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ABSTRACT

The nucleolus is a nuclear sub-domain containing
the most highly transcribed genes in the genome.
Hundreds of human ribosomal RNA (rRNA) genes, lo-
cated in the nucleolus, rely on constant maintenance.
DNA double-strand breaks (DSBs) in rRNA genes
activate the ATM kinase, repress rRNA transcrip-
tion and induce nucleolar cap formation. Yet how
ribosomal-DNA (rDNA) lesions are detected and pro-
cessed remains elusive. Here, we use CRISPR/Cas9-
mediated induction of DSBs and report a chro-
matin response unique to rDNA depending on ATM-
phosphorylation of the nucleolar protein TCOF1
and recruitment of the MRE11-RAD50-NBS1 (MRN)
complex via the NBS1-subunit. NBS1- and MRE11-
depleted cells fail to suppress rRNA transcription
and to translocate rDNA into nucleolar caps. Fur-
thermore, the DNA damage response (DDR) kinase
ATR operates downstream of the ATM-TCOF1-MRN
interplay and is required to fully suppress rRNA tran-
scription and complete DSB-induced nucleolar re-
structuring. Unexpectedly, we find that DSBs in rDNA
neither activate checkpoint kinases CHK1/CHK2 nor
halt cell-cycle progression, yet the nucleolar-DDR
protects against genomic aberrations and cell death.
Our data highlight the concept of a specialized nu-
cleolar DNA damage response (n-DDR) with a distinct
protein composition, spatial organization and check-

point communication. The n-DDR maintains integrity
of ribosomal RNA genes, with implications for cell
physiology and disease.

INTRODUCTION

Genome surveillance mechanisms are constantly alert to
process aberrant DNA structures to prevent changes in the
genetic material transferred from mother to daughter cells.
A broad spectrum of lesions challenges genome integrity
with double strand breaks (DSBs) being a particularly se-
vere type as lack or faulty repair of DSBs can lead to grave
diseases including cancer (1,2). Over the last decade a grow-
ing body of evidence has described the cellular DNA dam-
age response (DDR) and how it functions to minimize the
negative impact of DSBs by regulation of processes such as
DNA repair, cell-cycle arrest, transcription, replication, cell
division and cell death.

In nuclear chromatin, a DSB is initially detected by the
MRN complex, which facilitates the ensuing activation
of the major DDR kinase Ataxia-telangiectasia mutated
(ATM) (3,4). ATM kick-starts phosphorylation-dependent
signaling cascades and initiates modification of the local
chromatin environment (5). Chromatin modifications in-
clude phosphorylation of the histone H2AX, that binds the
mediator protein MDCI1, and promotes additional recruit-
ment of the MRN complex and broader modification of
DSB-flanking chromatin (6-9). Chromatin modifications at
and around the damage site lead to recruitment of a large
number of proteins resulting in the formation of so-called
Ionizing-radiation-induced-foci (IRIF), a structure that can
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be recognized microscopically and used as a read-out for the
damage load experienced by cells (7).

In mammalian cells, DSBs are primarily repaired by
one of two pathways: non-homologous end-joining (NHEJ)
or homology-directed repair (HDR). The choice of repair
pathway is affected by the cell-cycle phase, complexity of the
lesion and the chromatin environment, but generally DNA
end-joining with minimal processing by NHEJ is the initial
pathway activated followed by resection-dependent HDR
when successful repair is not accomplished (10).

One challenge faced by the DDR lies in the compartmen-
talization of the nucleus into a variety of different chromatin
structures and nuclear bodies, each with specific needs of
genome maintenance depending on their functions (11—
15). The nucleolus is the largest sub-structure in the nu-
cleus functioning in ribosome biogenesis and acting as a
stress sensor. The nucleolus is formed around transcribed
ribosomal RNA genes (rDNA), with each cell containing
hundreds of ribosomal RNA genes, distributed across the
short arm of the acrocentric chromosomes in human cells
(16). Multiple chromosomes can contribute with rDNA to
the same nucleolus (17). At the exit of mitosis RNA Poly-
merase | initiates the transcription of the rDNA that leads
to self-assembly of the nucleolus (18). The rDNA is intrin-
sically unstable and its instability is increased upon loss
of genome maintenance factors, emphasizing the need for
surveillance of rDNA (19). In particular, faulty recombina-
tion between rDNA sequences from different chromosomes
can have detrimental consequences for the cell and must be
avoided if possible.

Upon DSB-induction in the nucleolus, the ATM kinase
becomes activated and leads to repression of nucleolar tran-
scription, to nucleolar segregation and to the translocation
of rDNA to nucleolar caps at the periphery (20-22). It has
been suggested that restructuring of the nucleolus and lo-
calisation of rDNA to nucleolar caps serve as a mechanism
to separate rDNA originating from different chromosomes
to prevent inter-chromosomal recombination in response to
DNA damage (14). In agreement with this HDR factors
were shown to be recruited to nucleolar caps formed at the
nucleolar periphery after DNA damage induction (21-23).

The rapid development in programmable gene editing
tools, especially the CRISPR /Cas9 system, now allows us
to introduce DSBs to almost any locus of the genome in
a precise and controllable manner (24,25). These advances
have also provided researchers with new possibilities to
study specialized DDR pathways associated with certain
chromatin conformations or specific nuclear compartments
(22,26).

In this study we investigate the early events of the nu-
cleolar DDR, directly following ATM activation, that fa-
cilitate the segregation of rDNA into nucleolar caps. We
use a CRISPR/Cas9-based system to induce site-specific
DSBs in rDNA combined with a fluorescently tagged ver-
sion of the DNA damage protein NBS1 to visualize the be-
haviour of rDNA breaks. By these means, we demonstrate
how rDNA breaks are initially detected in the nucleolar in-
terior, cluster and translocate to the nucleolar periphery.
We describe protein recruitment coordinated by the nucle-
olar protein TCOF1, a mechanism distinct from that oper-
ating in nuclear chromatin. ATM-dependent phosphoryla-

tion of TCOFTI is required for MRN recruitment that in-
duces further inhibition of ribosomal RNA (rRNA) tran-
scription and translocation of breaks to the nucleolar pe-
riphery. We find that the ATR kinase operates downstream
of ATM and the MRN-complex, and provide evidence that
supports a two-step kinase mechanism required for full seg-
regation of the rDNA after DSBs. Unexpectedly, this re-
sponse is contained within the nucleolus and, unlike the
canonical checkpoint responses, this process does not lead
to CHK1/CHK2 activation or delay in cell-cycle progres-
sion. Finally, we show that MRE11 and TCOF1 protect
cells upon rDNA damage, as depletion of these factors sen-
sitizes cells to rDNA DSBs ensuing pronounced increase in
abnormal nuclear morphology and cell death.

MATERIALS AND METHODS
Cell culture

U208-Cas9-NBS1-GFP, HEK 293T-Cas9, DIVA AID
and HT1080 (I-Ppol) cells were grown in Dulbecco’s-
modified Eagle’s medium (DMEM) containing 10% fe-
tal bovine serum (Invitrogen), 100 U penicillin and 100
wg ml~!streptomycin. The medium for the U20S-Cas9-
NBS1-GFP cells contain 1 pg ml~! puromycin and 400 pg
ml~! neomycin (G418). The medium for DIVA AID cells
was containing 1 mM sodium pyruvate and 400 pg ml~!
neomycin (G418). Where indicated, the culture medium for
HEK 293T-Cas9 cells was supplied with doxycycline to a fi-
nal concentration of 0.2 pg ml~! to induce Cas9 expression.
The culture medium for DIVA AID was supplied with 300
nM 4-hydrotamoxifen (4-OHT) and the media for HT1080
(I-Ppol) cells with 1 mM 4-OHT to induce endonuclease
activity.

