes within rDNA with high affinity, likely stabi-
lizing these structures and promoting Pol I activity [31]. It remains
unclear how nucleolin is displaced and G4 quadruplexes are resolved in
advance of DNA replication, but the stabilization of quadruplexes in
rDNA by nucleolin binding may make these sites more vulnerable to
quadruplex-replication collisions and subsequent DSBs. Ligands that
stabilize G-quadruplexes induce replication stress and disrupt rDNA
transcription, and rapidly proliferating cancer cells with DNA repair
pathway mutations are selectively vulnerable to these drugs [33]. The
high propensity of rDNA repeats to damage makes it especially im-
portant to understand how damage is repaired in the context of this

Fig. 1. The 47S rDNA arrays are present on the
short arms of the 5 acrocentric human chro-
mosomes: 13, 14, 15, 21, and 22. These arrays
can stretch for kilobases to megabases and are
composed of tandem repeats of the 47S rDNA
gene. Each gene codes for a single ∼13 kb pre-
rRNA that includes 5′ and 3′ external tran-
scribed sequences (ETSs) and internal tran-
scribed spacers (ITS1 and 2) that are cleaved
off during rRNA processing. The pre-rRNA is
further processed into the mature 18S, 5.8S,
and 28S rRNAs. A ∼30 kb long, non-
transcribed intergenic spacer follows each
transcription unit.
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highly transcribed, repetitive region.

4. Sensing rDNA double-stranded breaks

We next focus on the unique features of the rDNA damage response,
which range from initial events of rDNA DSB signaling to the dramatic
reorganization of nucleolar structure in response to damage. Active
rDNA repeats have an unusual, decondensed chromatin structure, with
very few stable nucleosomes in the transcribed region [34]. Active
rDNA is instead bound densely by the transcription factor UBF, Pol I,
and TCOF1. The phase-separated state of nucleoli as well as a dearth of
nucleosomes in the transcribed region of active rDNA repeats may be
some of the features that require modification of the DSB response in
this region.

4.1. Initiation of rDNA double-stranded break signaling

When a DSB is generated, Ku70/80 and MRE11-RAD50-NBS1
(MRN) complexes are rapidly recruited to the exposed dsDNA ends
[35]. These complexes initiate signaling cascades that will eventually
direct the mechanism used for DNA repair: Ku70/80 promotes non-
homologous end joining (NHEJ), while MRN promotes homologous
recombination (HR). These signals are orchestrated by two DNA da-
mage response kinases: DNA-dependent protein kinase catalytic subunit
(DNA-PKcs), which is recruited and activated by Ku70/80, and ataxia-
telangiectasia mutated (ATM), which is recruited and activated by MRN
[36]. Both DNA-PKcs and ATM can relay the DNA damage signal by
phosphorylating H2AX at Ser 139 (referred to as γH2AX) [37]. The
γH2AX motif is recognized by several factors, most prominently MDC1,
which interacts with the NBS1 subunit of the MRN complex and further
amplifies ATM signaling [38].

While both Ku70/80 and MRN have been detected within nucleoli
after rDNA damage [39,40], γH2AX phosphorylation is less prominent
within the transcribed portion of rDNA repeats, likely because of the
unusually low nucleosome occupancy there [41]. In fact, γH2AX ap-
pears to be dispensable for the recruitment of the MRN complex subunit
NBS1 to damaged rDNA [40]. MDC1 may also play a lesser role in rDNA
damage signaling, although the evidence is mixed. While MDC1-/- cells
have an impaired ability to inhibit Pol I transcription in response to
irradiation-induced DNA damage [42], RNAi-mediated depletion of
MDC1 has little effect on Pol I’s sensitivity to DNA damage [43]. Recent
evidence indicates that MDC1 is not detectable within nucleoli, and
depletion of MDC1 does not abrogate NBS1 focus formation on en-
zymatically damaged rDNA [40]. MDC1 is eventually recruited to da-
maged rDNA that has become exposed to the nucleoplasm in nucleolar
cap structures (described in more detail below) [40]. The discrepancies
between these studies may arise from the MDC1 disruption method
used, the DNA damage method used (see Section 8), the time frames
analyzed, and/or the cell types under study.

4.2. The unique role of the Treacle/TCOF1 protein in rDNA damage
signaling

In recent years, it has become clear that the abundant nucleolar
phosphoprotein Treacle/TCOF1 is a key mediator of several unique
features of rDNA damage signaling. TCOF1 is associated with rDNA
throughout the cell cycle [44,45] and is phosphorylated by ATM in
response to rDNA damage [40]. TCOF1 can directly bind and recruit the
MRN complex component NBS1 to rDNA [40,46,43,47]. Intriguingly,
this interaction is mediated by an MDC1-like motif within TCOF1 and
by binding to the same region of NBS1 that associates with MDC1,
which opens the possibility that TCOF1 or MDC1 binding to NBS1 are
mutually exclusive [43,46]. This stands in contrast to the DSB response
elsewhere on the genome, which requires MDC1 to bridge the γH2AX
signal and recruit additional MRN (Fig. 2) [38].

TCOF1 further amplifies the rDNA damage signal by recruiting

TOPBP1, a cofactor for the kinase ATR (ATM and Rad3-related kinase)
[48], co-opting ATR activity for rDNA damage signaling. Typically,
ATR is activated when ssDNA is exposed during replication stress and/
or during the process of repairing a DSB. While ATR is a “first re-
sponder” to ssDNA damage, it is also a secondary effector that is acti-
vated when DSBs are processed by homologous recombination (HR), a
repair process that involves resection and exposure of a tract of ssDNA.
ATR phosphorylates a wide range of targets that partially overlap with
ATM [37]. This TOPBP1-dependent mode of activating ATR in the
nucleoli appears to be quite unique, as the TOPBP1:TCOF1 interaction
occurs also in the absence of damage and does not depend on the
presence of exposed ssDNA [48]. In fact, overexpression of TOPBP1 is
sufficient to induce downstream responses to rDNA damage, including
nucleolar cap formation (see below) and transcriptional arrest even in
the absence of DNA damage [49].

4.3. Kinase signaling in response to rDNA damage

A shared consequence of ATM and ATR activation is the local in-
hibition of transcription, which allows repair processes to proceed
without interference from RNA polymerases, both in the context of RNA
Pol II [50,51], and RNA Pol I [52,40–42,47]. Whether DNA-PKcs can
inhibit Pol II’s transcriptional activity in response to DNA damage is less
clear [50,51], and DNA-PKcs is dispensable for inhibition of Pol I ac-
tivity in response to rDNA damage [52,41,42,47].

ATM and ATR kinases activate cell cycle checkpoint regulators
CHK2 and CHK1, respectively, leading to cell cycle arrest to allow the
cell to repair damage [53,54]. Whether rDNA damage induces a robust
cell cycle arrest is currently muddied by conflicting data. Breaks at
rDNA induced by I-PpoI (see Section 8) lead to ATM-dependent CHK2
activation and ATR-dependent CHK1 activation within 2 h [48]. Fur-
thermore, CHK1 and CHK2 are required for effective repression of rRNA
transcription [48]. However, breaks induced by CRISPR-Cas9 at rDNA
caused only transient CHK1 activation and no CHK2 activation, and did
not affect cell cycle progression [40]. It is unlikely that the method of
damage induction underlies the contradiction between these two stu-
dies, as an earlier study demonstrated that either I-PpoI or Cas9 induced
breaks at rDNA result in a reduction in mitotic entry, indicating
checkpoint activation [55]. Intriguingly, this earlier study reported that
rDNA-focused damage induced a more complete cell cycle arrest than
that achieved by genome-wide irradiation, suggesting that cells may be
acutely sensitive to rDNA damage. Whether rDNA damage consistently
induces a cell cycle arrest response, or what factors influence the length
of cell cycle arrest, remain open questions.