Generation of cell lines

The U20S derivative cell lines, U20S-CAG-Cas9-NBS1-
GFP, expressing constitutive SpCas9 and GFP-tagged
NBS1 were generated by co-transfecting wild type U20S
cells with an NBSI-GFP; construct, a PiggyBac CAG
driven Cas9 (SpCas9) expression transposon plasmid and a
PiggyBac transposase plasmid. The ratio of transposon and
transposase plasmids was 10:1 to minimize the copy num-
ber of integrated CAG-Cas9 cassette per cell. Stably trans-
fected cells were selected with puromycin (1 wg ml~!) and
neomycin (G418, 400 pg ml~') for 1 week. GFP positive
(puromycin and neomycin resistance) U20S cells, named
U20S-Cas9-NBS1-GFP, were enriched by FACS sorting
(Aarhus University FACS CORE facility). Single-cell de-
rived U20S-CAG-Cas9-NBS1-GFP, clones were gener-
ated by sub-cloning from single cells. The Cas9 expres-
sion was subsequently validated by quantitative polymerase
chain reaction (QPCR) and western blot.

To generate the HEK293T cells stably expressing an in-
ducible SpCas9, we firstly generated a PiggyBac transpo-
son vector that contains TRE promoter-driven SpCas9 ex-
pression cassette and an EFla-promoter driven Tet-on-
2A-hygromycin expression cassette (PB-TRE-SpCas9-Hyg,
synthesis). One day before transfection, HEK293T cells
(5 x 10* cell per well) were seeded to a 24-well plate.
Transfection was conducted using a commercially available



transfection reagent XtremeGene 9 following the manufac-
turer’s instructions. To avoid insertion of multiple transgene
copies, we used a ratio of 1:10 between the PiggyBac trans-
posase vector and the PiggyBac transposon vector (PB-
TRE-SpCas9-Hyg). Two days after transfection, cells were
cultured in selection medium containing hygromycin (10 pg
ml~!). Approximately 1-week post-transfection, single cells
were manually picked with a 10 pl pipette under a stere-
omicroscope and expanded in a 96-well plate with medium
changes every 3—4 days. Cell colonies were further expanded
upon 80-90% confluence and confirmed by PCR and dual
cutting assay. In this study, clone #25 was selected for sub-
sequent CRISPR gene editing experiments.

Small molecule inhibitors

Where indicated, the culture medium was supplied with 1
pM ATM inhibitor (KU55933), 0.5 M ATR inhibitor
(AZ20), 1 wM ATR inhibitor (VE821) or 0.5 uM ATR
inhibitor (BAY 1895344) (Selleckchem) one hour prior to
gRNA transfection.

Plasmids and transfections

Transient transfections of U20S-Cas9-NBS1-GFP cells
were carried out using Lipofectamine LTX with plus
reagent (Invitrogen) according to the manufacturer’s spec-
ifications and collected 0-6 h post-transfection unless oth-
erwise stated. The four gRNA plasmids used for transfec-
tion were ampicillin resistant pMA plasmids (generated by
the Luo laboratory) expressing either rDNA targeting se-
quences (Supplementary Table S1) (22) or a control pMA
vector expressing the gRNA scaffold but no target sequence.
The cloning of CRISPR gRNAs was carried out as de-
scribed previously (27). Unless otherwise stated the three
rDNA gRNA plasmids were pooled in a ratio 1:1:1 for each
transfection. The TCOF1 wild-type (wt) construct was pre-
viously described (28).

RNA interference and site-directed mutagenesis

The siRNA transfections were performed with 50 nM
siRNA duplexes using Lipofectamine RNAIMAX (Invit-
rogen). Samples were collected 60 h after transfection un-
less otherwise stated. The siRINA oligonucleotides were ob-
tained from Eurofins Genomics (MWG). For annotations
and sequences see Supplementary Table S1. The TCOF1
STTT, S1216A+S1199A and S1216A expression plasmids
were previously described (28,29) and primer sequences
used for the generation of the ATM-null construct can
be found in Supplementary Table S1. The shRNA against
TCOF1 was generated by insertion of an oligonucleotide
into the pSUPERIOR .puro vector (Oligoengine) (28). Cells
were transfected in a 4:1 ratio of shTCOF1 and the rescue
plasmid (either TCOF1 WT, TCOF1 STTT, TCOF1 ATM-
null, TCOF1 S1216A+S1199A or TCOF1 S1216A) using
Lipofectamine LTX with plus reagent (Invitrogen) accord-
ing to the manufacturer’s specifications. After 72 h cells were
transfected with gRNAs and collected at indicated time
points.
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Irradiation

X-ray irradiation was done with a YXLON.SMART
160E—1.5 device (150 kV, 6 mA; YXLON International
A/S) delivering 11.8 mGy s~'. Soft X-rays were largely fil-
tered out with a 3 mm aluminium filter. Specific doses used
in individual experiments: Figure 1C = 10 Gy followed by
1 h incubation, Figure 6A = 5 Gy followed by 3-6 h incu-
bation, Figure 6B = 5 Gy followed by 3 or 15 h incubation,
Supplementary Figure S6a = 5 Gy followed by 3 or 15 h
incubation, Supplementary Figure S6b = 5 Gy followed by
3 or 6 h incubation.

EU incorporation

In situ detection of nascent RNA was done with the Click-
iT RNA Alexa Fluor 594 Imaging Kit (Invitrogen, Molecu-
lar Probes #C10330). Briefly, cells were incubated for 25-30
min in the presence of | mM EU prior to harvest. Samples
were fixed in 4% paraformaldehyde at room temperature for
12 min and permeabilized in 0.5% Triton X-100 for 5 min at
room temperature. Samples were then processed according
to the manufacturer’s recommendation.

Cell synchronisation and EdU incorporation

U20S-Cas9-NBS1-GFP cells were plated at 75% conflu-
ency and 0.04 wg ml~! nocodazole was added to synchro-
nise them at the entry into mitosis. Cells were incubated at
37°C for 12 h before being shaken off and spun down. Cells
were washed 3 times in fresh medium and re-plated to re-
lease them from G2/M arrest. Twelve hours after release,
cells were irradiated with 5 Gy or transfected with either
gRNA or control vector and incubated with fresh medium
for additional 0, 3 or 15 h before harvest. Prior to harvest,
cells were incubated 1 h with 10 M EdU. Samples were
fixed in 4% paraformaldehyde at room temperature for 12
min and permeabilized in 0.5% Triton X-100 for 5 min at
room temperature. Click-iT chemistry was used for the de-
tection of EAU (Thermo Fischer Scientific, #C10340) and
subsequently samples were incubated with 5 mg ml"' DAPI
(Invitrogen # D1206) in phosphate-buffered saline (PBS)
for 2 min and analysed with Quantitative Image-based Cy-
tometry (30). HEK 293T-Cas9 cells were plated at 75% con-
fluency and doxycycline was added to a final concentration
of 0.2 wg ml~! to induce Cas9 expression as well as 0.04
pg ml~! nocodazole for 12 h. Treatment and EdU incorpo-
ration was performed as stated above for the U20S-Cas9-
NBS1-GFP cells. The samples were harvested 0, 3 and 6 h
after gRNA treatment by trypsinization and fixed in 75%
cold ethanol. Click-iT chemistry was used for the detection
of EdU (Thermo Fischer Scientific, #C10340) and subse-
quently samples were incubated with 1 mg ml' Hoechst
33342 (Invitrogen # H3570) in PBS for 30 min and anal-
ysed with BD FACSVerse (BD Biosciences). The data was
processed using FlowJo.