5. Damaged rDNA reorganizes into nucleolar caps

The nucleolus is formed by liquid-liquid phase separation around
actively transcribing rDNA repeats, and contains three distinct phase-
separated compartments: the fibrillar center (FC), the dense fibrillar
component (DFC), and the granular component (GC) [56]. The FC is the
innermost compartment and is enriched with UBF, Pol I, and rDNA; the
DFC is interspersed with the FC and enriched with nascent rRNA and
RNA processing factors; and the GC encircles the FC and DFC and is
enriched with ribosome assembly factors (Fig. 3).

Disruptions to rDNA can cause the formation of “nucleolar caps”: a
dramatic inversion of the nucleolus so that both the protein and DNA
components of the FC and DFC condense and pop outside of the GC
(Fig. 3). Nucleolar cap formation is a rapid (< 1 h) response to phar-
macological disruption of Pol I transcription by actinomycin D treat-
ment [57–59], and a slower (2−6 hours) response to rDNA damage
[40,47,48,60]. Damage induced anywhere in the rDNA repeat, in-
cluding the IGS, but not in genomic DNA flanking the rDNA arrays,
induces nucleolar cap formation [47]. Nucleolar cap formation in re-
sponse to any stimulus coincides with and depends on transcriptional
inhibition. When rDNA damage is induced, ATM and ATR are activated
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and mediate transcriptional inhibition [48]. This explains why direct
disruption of transcription (e.g. with actinomycin D) rapidly induces
cap formation, while the response to DSBs has a latency period. Dis-
ruption of either ATM or ATR, but not DNA-PKcs, preserves Pol I ac-
tivity and blocks nucleolar cap formation [52,47,55,40,41,48]. While
transcription inhibition is clearly required for nucleolar cap formation
in response to damage, recent evidence suggests that active movement
of rDNA to the nucleolar boundary may also be involved [41]. In-
triguingly, the linker of nucleoskeleton and cytoskeleton (LINC) com-
plex and the actin network, which are involved in active movement of
DSBs during HR of other genomic loci [61], are also necessary for cap
formation, but not transcriptional inhibition, in the context of rDNA
damage [41].

Changes to the rDNA chromatin environment have also been linked
to nucleolar segregation in response to rDNA damage. The human si-
lencing hub (HUSH) complex, a recently identified complex that par-
ticipates in transcriptional silencing by promoting H3K9 trimethylation
[62], is required for effective rDNA silencing and nucleolar cap for-
mation in response to DNA damage [41]. Specifically, H3K9me3

deposition induced by HUSH activity appears to mediate the shutdown
of rRNA transcription [41]. Phosphorylation of histone H2B on Serine
14 (H2BS14) also plays an important role in the nucleolar response to
rDNA damage. Elsewhere in the genome, H2BS14 has been observed
coincident with γH2AX on damaged DNA [63]; this mark is also de-
posited by the MST1 kinase during apoptosis [64]. Intriguingly, the
MST1-related kinase MST2, which is constitutively localized to nucleoli
and is activated by ATM, phosphorylates H2B in response to rDNA
damage [60]. This appears to be a rapid and transient response, peaking
within an hour of DNA damage. The transient accumulation of this
modification is required for rDNA transcriptional inhibition and nu-
cleolar segregation [60]. Disruption of MST2 prevents resolution of
rDNA DSBs, underscoring the functional importance of this signal [60].

While the function of nucleolar caps has not been conclusively
proven, several possibilities have been proposed. One possibility is that
these structures serve to separate rDNA arrays on different chromo-
somes from each other in order to prevent aberrant recombination.
Another possibility is that condensation of rDNA into nucleolar caps
exposes damaged rDNA to the nucleoplasm, enabling DSB signaling and

Fig. 2. Comparison of MRN’s recruitment mechanism to damaged DNA outside (A) versus inside (B) the nucleolus. (A) when a double-stranded break (DSB) occurs in
non-nucleolar DNA, the MRN complex binds directly to DNA near the break (not shown) and recruits the kinase ATM, which phosphorylates the histone variant
H2A.X in nearby nucleosomes. γH2AX then recruits additional MRN along with MDC1. Increased MRN and ATM activity promotes spreading of the γH2AX signal
outward from the break site. (B) When a DSB occurs in actively transcribing rDNA within the nucleolus, the MRN complex binds directly to DNA near the break (not
shown) and recruits ATM. H2A.X-containing nucleosomes are sparse within rDNA repeats, while the rDNA-associated protein TCOF1 is abundant. ATM phos-
phorylates TCOF1, which directly recruits additional MRN, promoting increased local ATM activity and expanded TCOF1 phosphorylation.

Fig. 3. (A) Tripartite organization of the nucleolus around rDNA repeats. FC, fibrillar center; DFC, dense fibrillar component; GC, granular component. (B-C)
Examples of nucleolar organization visualized by fluorescence microscopy in normal (B) and transcriptionally inhibited (C) cells. The FC is marked by UBF, while the
GC is marked by nucleophosmin.
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repair factor recruitment [47]. Consistent with this idea, several repair
signals and factors (including γH2AX and HR factors) are not detectable
at rDNA breaks until nucleolar caps form [52,47,55,40,41]. The ob-
servation that γH2AX is only prominent at nucleolar caps, and not
within the nucleolar interior, might suggest that this DSB signal is
produced only after nucleolar caps have formed. However, this could
also reflect the low density of the H2AX histone variant within rDNA
[41]. Separately, it may be inaccurate to conflate lack of visible repair
factor accumulation within nucleoli with lack of function within nu-
cleoli. In fact, nucleolar proteomics studies suggest that several DNA
damage sensing and repairing proteins can access nucleoli (reviewed in
[6]. Overall, it seems that some “first responders” to rDNA damage do
engage with damaged rDNA within nucleoli and before nucleolar cap
formation, indicating that rDNA repair and changes in nucleolar mor-
phology are interdependent.

6. Repair of double-stranded breaks in rDNA

There are two major mechanisms for repairing DSBs: non-homo-
logous end joining (NHEJ) and homologous recombination (HR) [65].
NHEJ directly ligates broken ends together, often resulting in small
deletions or insertions. HR is less error-prone as it uses homologous
sequence, usually on a sister chromatid, as a template. However, HR
can introduce mutations as a consequence of recombination resulting in
dramatic genomic rearrangements when an inappropriate template is
used for repair [66], such as repetitive sequences present in cis on the
same chromosome or on a non-homologous chromosome. DSBs can be
repaired by several alternative pathways, such as single-strand an-
nealing (SSA) and microhomology-mediated end joining (MMEJ) under
particular conditions [38]. These pathways are more mutagenic and
error-prone than NHEJ and HR and could negatively impact rDNA in-
tegrity. However, rDNA repair by SSA and MMEJ has been much less
extensively explored than by NHEJ and HR in mammalian cells.

The choice between NHEJ and HR is influenced by multiple factors,
including the cell cycle, the type of damage, the chromatin environment
of the break, and the transcriptional activity of the damaged locus
(recently reviewed in [38]). NHEJ is active throughout the cell cycle,
while HR is typically not used for repair outside S and G2 phases when a
sister chromatid is available [65]. Intriguingly, HR is the favored repair
mechanism specifically for active genes in G2 [67]. Current data in-
dicate a complex interplay between NHEJ and HR in rDNA repair.