Sample preparation, microscopy and image analysis

Cells were grown on glass coverslips and fixed in 4%
paraformaldehyde at room temperature for 12 min and per-
meabilized in 0.5% Triton X-100 for 5 min at room tem-
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Figure 1. NBS1 is an early marker of rDNA-DSB. (A) Schematic drawing of the U20S-based cell model with stable expression of the Cas9 endonuclease and
GFP-tagged NBSI (U20S-Cas9-NBS1-GFP). Upon transient transfection of specific gRNAs, DSB induction can be targeted to rDNA. (B) Timecourse
from 0 to 6 h after transfection of U20S-Cas9 -NBS1-GFP cells with gRNAs. The percentage of cells with NBS1-positive nucleoli after transfection with
gRNAs targeting rDNA or a control vector were counted and numbers are presented in the graph below (>100 cells/condition). (C) Co-localisation of
NBSI and yH2AX were examined in U20S-Cas9-NBS1-GFP cells and immunostained with antibodies against yH2AX after IR (10 Gy, 1 h) or gRNA
transfection (6 h post-transfection). (D) Timelapse images of NBS1-GFP foci up to 6 h post-transfection. Insets show enlarged individual nucleoli. Cells
with NBS1-GFP interior foci and NBS1-GFP nucleolar caps were counted and the graphs below show the temporal pattern of interior and cap foci from
one representative experiment (>200 cells/condition). Those cells that contain nucleoli with interior foci as well as nucleoli with caps were scored in both
categories. (E) Co-localisation of NBS1 and UBF were investigated in U20S-Cas9-NBS1-GFP cells immunostained with antibodies against UBF after
0, 3, 4 and 6 h after control vector or gRNA transfection. (F) Co-localisation of NBS1 and rDNA were investigated in U20S-Cas9-NBS1-GFP cells by

immuno-FISH after 0 and 6 h after gRNA transfection. Note, rDNA intensities cannot be compared directly between pictures as signal intensity has been
adjusted to give a representative image of rDNA localisation. Dotted-lines mark the edge of nucleoli.

gRNA  Control 10 Gy Mock O




perature. Samples used for phospho-RPA staining were pre-
extracted with 0.1% Triton X-100 in PBS on ice for 2 min,
washed once with PBS and fixed as described above. Sam-
ples were incubated with primary antibody for 60 min at
room temperature, 30 min with secondary and 5 mg ml"!
DAPI (Invitrogen # D1206) in PBS for 2 min. Cells were
washed three times in PBS in between stainings, rinsed with
water and mounted with Mounting media for fluorescence
(VECTASHIELD, H-1000).

For analysis by spinning disc microscopy cells were plated
in 1 p-Slide 4-well ibiTreat well (IBIDI) and incubated
in DMEM¢&?-2 medium (EVROGEN) minimizing photo-
bleaching. Transient transfection was carried out using
Lipofectamine LTX with plus reagent (Invitrogen) and the
cells were placed in UltraVIEW VoX Spinning Disk Con-
focal Microscope (PerkinElmer) at 37°C and 5% CO,. Cells
with moderate NBS1-GFP signal were selected for imaging
and movies were processed using iMovie (Apple).

Qualitative image analysis for fluorescence and co-
colocalisation studies were carried out using the point scan-
ning confocal microscope LSM700 (Zeiss), utilizing an x 63
oil objective and ZEN Software (Zeiss). The files were after-
ward processed using Adobe Photoshop CS6. The scoring
of NBS1 nucleolar foci was performed manually including
75-200 cells per sample. For quantification in experiment
1b, 1d and 2b cells were scored depending on whether or
not nucleolar NBSI foci could be detected. For quantifica-
tion in experiment 2c, S2a S2b, 3b, 3d, 3e, S3f, 4d, 5c and
S5c the NBS1 foci were categorized either as interior foci or
cap foci depending on their localisation. Based on the type
of foci identified in each cell, they were scored as cells with-
out NBS1 foci, cells with interior NBS1 foci and cells with
NBSI cap foci. If a cell had both interior NBS1 foci and cap
foci it was included in both categories. To ensure the qual-
ity of the manual scoring-procedure it was evaluated by four
independent scientists that repeatedly obtained comparable
results.

Quantitative image analysis for measurement of fluores-
cence intensities was done as described previously (31). The
images were obtained with a x 20 0.75 NA (UPLSAPO20x)
dry objective, a quadruple-band filter set for DAPI and Cy3
fluorescent dyes, a MT20 Illumination system and a digi-
tal monochrome Hamamatsu C9100 EM-CCD (electron-
multiplying charge-coupled device) camera. Camera resolu-
tion is 200 x 200 nM per pixel (binning 1, x 40). Image anal-
ysis was performed with Olympus propriety ScanR auto-
mated image and data analysis software using standard al-
gorithms for detection of nuclei and sub-objects within nu-
clei. Typically, 49 images (corresponding to 2000-4000 sub-
objects) were acquired under non-saturated conditions for
each data point, allowing high-throughput measurements
of experimental parameters such as intensities.

Experimental repetitions and statistics

All experiments were performed three times unless speci-
fied in the figure legends. Error bars represent the standard
deviation in all figures. Where statistical tests were applied
75-200 cells were included to calculate the mean. Multiple
comparisons of the mean for all time points were carried
out with unpaired z-tests, and the two-sided P-values were
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adjusted using the Holm-Sidak method. Statistical signifi-
cance is depicted with stars (* = 0.05-0.01, ** =0.01-0.001,
**% —(0.001-0.0001, **** < (.0001) and no legend = ns.

Real-time PCR

U208-Cas9-NBS1-GFP cells were treated with gRNA3 for
0-6 h. Cells were then collected, and DNA was isolated by
DNeasy kit (Qiagen) according to the manufacturers pro-
tocol using pH adjusted (pH>9) nuclease-free water (Am-
bion) for elution. Real-time PCR was performed with Fast
SYBR Green Master Mix (Thermo Fischer 4385612) with
an amplification speed of 1 kb/min, using 2.5 ng DNA
and 500 nM final primer concentration per sample. Sam-
ples were analysed on the LightCycler480 and quantified by
the LightCycler480 software. The primer pair was designed
to span the gRNA3 cut site, and the number of breaks was
quantified by changes in the amplification of the PCR prod-
uct relative to T0. Values were normalized to the GAPDH
housekeeping gene. Quantifications were carried out at am-
plification cycle 21-23 for the gRNA3 cut site and cycle 28—
30 for GAPDH. Statistical analysis was performed as de-
scribed above with three repetitions in quadruplicates. For
primer sequences see Suppl. Table S1.

Cell extracts and western blotting

Cell lysates, prepared in Laemmli sample buffer (with buffer
volume adjusted to cell confluency) (1xLSB: 50 mM Tris—
HCL pH6,8; 100 mM DTT; 2% sodium dodecyl sulphate
(SDS); 0,1% bromophenol blue; 10% glycerol), were used in
western blots included in Figure 2A, 2B, Suppl. Figures 1a
and 3d. Alternatively, cell extracts were prepared in a clear
denaturing lysis buffer (200 mM Tris-HCL (pH 6,8), 40%
glycerol (99.5%), 8% SDS pure (95%)) and protein concen-
tration was measured before adding DTT to a final concen-
tration of 100 mM and bromophenol blue (1 wl per sam-
ple). These lystates were used for western blots included in
Figure 6A, Suppl. Figures 3e, 4c and 5d. The samples were
denatured by heating the samples to 95°C for 5 min. Pro-
teins were separated using NuPAGE 3-8% Tris-Acetate gels
or 4-12% Bis-Tris gels (Invitrogen) and transferred to mem-
branes using iBlot Dry Blotting System (Invitrogen) follow-
ing the manufacture’s protocol.

ImmunoFISH

Cells grown on glass coverslips were fixed with 4%
formaldehyde for 10 min at room temperature, then washed
three times with PBS and permeabilized in PBS containing
0.5% saponin and 0.5% Triton X-100 for 10 min at room
temperature. Next, samples were washed three times with
PBS, incubated in PBS/20% glycerol for 2 h at room tem-
perature, and snap-frozen in liquid nitrogen for 10 s. Af-
ter thawing at room temperature, cells were denatured in
0.1 N HCI for 5 min at room temperature, washed briefly
in 2x saline-sodium citrate (SSC) and incubated in 50%
formamide/2x SSC for 15 min at 37°C. Before hybridisa-
tion, 3 wl of the Acro P-arm probe (Cytocell) were spotted
on a microscope glass slide, then covered with the cover-
slips with the cells facing down and denatured by incubation
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at 73°C for 12 min after sealing the edges of the coverslip.
The hybridisation was carried out at 37°C for 40 h. After
the hybridisation, samples were washed twice in 0.4x SSC
at 72°C and further two times in 2x SSC/0.05% Tween-
20. Next, cells were washed three times with PBS and im-
munostained by incubating with primary antibody solution
overnight at 4°C, followed by three washes with PBS and in-
cubation with secondary antibody solution for 1 h at room
temperature. At last, cells were washed three times with PBS
and mounted on Vectashield containing DAPI for fluores-
cence.

Antibodies

Antibodies used for immunofluorescence (IF) in this
study were: mouse yH2AX (Millipore, #16-193, 1:250),
rabbit MDC1 (Abcam, #abl1171-50, 1:1000), rabbit
TCOF]1 (Sigma Life Science, #HPA038237, 1:200), mouse
Mrell (Abcam, #ab214, 1:500), rabbit phospho-RPA32
(S4/S8) (Bethyl, A300-245A, 1:200), rabbit 53BP1 (Santa
Cruz #sc-22760, 1:500), rabbit NBS1 (Novus Biologi-
cals, NB100-143, 1:200), mouse NBS1 (Genetex, Clone
1D7, GTX70224, 1:500), rabbit H2AX (Novus Biologicals,
NB100-668, 1:800), mouse BRCA1 (Santa Cruz, #sc-6954,
1:100), mouse UBF (Santa Cruz, sc-13125), mouse 1gG
CtIP (Active motif, #61141, 1:10).

Antibodies used for western blots were: mouse NBSI
(Genetex, Clone 1D7, GTX70224, 1:500), rabbit NBS1
(Novus Biologicals, NB100-143, 1:500), mouse Cas9 (Ab-
cam, #ab191468, 1:300), rabbit TCOF1 (Sigma Life Sci-
ence, HPA038237, 1:500), mouse Mrell (Abcam, 12D7,
#ab214, 1:500), mouse MDC1 (Sigma, #M2444, 1:2000),
rabbit H2AX (Novus Biologicals, NB100-668, 1:800),
mouse yH2AX (Millipore, clone JBW302, #05-636, 1:500),
rabbit phospho-1981-ATM (Abcam, #ab81292, 1:2000),
mouse CHK 1 (Santa Cruz, #sc-8408, 1:500), rabbit CHK 1
pSer317 (Cell Signaling, #2344, 1:250), mouse CHK2
(Danish Cancer Society, 1:500), rabbit pCHK2 (Cell Sig-
naling, #2661, 1:100), rabbit KAP1 (Bethyl, #A300-274A,
1:1000), rabbit pKAP1 (Abcam, #ab70369, 1:500), mouse
alpha-tubulin (Santa Cruz, #sc-8035, 1:2000, IgM), mouse
beta-importin (Abcam, #ab2811, 1:5000), mouse Mcm7
(Santa Cruz, DCS141, sc65469, 1:500), rabbit SMC1 (Ab-
cam, #ab9262, 1:1000).

RESULTS
NBSI1 is an early marker of rDNA-DSB

Previous studies have described how introduction of DSBs
in the rDNA leads to transcriptional inhibition in the
nucleolus and nucleolar cap formation (20-22). However,
the events taking place during nucleolar re-organization
and that are required for transcriptional inhibition remain
poorly understood. To gain further insights we established
a U20S-based cell model stably expressing the endonucle-
ase Cas9 and a GFP-tagged version of the DDR protein
NBS1 (Figure 1A). Upon transfection with guide RNAs
(gRNAs) targeting the rDNA (Supplementary Figure Sla
and (22)) we can induce DSBs specifically in the nucleolus.
We tested NBS1 as a marker of rDNA DSBs as it was previ-
ously shown to localise to the nucleolus in response to DNA
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damage (28,29). The expression level of GFP-tagged NBS1
in our cell model was found to be below that of the endoge-
nous protein (Supplementary Figure S1b). In cells trans-
fected with rDNA-specific gRNAs we observed gradual nu-
cleolar accumulation of NBS1 (Figure 1B); 3 h after trans-
fection the number of nucleolar NBS1 foci increased and
this trend continued throughout the 6 h timecourse. This
recruitment-pattern of NBS1 to nucleoli was confirmed in
several sub-clones (Supplementary Figure Slc). To ensure
that the nucleolar localisation reflected the behaviour of en-
dogenous NBSI1 and was not cell line specific we examined
an independent cell line, the HT 1080 I-Ppol cell model (32),
in which the homing endonuclease I-Ppol induces DSBs in
rDNA (33). In this cell line we confirmed the formation of
nucleolar NBS1 foci upon induction of rDNA DSBs (Sup-
plementary Figure S1d). Furthermore, to verify that the gR-
NAs specifically target  DNA, we examined the localisation
of the DNA damage marker yH2AX 6 h after gRNA trans-
fection and after IR. yH2AX could only be detected around
the nucleolus where it co-localises with NBS1 in response to
rDNA DSBs whereas IR generated a pan-nuclear response
(Figure 1C). We then examined the spatial behaviour of
NBSI1 in the U20S model in more detail using timelapse
microscopy. We observed a reproducible pattern with ini-
tial formation of many small and mobile foci in the inte-
rior of the nucleolus (Figure 1D, 3 h post-transfection) that
gradually fused into fewer and larger foci (Figure 1D, 4 h
post-transfection) that ultimately moved to the nucleolar
periphery and co-localise with nucleolar caps (Figure 1D, 6
h post-transfection). When interior and cap foci were quan-
tified we observed an initial wave of interior foci peaking
between 3 and 5 h followed by continuous accumulation of
cap-foci (Figure 1D, lower panel). Similar spatial behaviour
of NBS1 was confirmed using two independent cell mod-
els; the HT1080 I-Ppol cell line described above and the
AID-DIVA (DIvA) cell line (15,34) expressing the AsiSI en-
donuclease that targets an 8-bp recognition site scattered
throughout the genome and also present in rDNA (Sup-
plementary Figure S1d and e). The kinetics of nucleolar
NBSI1 segregation and intensity of NBS1 foci varied be-
tween the three systems. In particular, a less pronounced
nucleolar NBS1 response was observed in the DIVA cells,
most likely reflecting fever rDNA DSBs as the transcrip-
tional inhibition was also delayed compared to the U20S-
Cas9 cell model (data not shown). To confirm that NBS1 re-
cruitment and translocation reflect the behaviour of  DNA
we then stained for UBF, a protein bound to actively tran-
scribed rDNA and performed rDNA FISH-analysis (Fig-
ure 1E and F). We found that NBS1 overlapped with UBF
and rDNA throughout the timecourse and that NBSI is
present in all nucleolar caps. We generally used a pool of
three gRNAs (with reduced concentration of each gRNA)
but also tested that each of them individually induces IDNA
damage (Supplementary Figure S1f). To estimate the num-
ber of rDNA repeats, cleaved by the Cas9 endonuclease in
our cell model, we used qPCR to measure the fraction of
intact sequences after transfection with gRNA3 and found
that 6 h after DSB-induction 30 4 8% (SD) of the rDNA is
cleaved (Supplementary Figure S1g). The number of NBS1
foci detected, even at the earliest stages, is significantly lower
suggesting that rapidly repaired breaks may not be visu-
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alized and/or that several breaks are clustered in each fo-
cus. These results show that our CRISPR /Cas9 cell model
specifically induces DSBs in rDNA and that NBS1 can be
used as a marker to follow the lesions at early stages within
the interior of the nucleolus, through their translocation to
nucleolar caps.