6.1. Evidence for NHEJ at rDNA

Evidence indicates that NHEJ plays an integral role in DSB repair at
rDNA, although it seems to primarily act within the nucleolar interior
and not at nucleolar caps. NHEJ is initiated by binding of the Ku70/80
complex independently of MRN. Ku70/80 is broadly distributed
throughout the nucleoplasm, with only a small amount of the complex
engaged with DSBs at any given time. When free Ku70/80 is removed
by pre-extraction, a subpopulation of Ku70/80 becomes visible within
nucleoli shortly after rDNA damage, indicating that this NHEJ-pro-
moting complex can access nucleoli [39]. However, Ku70/80 is not
found concentrated at nucleolar caps [47]. During NHEJ, Ku70/80 re-
cruits downstream repair factors such as DNA-PK, DNA ligase IV, and
XRCC4 [38,68]. Surprisingly, while DNA-PK is not detectable in nu-
cleoli or at nucleolar caps after rDNA damage [47], inhibiting the NHEJ
repair pathway by depleting DNA-PK or XRCC4 leads to an increase in
rDNA DSBs, transcriptional inhibition, and nucleolar cap formation
[41,52]. This clearly indicates a functional dependence of rDNA repair
on the NHEJ pathway. Furthermore, DNA-PK-null cells, but not ATM-
null cells, are acutely sensitive to rDNA damage and undergo growth
arrest and cell death. It is likely that these phenotypes arise from per-
sistent breaks and transcriptional inhibition when NHEJ is compro-
mised [52].

While this evidence indicates that rDNA relies on NHEJ for effective

DSB repair, NHEJ factors are only occasionally detectable within nu-
cleoli. It is possible that this is because of how quickly NHEJ proceeds.
NHEJ takes approximately 30min to complete, while HR takes 7 h or
longer [69]. NHEJ may act rapidly to repair rDNA breaks within the
nucleoli while persistent breaks may be moved to nucleolar caps to be
repaired by HR. Consistent with this idea, a number of HR-specific
factors are recruited to nucleolar caps, while NHEJ factors are absent
from these structures [52,47,55]. One exception to this is the NHEJ-
promoting factor 53BP1, which has been reported at nucleolar caps
[52]. However, since 53BP1 can also prevent over-resection in HR by
antagonizing BRCA1 [38], this observation could indicate that 53BP1
participates in HR at nucleolar caps.

6.2. Evidence for HR at rDNA

In contrast to rDNA repair by NHEJ which seems to occur within
nucleoli, repair by HR appears to be most prominent at nucleolar caps.
HR is initiated when the MRN complex binds and catalyzes resection of
broken DNA ends. MRN works in conjunction with the enzymes CtBP-
interacting protein (CtIP), exonuclease 1 (EXO1), endonuclease DNA2,
and Bloom syndrome helicase (BLM) to excise nucleotides and expose a
stretch of resected ssDNA. This ssDNA is immediately bound by the RPA
complex, which can be phosphorylated to regulate the extent of re-
section [70]. RPA is subsequently displaced by RAD51 to form a fila-
ment for homologous sequence invasion facilitated by BRCA2 [38].
Once the homologous template and the resected ssDNA anneal, the
homologous sequence is used as a template for de novo DNA synthesis to
extend and replace the damaged sequence; this is achieved by several
distinct mechanisms in mammalian cells [38].

A wide array of HR factors concentrate at nucleolar caps, but are not
detectable within nucleoli [40,47,52]. However, recent evidence sug-
gests that some steps of HR take place within nucleoli and before nu-
cleolar caps form. For instance, phosphorylated TCOF1 recruits NBS1
and MRE-11 to foci within the nucleolar interior that are presumptive
rDNA breaks [40,43,46]; these MRN components then move into nu-
cleolar caps along with rDNA [40,41]. RPA foci, which indicate pre-
sence of resected ssDNA, have been reported both in the nucleolar in-
terior and at caps [41,48], or only at the caps [40,47]. As RPA foci are
larger and brighter at nucleolar caps, the discrepancy between these
studies may be due to differences in sensitivity of fluorescence detec-
tion.