The nucleolus harbours a distinct chromatin response and
NBSI recruitment mechanism after DSBs

ATM is the major coordinator of the cellular response to
DSBs and also regulates transcriptional inhibition and cap
formation in the nucleolus (20-22). We therefore examined
if induction of DSBs by the Cas9 endonuclease leads to
ATM activation in our U20S model. As expected from
previous reports, we could detect activated ATM (ATM
pS1981) in cells treated with gRNAs (Figure 2A). We then
assayed if ATM activity is required for the formation of
NBSI1 nucleolar foci and found that pre-treatment of cells
with the ATM inhibitor (KU55933) strongly inhibits NBS1
foci formation (Figure 2B). A previous study using MEFs
from histone H2AX knockout mice indicated that nucleo-
lar transcriptional inhibition is independent on H2AX (20).
Furthermore, siRNA-mediated depletion of the mediator
protein MDC1 in human cells showed only a very lim-
ited effect on rDNA transcriptional inhibition after DNA
damage (28). We therefore investigated if these factors co-
localise with NBS1 in the nucleolus after DSBs. In U20S
cells, we found a subset of cells showing ‘micro’ yH2AX
foci in the nucleolar interior co-localising with NBS1 3
and 4 h after gRNA transfection (Figure 2C, middle panel
and quantification below). However, after cap formation
(Figure 2C, lower panel) an extensive yH2AX signal co-
localising with NBSI1 could be observed in all cells. Inter-
estingly, at the nucleolar periphery the y H2AX signal even
extends into chromatin regions not associated with NBSI.
These data suggest limited phosphorylation of H2AX im-
mediately after DSBs induction but a more prominent in-
duction of yH2AX once the breaks have translocated to
the periphery and nucleolar caps have formed. We also ex-
amined the recruitment of MDC1 (Figure 2D), which we
found completely excluded from the nucleolar interior and
not co-localising with NBS1 prior to nucleolar segrega-
tion. Upon cap formation MDC1 was recruited to nucle-
olar caps where its localisation juxtaposes NBSI1 foci (Fig-
ure 2D, lower panel). Depletion of MDC1 and H2AX also
confirmed that interior NBSI foci form independently of
MDCI1 and yH2AX (Supplementary Figure S2a and b).
These observations show that the chromatin modifications
induced immediately after DSB induction, and that facili-
tate interior foci formation in rDNA, are distinct from those
induced in nuclear chromatin.

NBSI is recruited to nucleolar foci by ATM-phosphorylated
TCOF1 via SDT-like motifs

Next, we set out to investigate the mechanism underlying
NBSI1 recruitment to nucleolar DSBs. We and others have
previously described an interaction between NBS1 and the

nucleolar protein TCOF1 and their localisation to the nu-
cleolus after IR (28,29). Upon induction of rDNA DSBs in
cells, TCOF1 and NBS1 initially co-localise in the nucleolar
interior, then during translocation and also later in nucleo-
lar caps (Figure 3A). Co-localisation of endogenous NBS1
and TCOF1 was also confirmed in the DIVA cell line (Sup-
plementary Figure S3a). We then depleted TCOF1 using
siRNA, both in U20S-Cas9-NBS1-GFP (Figure 3B) and
DIVA cells (Supplementary Figure S3b), and found DSB-
induced NBSI foci in the interior of the nucleolus abro-
gated in the absence of TCOF1. As anticipated cap for-
mation was also impaired, although not completely dimin-
ished, at later time points under these conditions (Supple-
mentary Figure S3c). These results were confirmed with
two independent siRNAs against TCOF1 (Supplementary
Figure S3d). To test whether loss of NBS1 recruitment in
TCOF1-depleted cells reflects impaired cap formation we
assayed the localisation of rDNA in TCOF1-depleted cells
after IDNA DSBs. We found that TCOF 1-depleted cells re-
tain their rDNA in the interior of nucleoli and fail to segre-
gate rDNA and form nucleolar caps (Figure 3C). However,
some restructuring of rDNA still occurs after TCOF1 de-
pletion in the interior of nucleoli, possibly reflecting ATM-
mediated repression and clustering activities upstream of
TCOF1. Alternatively, residual TCOF1 may result in a par-
tial response to rTDNA DSBs. To rule out that TCOF1 de-
pletion could impair nucleolar ATM activation we exam-
ined ATM pS1981 but did not detect any impairment in the
absence of TCOF1 (Supplementary Figure S3e). In nuclear
chromatin, recruitment of NBS1 to DSBs occurs via bind-
ing of the FHA-domain in NBS1 to a phosphorylated SDT-
motif in MDCI (8,9). We previously identified three motifs
in TCOF1 that resemble the SDT-motif of MDCI capable
of binding NBS1, and showed that alteration of the serine
and threonine in these motifs, the so called STTT-mutant
(Supplementary Table S1), abrogated TCOF1-NBS1 bind-
ing in vitro (28). With functional in cellulo reconstitution we
could now show that this motif is required for the recruit-
ment of NBS1 to rDNA after DSBs, as the amount of NBS1
interior and cap foci in STTT-complemented cells were sim-
ilar to that in non-complemented TCOF1-depleted cells
(Figure 3D and Supplementary Figure S3f). Phosphopro-
teomics have identified TCOF1 as a putative ATM/ATR
substrate (35), and a previous study identified the SQ-site
at position 1199 in TCOF1 as required for recruitment of
NBSI1 into the nucleolus after IR. In our hands however,
mutation of serine-1199 to alanine only partially abrogated
NBSI recruitment into nucleoli after rDNA DSBs (Supple-
mentary Figure S3g). In total TCOF1 contains 17 SQ/TQ
sites and we therefore mutated the 17 SQ/TQ sites to AQ-
sites, creating an ATM-null mutant (Supplementary Fig-
ure S3f and Supplementary Table S1). We then performed
functional reconstitution experiments with this ATM-null
version of TCOFI1 and showed that NBS1 nucleolar foci
formation depends on ATM phosphorylation of TCOF1
(Figure 3E). In summary, we describe how NBSI is re-
cruited to rDNA by binding the SDT-like motifs of ATM-
phosphorylated TCOF1.



Nucleic Acids Research, 2019, Vol. 47, No. 15 8027

A DAPI NBS1-GFP _ TCOF1 Overlay C Overlay

oh
zoom
Oh
zoom

4h
zoom
uoDis

6h

zoom

6h

zoom

zoom

1400118

zoom

S m Control
rg . mWT
L 580 mSTTT-
g S mutant
= <60
g °
|2
g 3 40
£
= g 20
2 a o
8 S » % o 8 S > % o
Time after treatment (h) Time after treatment (h)
m Control
mWT
m ATM null-
80 xxxk mutant

3

30

s i
2820
%gw
82,
™

msiCon
msiTCOF1

xxx

n
o

(=]

Cells with interior NBS1 foci (%)

Cells with NBS1 cap foci (%)
8

Q - ™ ©

N % ™ ©

Time after treatment (h) Time after treatment (h)

o

©
Time after treatment (h)

Figure 3. NBSI is recruited to nucleolar foci by ATM-phosphorylated TCOF1 via SDT-like motifs. (A) Co-localisation of NBS1 and TCOF1 in U20S-
Cas9-NBS1-GFP cells immunostained with antibodies against TCOF1 at indicated time points after gRNA transfection. Zoomed images show details of
individual nucleoli with dotted lines marking the edge of the nucleoli. (B) Impact of TCOF1 depletion on NBS1 foci formation. Cells were treated with
control siRNA or siRNA against TCOF1 for 60 h and treated with gRNAs. Samples were immunostained with antibodies against TCOF1 to confirm
the knock down and NBS1-GFP nucleolar foci were examined. The graph below shows a quantification of the percentage of cells with interior NBSI
foci in TCOF1-depleted and control cells. Error bars represent SD, n = 3, multiple comparisons of the mean for all time points were carried out with
unpaired ¢-tests, and the two-sided P-values were adjusted using the Holm-Sidak method. Statistical significance is depicted with stars (* = 0.05-0.01,
** =0.01-0.001, *** = 0.001-0.0001, **** < 0.0001) and no legend = ns. (C) Co-localisation of NBS1 and rDNA were investigated in U20S-Cas9-
NBSI1-GFP cells, after depletion of TCOF1, by immuno-FISH at indicated time points after control vector or gRNA transfection. Zoomed images show
details of individual nucleoli with dotted lines marking the edge of the nucleoli. Note, rDNA intensities cannot be compared directly between pictures as
signal intensity has been adjusted to give a representative image of rDNA localisation. (D) Functional complementation assays. Cells were transfected with
shRNA against TCOF1 for 72 h and concomitantly complemented with an shRNA resistant control vector, wt or STTT-mutant version of TCOF1. Cells
were then transfected with gRNAs, fixed and analysed for nucleolar NBS1 foci. The graph displays the percentage of cells with NBSI interior or cap foci
(>100 cells/condition). Error bars represent SD, n = 3, multiple comparisons of the mean for all time points were carried out with unpaired #-tests, and
the two-sided P-values were adjusted using the Holm-Sidak method. Statistical significance is depicted with stars (* = 0.05-0.01, ** = 0.01-0.001, ***
=0.001-0.0001, **** < 0.0001) and no legend = ns. (E) Functional complementation as in D using the TCOF1 ATM-null mutant for complementation
(>100 cells/condition). Error bars represent SD, n = 3, multiple comparisons of the mean for all time points were carried out with unpaired #-tests, and
the two-sided P-values were adjusted using the Holm—Sidak method. Statistical significance is depicted with stars (* = 0.05-0.01, ** = 0.01-0.001, *** =
0.001-0.0001, **** < 0.0001) and no legend = ns.
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NBSI functions as part of the MRN-complex that facilitates
translocation of nucleolar DSBs to nucleolar caps

The NBS1-TCOF1 complex is required for transcriptional
inhibition in the nucleolus after DSBs (20,28) and we there-
fore carefully correlated NBS1 focus formation and inhibi-
tion of nucleolar transcription. We find that nucleolar tran-
scriptional inhibition is partial at the time of NBS|1 foci for-
mation and that complete inhibition of rDNA transcription
occurs with delayed kinetics compared to NBS1 accumula-
tion (Supplementary Figure S4a), suggesting that transcrip-
tional inhibition may rely on events downstream of foci for-
mation. We therefore tested if NBS1 is required for nucle-
olar cap formation by NBS1 depletion after rDNA DSBs.
We assayed nucleolar caps by UBF staining (Figure 4A)
and immuno-FISH detecting rDNA (Figure 4B) and found
translocation of both UBF and rDNA to be impaired after
NBSI1 depletion. These findings support a role of NBS1 in
transcriptional repression of nucleolar rDNA upon rDNA
DSBs. Previous studies, including our own, suggested that
the nucleolar role of NBS1, as a transcriptional regulator
together with TCOF1, was independent of the MRE11-
Rad50-NBS1 (MRN) complex, in which NBS1 functions
as a repair protein (28-29,36). To gain further insights into
the function of NBS1 after rDNA DSBs we therefore in-
vestigated if NBS1 functions as part of the MRN-complex
in the nucleolus after induction of  DNA DSBs. We initially
investigated MRE11 localisation in our U20S-Cas9-NBS1-
GFP cell system and despite that MRE11 foci are less pro-
nounced we could clearly detect co-localisation of MRE11
and NBSI1 in the nucleolus, both at early time points af-
ter DSB-induction, when interior foci are dominant, and
also at later time points where cap formation has occurred
(Figure 4C). The co-localisation of endogenous NBS1 and
MREI11 could also be detected in the DIVA and HT1080 I-
Ppol cell models (Supplementary Figure S4b). We then in-
vestigated the effect of MRE11 depletion on NBSI foci for-
mation. Unexpectedly, we found that MRE1 1-depleted cells
show increased accumulation of interior NBS1 foci (Figure
4D) and these foci remain trapped in the interior resulting in
a reduced number of NBS1 positive nucleolar caps (Figure
4D, lower panels). These findings were confirmed using an
independent siRNA against MREI11 (Supplementary Fig-
ure S4c). When we follow NBS1 foci after MRE11 deple-
tion using timelapse microscopy, we find that the initial foci-
stage in the interior is sustained while the segregation of
rDNA into nucleolar caps is strongly impaired (Figure 4E).
To ensure that NBSI is still bound to rDNA and repre-
sents cap formation under these conditions, we examined
the accumulation of rDNA in the interior by UBF staining
and rDNA FISH analysis in MRE11-depleted cells (Fig-
ure 4F and 4G). We find nucleolar cap formation strongly
impaired in MREI11-depleted cells. We also investigated the
recruitment of the repair protein 53BP1 that associates with
rDNA after cap formation (Figure 4F) (21,22). We did not
detect recruitment of 53BP1 to NBS1-positive nucleoli ei-
ther in MRE11-depleted cells further supporting an im-
pairment of nucleolar cap formation in response to rDNA
DSBs. In summary, these findings show that NBS1 func-
tions as part of the MRN-complex in nucleoli after rDNA
DSBs and that, in addition to ATM activation, the MRN-

complex is required for translocation of rDNA DSBs to nu-
cleolar caps.

The ATR kinase facilitates repression of nucleolar transcrip-
tion and nucleolar cap formation

Restructuring of nucleoli and localisation of rDNA to nu-
cleolar caps is driven by the inhibition of rRNA transcrip-
tion (21). To understand the role of the MRN-complex in
translocation of rDNA we measured repression of rRNA
transcription after DNA damage. We find that in MREI 1-
depleted cells rRNA transcription is maintained, even
though slightly reduced, even 4-6 h after induction of DSB,
in contrast to MRE1 1-proficient cells that repress transcrip-
tion after 2 h (Figure 5A). These results show that the
transcriptional repression mechanism, initiated by ATM
and leading to the restructuring of nucleoli, likely operates
through the MRN-complex and that this step is needed
to fully repress nucleolar transcription and to translocate
breaks to the periphery. MREI11 is known to promote the
initial steps of the DSB resection pathway and we therefore
examined if resection takes place in the interior of the nu-
cleolus. As a read-out for resection we examined levels of
RPA32 pS4/8, specifically induced by DSBs, in nucleolar
NBSI foci (Supplementary Figure S5a). We did not observe
consistent co-localisation of RPA32 pS4/8 and NBSI at the
4h time point, whereas this was much more pronounced af-
ter 6 h in nucleolar caps.

CtIP interacts with MREI1 and is also needed for re-
section (37) and we therefore examined the recruitment of
CtIP to rDNA DSBs but could only detect NBS1-CtIP co-
localisation in nucleolar caps (Supplementary Figure S5b).
We then depleted CtIP using siRNA (Supplementary Fig-
ure S5¢) and found no significant change in interior foci
but a pronounced abrogation of NBS1 accumulation in nu-
cleolar caps (Supplementary Figure S5c), suggesting that
CtIP processing of rDNA DSBs promotes NBS1-GFP as-
sociation with nucleolar caps after translocation of interior
breaks to the periphery. As previous studies have shown a
recruitment of repair factors, such as 53BP1 and BRCAI,
after DNA damage-induced cap formation (21,22), we also
examined the impact of CtIP depletion on accumulation of
DNA repair factors. CtIP depletion abrogated both 53BP1
and BRCA1 recruitment to nucleolar caps suggesting that
breaks after translocation to the nucleolar periphery are
preferentially repaired by HDR pathways (Supplementary
Figure S5¢ and d). In summary, these findings suggest that
resection primarily occurs after formation of nucleolar caps
allowing recognition of breaks by HDR factors but does not
impact on the initial steps preceding cap formation.