Whether HR factors actively contribute to the formation of nu-
cleolar caps has begun to be determined. These recent studies suggest
that early HR signaling factors (MRN and ATM) both precede and in-
fluence nucleolar cap formation. For instance, depletion of either NBS1
or MRE-11 inhibits nucleolar cap formation [40,41]. However, the role
of other HR factors in nucleolar cap formation presents a more complex
picture. Depletion of CtIP, a resection cofactor, does not affect nucleolar
cap formation, but does disrupt the recruitment of other HR factors to
these structures [40,48]. Intriguingly, CtIP depletion appears to abro-
gate movement of NBS1 foci to caps [40], suggesting a feedback me-
chanism from CtIP to the MRN complex. Given that NBS1 is required for
the formation of nucleolar caps, it is not entirely clear how CtIP de-
pletion can inhibit the movement of NBS1 to caps without preventing
their formation. On the other hand, it has also been reported that de-
pleting the resection factors BLM/DNA2 and RPA2 prevents nucleolar
cap formation [41]. It has been suggested that resection could promote
nucleolar cap formation by generating a signal that activates ATR: RPA-
bound ssDNA. However, the fact that ATR can be activated as a con-
sequence of a direct TOPBP1:TCOF1 interaction indicates that ATR
activation can occur independently of resection within nucleoli [48].

Because HR usually relies on a sister chromatid to serve as a
homologous donor for repair, this process is typically restricted to the S
and G2 phases of the cell cycle. An earlier analysis of HR factor re-
cruitment to nucleolar caps concluded that HR is active on damaged
rDNA throughout the cell cycle, and proposed the hypothesis that other
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rDNA repeats could serve as homology donors in the absence of a re-
cently replicated sister chromatid [47]. In contrast, recent studies have
asserted that RPA is only observed at nucleolar caps during S/G2, which
would indicate that as in nuclear DNA, HR-mediated repair of rDNA
occurs predominantly in G2 [41,48].

Overall, the functional importance of HR for rDNA repair remains
murky. While HR factors clearly influence nucleolar morphology in
response to damage, inhibition of the HR pathway does not prolong
DSBs or inhibit cell cycle progression. Rather, inhibition of HR has
actually been suggested to facilitate the resolution of rDNA DSBs by
NHEJ [52,55].

7. Repair of single stranded DNA lesions on rDNA

ssDNA lesions at rDNA have not been extensively studied, though
they are likely to be abundant given the frequency of R-loops within
active rDNA repeats. The nucleotide excision repair (NER) pathway
excises and repairs single-stranded lesions throughout the genome. The
types of lesions recognized by NER include UV-induced crosslinks,
bulky modifications to single bases, and R-loops. NER involves excision
of damaged ssDNA and de novo DNA synthesis using the undamaged
ssDNA as a template. Specific arms of the NER pathway identify and
repair lesions on transcribed or non-transcribed strands of DNA [71].
The global genomic repair (GGR) pathway relies on the XPF/ERCC1
nuclease to excise lesions on either strand of DNA [71]. The tran-
scription-coupled repair (TCR) pathway specifically repairs lesions on
the transcribed strand of DNA and relies on the enzymes Cockayne
Syndrome A and B (CSA/CSB). TCR was first described as a specific
pathway that is induced when Pol II is stalled by a lesion on the tem-
plate strand [71]. Interestingly, unlike Pol II-transcribed regions of the
genome, rDNA never undergoes TCR. Instead, rDNA relies entirely on
GGR for repair of ssDNA lesions induced by UV radiation or chemical
modification [72,73]. However, it remains unclear whether NER re-
solves R-loops within rDNA. Elsewhere in the genome, the NER nu-
cleases XPF/ERCC1 and XPG have been implicated in processing R-
loops into DSBs which are then recognized by DSB repair pathways
[74,75]. Notably, conversion of R-loops to DSBs increases the likelihood
of ineffective or error-prone repair, leading to genome instability.
Whether rDNA R-loops are similarly processed into DSBs has not yet
been determined.