These findings prompted us to consider other mech-
anisms by which MREII could promote transcriptional
repression of the rDNA. Interestingly, a previous study
showed that overexpression of TopBP1 can induce ATR-
dependent silencing of nucleolar transcription (38). As the
MRN complex can function as a recruiter and activator
of the TopBP1-ATR signaling (39-42), we wondered if
ATR may be the kinase activated downstream of the MRN
complex leading to nucleolar transcriptional silencing. We
therefore examined the translocation of NBSI foci after
treatment with an ATR inhibitor and observed a similar
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Figure 4. NBSI functions as part of the MRN-complex that facilitates translocation of nucleolar DSBs to nucleolar caps. (A) Localisation of UBF in
NBSI1-depleted cells. IF analysis was conducted in U20S-Cas9-NBS1-GFP cells immunostained with antibodies against UBF at indicated time points
after gRNA transfection. (B) Localisation of rDNA was analysed in NBS1-depleted U20S-Cas9-NBS1-GFP cells by immuno-FISH at indicated time
points after gRNA transfection. Note, rDNA intensities cannot be compared directly between pictures as signal intensity has been adjusted to give a
representative image of rDNA localisation. Dotted-lines mark the edge of the nucleoli. (C) Co-localisation of MRE11 and NBSI after gRNA transfection
in U20S-Cas9-NBS1-GFP cells immunostained with antibodies against MREI11 at indicated time points. Zoomed images show details of individual
nucleoli with dotted lines marking the edge of the nucleoli. (D) Effect of MRE11 depletion on NBS1-GFP foci translocation after gRNA treatment.
U20S-Cas9-NBS1-GFP cells were depleted for MRE11 for 60 h and subsequently transfected with gRNAs and harvested at indicated time points. Samples
were immunostained with antibodies against MRE11. The graphs below show count of cells with NBS1-GFP nucleolar foci. Error bars represent SD, n
= 3, multiple comparisons of the mean for all time points were carried out with unpaired ¢-tests, and the two-sided P-values were adjusted using the
Holm-Sidak method. Statistical significance is depicted with stars (* = 0.05-0.01, ** = 0.01-0.001, *** = 0.001-0.0001, **** < 0.0001) and no legend =
ns. (E) Temporal behaviour of NBS1-GFP foci up to 10 h post-gRNA transfection in MRE11-depleted U20S-Cas9-NBS1-GFP analysed using timelapse
microscopy. Insets show enlarged individual nucleoli. (F) Co-localisation of NBS1-GFP and UBF after MRE!11 depletion were investigated in U20S-Cas9-
NBS1-GFP cells immunostained with antibodies against UBF after 0 and 6 h after control vector or gRNA transfection. Recruitment of repair proteins
was examined by concomitant immunostaining against 53BP1. (G) Localisation of rDNA was analysed in MRE11-depleted U20S-Cas9-NBS1-GFP cells
by immuno-FISH at indicated time points after gRNA transfection. Dotted-lines mark the edge of nucleoli. Note, rDNA intensities cannot be compared
directly between pictures as signal intensity has been adjusted to give a representative image of rDNA localisation.
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Figure 5. The ATR kinase facilitates repression of nucleolar transcription and nucleolar cap formation. (A) Measurements of transcription by 5-EU
incorporation in MREI11-depleted U20S-Cas9-NBS1-GFP cells treated with gRNAs at indicated time points. Prior to fixation cells were labeled with 5-EU
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cells were treated with the indicated ATR inhibitor and transfected with gRNAs. Samples were harvested at indicated time points and immunostained with
antibodies against MRE11. Zoomed images show details of individual nucleoli with dotted lines marking the edge of the nucleoli. (C) Count of cells with
NBSI1-GFP interior nucleolar foci from experiments carried out as in b using three ATR inhibitors. Error bars represent SD, n = 3, multiple comparisons
of the mean for all time points were carried out with unpaired z-tests, and the two-sided P-values were adjusted using the Holm-Sidak method. Statistical
significance is depicted with stars (* = 0.05-0.01, ** = 0.01-0.001, *** = 0.001-0.0001, **** < 0.0001) and no legend = ns. (D) Temporal behaviour of
NBSI-GFP foci up to 10 h after gRNA transfection combined with ATR inhibition (VE821) analysed using timelapse microscopy. Insets show enlarged
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to fixation cells were labeled with 5-EU and samples were subsequently processed with Click-iT chemistry. (F) Recruitment of repair proteins after ATR
inhibition. Staining patterns of NBSI-GFP, BRCA1 and 53BP1 were analysed by immunostaining with antibodies against BRCA1 and 53BP1 in cells
treated with ATR inhibitor and gRNA.



phenotype to that of MREI1-depleted cells with increased
accumulation of rDNA in the nucleolar interior (Figure
5B). We extended these investigations using three differ-
ent ATR inhibitors (VE821, AZ20 and BAY 1895344) and
found that all three inhibitors led to the accumulation of
interior nucleolar foci (Figure 5C). We also followed cells
treated with an ATR inhibitor using timelapse microscopy
and observed an extended period of small mobile inte-
rior NBS1-GFP foci resembling the behaviour of MRE11-
depleted cells (Figure 5D). We then tested if ATR inhibitors
impair MRE11 foci formation, but found that MREI11 is
recruited to nucleolar foci as in control cells (Figure 5B),
supporting the notion that ATR signaling is functioning
downstream of the MRN complex. Consistently, treatment
with ATR inhibitors also impaired transcriptional silenc-
ing similarly to MREI1 depletion (Figure 5A and E). No-
tably, when we examined BRCA1 and 53BP1 accumula-
tion in cells treated with ATR inhibitors, we noticed an in-
creased accumulation of BRCAL in the interior nucleolar
space but did not detect any changes in 53BP1 recruitment
(Figure 5F). These findings indicate that impaired segrega-
tion may influence the compartmental association between
rDNA and repair factors such as BRCAL1. In summary, we
identify a downstream role of ATR required for inhibition
of rRNA transcription and for the formation of nucleolar
caps to facilitate HDR.

Deregulation of rDNA repair undermines genomic integrity
and cell viability

To understand the consequences of dysfunctional regula-
tion of rDNA repair we examined the global cellular re-
sponse to rDNA damage. Unexpectedly, immunoblot anal-
ysis of checkpoint protein activation showed that while
ATM becomes activated by rDNA DSBs, it activates neither
the checkpoint kinase CHK 1 nor CHK?2, detected by phos-
phorylation of serine-317 and threonine-68, respectively
(Figure 6A). Likewise, we found no activating phosphoryla-
tion of KAP1 (phosphorylation of serine-824) (Figure 6A).
These findings show that the n-DDR signaling in response
to rDNA DSBs does not induce a global checkpoint re-
sponse, contrary to DSBs that occur in nuclear chromatin.
If rDNA DSBs do not initiate signaling cascades they po-
tentially also fail to activate cellular checkpoints. To test this
hypothesis, we synchronised cells using nocodazole and re-
leased them for 12 h. We then transfected them with gRNA
or exposed them to 5 Gy of IR to induce DSBs and followed
their progression through G2, M and into the following
G1 phase (Figure 6B and Supplementary Figure S6a). Cells
treated with 5 Gy of IR progress through S phase (3 h post-
damage) until they reach the G2/M border where they ar-
rest (6 and 15 h post-damage). In contrast, cells with rDNA
DSBs behave similarly to control cells, progressing through
mitosis and continuing into the subsequent G1 with no in-
dications of cell-cycle arrest (6 and 15 h post-damage). To
exclude that this phenotype is specific to the U20S cell line
we also examined cell-cycle progression in human embry-
onic kidney 293T (HEK 293T) cells following rDNA dam-
age. In the HEK 293T cells induction of rDNA DSBs also
did not activate a G2/M checkpoint response (Supplemen-
tary Figure S6b). These findings reveal that rDNA DSBs
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only activate a localised ATM response that is not trans-
mitted to the surrounding nucleus and does not activate an
acute checkpoint response.

The lack of checkpoint activation suggests that cells will
progress through mitosis with damaged rDNA. We there-
fore speculate that abrogation of the n-DDR-mechanisms
that ensure accurate processing of DSBs may become toxic
to cells. We depleted TCOF1 or MRET11 prior to induction
of rDNA DSBs and followed cells for 12 h after damage in-
duction. Both in cells depleted of TCOF1 and MREI11, we
found a clear increase in the number of cells with abnor-
mal nuclear morphology (Figure 6C). We divided the ab-
normal nuclear morphology into the following categories:
apoptotic cells, micronuclei and dead cells. For all three
phenotypes we found that depletion of MRE11 or TCOF1
in combination with gRNAs lead to a significant increase
12 h after gRNA treatment compared to control samples.
These findings suggest that both the initial coordination by
TCOF! and the downstream role of MREI11 are essential
for maintenance of genome integrity and cellular survival
upon rDNA DSBs.