8. Methods of DNA damage induction used for studying rDNA
damage and repair

Irradiation has been widely used to generate DNA damage and to
dissect damage response and repair pathways. However, the random
nature of the damage inflicted limits the utility of this approach for
studying damage sensing and response at specific loci, such as at rDNA
repeats. Several researchers have used site-specific endonuclease en-
zymes to inflict damage at rDNA repeats. The endonucleases I-PpoI and
AsiSI have been used most extensively for this purpose. I-PpoI re-
cognizes the 15-base-pair sequence CTCTCTTAA ▼GGTAGC (where
▼represents the cut site). This sequence is found within the 28S rRNA-
coding portion of each rDNA repeat, as well as at up to 15 additional
sites elsewhere in the human genome [50]. When expressed within
human cells, I-PpoI accesses∼10 % of its target sites within rDNA [76];
with a median number of 300 rDNA repeats per human cell, I-PpoI
expression can be expected to induce ∼30 rDNA DSBs. The AsiSI en-
donuclease recognizes an 8-base-pair sequence GCGAT ▼CGC, a se-
quence that is found at ∼1200 locations across the human genome,
including within the 5′ external transcribed spacer (5′ETS) of each 47S
rDNA repeat [77]. AsiSI has been demonstrated to effectively cleave
174 non-rDNA sites [77] and is able to cleave rDNA [41], but it is
unknown what proportion of rDNA repeats it typically cleaves. Inter-
estingly, AsiSI cannot cleave CpG-methylated DNA. Since a significant
proportion of rDNA repeats are silenced by DNA methylation, AsiSI

cleavage likely is restricted only to active, demethylated repeats.
CRISPR/Cas9 targeted nuclease activity paired with rDNA-specific

guide RNAs have also been used to generate breaks within rDNA re-
peats [47,55,40]. This approach allows precise control of the location of
damage induction, allowing comparisons of the response to rDNA da-
mage within transcribed, non-transcribed, and flanking sequences [47].
Cas9 more effectively cleaves actively transcribed loci and can be im-
peded when nucleosomes are positioned over the target sequence [78];
it is thus likely that active rDNA repeats are preferentially cleaved by
Cas9, although this has not been demonstrated. The frequency of off-
target Cas9 binding and cleavage events varies with the guide RNA
used, but in many cases results in cleavage and repair events at 5–10
off-target sites [79].

9. Remaining questions

Both the likelihood that a locus incurs a DSB and the subsequent
choice of repair mechanism depend on the transcriptional state and
chromatin environment of the locus. rDNA can exist in highly active,
inactive, or stably repressed states [17], and it is currently not known
whether active rDNA repeats undergo a different repair mechanism
from inactive or repressed ones, since most damage-inducing methods
do not make a distinction between these states. One exception may be
the AsiSI endonuclease, which targets unmethylated sites in rDNA and
may be biased toward active repeats. While active rDNA resides ex-
clusively within nucleoli, super-resolution microscopy has revealed that
inactive repeats can be found both within and outside of nucleoli [80].
It is very likely that damage that occurs on rDNA in these different
transcriptional states and subcellular locales arises in response to dis-
tinct insults and uses distinct repair mechanisms.

What we know about the incidence of damage and mechanisms of
repair at rDNA comes primarily from actively replicating cells. Much
less is known about how slowly dividing or postmitotic cells respond to
rDNA damage. To understand how quiescent and senescent cells handle
DNA damage, it will be important to analyze the mechanisms of rDNA
repair in postmitotic cells. Key differences are a lower transcription rate
potentially leading to different stressors causing the majority of damage
at rDNA, and the lack of an S/G2 phase, suggesting that contribution of
HR to rDNA repair may be less important in those cell types. DNA
damage is a known contributor to the progression of aging [81], and
rDNA is a hub of incurred damage over lifespan [29]. Knowledge of
how different types of tissues and cell types repair damage at rDNA can
facilitate development of targeted interventions to improve relevant
DNA repair pathways for therapeutic benefit.
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