DISCUSSION

In this study we describe the molecular pathway coordi-
nating nucleolar DDR signaling and repair of DSBs in
the highly transcribed rDNA sequences. We conclude that
ATM phosphorylates the nucleolar protein TCOF1, which
functions as a damage-induced docking platform for the
NBS1-subunit of the MRN complex through binding of
the STTT-motifs and ATM-mediated phosphorylation sites
in TCOF1. Recruitment of the MRN complex is required
to translocate rDNA DSB from the interior to the periph-
ery of the nucleolus, documented by insufficient repression
of IDNA transcription in MRE11-depleted cells. In the n-
DDR pathway described here, in addition to ATM, the
ATR kinase is required to fully suppress nucleolar tran-
scription and facilitates nucleolar cap formation (Figure
6D). Furthermore, unlike the canonical DSB response to IR
(40), we show that the nucleolar DSB-induced ATM-ATR
pathway does not activate CHK1/CHK2 kinases and, con-
sequently, fails to evoke the cellular checkpoint response.
Nevertheless, the nucleolar DDR plays an important role
in guarding genome integrity.

In the canonical DDR the MRN complex is recruited to
sites of DSBs either by direct binding to DNA or by inter-
action with the mediator protein MDCI1 (7). In this study
we find MDCI1 exclusion from the nucleolus and show that
in rDNA the nucleolar protein TCOF1, recruits the MRN
complex to DSBs. Depletion of TCOF1 completely abro-
gates NBS1 localisation to the nucleolus and direct binding
of DSBs in rDNA could not be detected (Figure 3B) as it
has been suggested in nuclear chromatin (43). Interestingly
TCOF1 contains structural motifs that resemble the NBS1-
binding domain in MDCI (8,9) and we show that deletion
of four serines/threonines prevent NBS1 recruitment to the
nucleolus upon rDNA DSBs. These findings suggest that
TCOF]1 functions as a nucleolar paralog of MDCI to facil-
itate MRN association with sites of DNA damage.

TCOF1 is abundant throughout the entire rDNA region
and one question of interest is how NBS1 recruitment is lim-
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Figure 6. Deregulation of rDNA repair undermines genomic integrity and cell viability. (A) Analysis of acute checkpoint activation in U20S-Cas9-NBS1-
GFP cells treated either with control vector or specific gRNAs. Samples were harvested at indicated time points for western blot analysis and activation of
ATM was detected with an antibody against its modified form (pS1981 ATM). Activation of downstream targets of ATM and ATR were analysed using
phospho-specific antibodies against CHK 1, CHK2 and KAP1. SMCI was included as a LC. IR-treated cells were included as a positive control. (B) G2/M
checkpoint analysis. Cells were arrested in G2 with nocodazole, shaked off and released into the cell cycle. Twelve hours after release cells were treated with
gRNAs or IR (positive control), labeled with EQU and harvested 15 and 27 h post-release. Samples were stained with DAPI and EdU incorporation was
detected using Click-iT chemistry and analysed by quantitative image-based cytometry. The pie charts show the distribution of cells between G1, S and
G2/M. (C) Phenotypes associated with a dysfunctional n-DDR. U20S-Cas9-NBS1-GFP cells were treated with siRNAs against MRE11 and TCOF1, then
treated with gRNAs and harvested at indicated time points. Three abnormal phenotypes were observed; micronuclei, apoptotic and dead cells represented
in the image panel. These phenotypes were scored, and the data are presented in the graphs. Error bars represent SD, n = 3, multiple comparisons of
the mean for all time points were carried out with unpaired 7-tests and the two-sided P-values were adjusted using the Holm-Sidak method. Statistical
significance is depicted with stars (* = 0.05-0.01, ** = 0.01-0.001, *** = 0.001-0.0001, **** < 0.0001) and no legend = ns. (D) Proposed model of
pathways coordinating the nucleolar DDR. rDNA DSBs activate the ATM kinase and induce ATM-dependent phosphorylation of TCOF1 to promote
recruitment of the MRN complex and partial repression of rDNA transcription. In addition to ATM, consecutive ATR kinase activity is then required to
fully repress transcription of rDNA and facilitate nucleolar cap formation.



ited to specific regions after rDNA DSBs. We find that abro-
gation of the 17 SQ/TQ motifs, representing potential ATM
phosphorylation sites in TCOF]1, prevents recruitment of
NBS1 after DSB induction (Figure 3D). We therefore pro-
pose that activation of ATM leads to local phosphorylation
of TCOF1 that enables MRN recruitment specifically to
DSB-associated chromatin regions. This mechanism resem-
bles that of yH2AX-MDCI-MRN in nuclear chromatin,
but in nucleolar chromatin TCOF1 is both the ATM tar-
get as well as the direct interaction partner of NBS1, while
vyH2AX is less critical for the interior nucleolar response.

Previous studies have described ATM activation as the
driving force leading to transcriptional inhibition and
rDNA relocalisation into nucleolar caps (20-22,28,44). It
was therefore unexpected that depletion of MREI1I pre-
vented the translocation of breaks from the nucleolar in-
terior to the periphery (Figure 4D). An obvious explana-
tion could be impaired ATM activation, yet we see equiva-
lent and even sustained accumulation of NBS1, a response
dependent on ATM activity (Figures 2B and 4D). MRE11
could facilitate translocation by several other means and
our data suggest that this likely involves the ATR kinase.
However, the interplay between MRE11 and ATR is cur-
rently not clear and will be a topic for further investiga-
tion. MREI1 can activate ATR in nuclear chromatin by
generation of a single-stranded substrate and recruitment
of TopBP1 (39-40,42). Interestingly, high levels of TopBP1
were shown to silence nucleolar transcription in an ATR de-
pendent manner (38) suggesting that a similar mechanism
operates in the nucleolus. Several ATM/ATR targets have
been identified in the nucleolus and ATR may therefore play
a role downstream of ATM to silence rRNA transcription.
Notably, a broadly analogous two-step activation mecha-
nism for ATM and ATR has been described in response
to IR in nuclear chromatin (40). Further investigations will
clarify to what extent these observations are transferrable to
the nucleolar DDR. The role of ATR in repression of nucle-
olar transcription does not exclude a continued requirement
for the ATM kinase in formation of nucleolar caps, and the
precise interplay between the kinases and their respective
targets remains a topic of investigation. The experiments in-
cluded in this study, examining the role of ATR in repair of
nucleolar DSBs has been conducted using the Cas9/gRNA
for induction of DSBs. Further investigations of this mech-
anism should include DSBs induced by other means includ-
ing other endonucleases and/or IR to assay its applicability
to a broader range of DSBs.

Interestingly, NBS1 and MREI1 have previously been
linked to clustering of DNA breaks in actively transcribed
sequences (45) that coincide with delayed repair. Together
with our present findings, this suggests that the repair path-
way described here in rDNA might generally be used by ac-
tively transcribed sequences.

At last, we show that nucleolar activation of ATM and
ATR does not activate the canonical signaling cascades as
judged from the lack of CHK1, CHK2 and KAPI1 acti-
vation (Figure 6A) and does not induce cell-cycle arrest
at the G2/M border. This may be due to local activa-
tion of ATM in nucleoli, also reported after localised mi-
cro laser-irradiation (20), leading to physical separation of
ATM/ATR and their substrates, as we cannot detect neither
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of the CHK -kinases in purified nucleoli (data not shown).
As the rDNA is intrinsically error-prone this mechanism
may have developed to make ribosome biogenesis compati-
ble with proliferation.

In previous studies, including work in which we have
been involved, MREI1Il could not be detected in ion-
izing radiation-induced nucleolar foci (28,29), whereas
MREI11 co-localises with NBS1 in nucleolar foci induced
by CRISPR/Cas9. An explanation for this is possibly
that IR induces a wave of damage that does not immedi-
ately lead to nucleolar restructuring. Damage induced by
CRISPR/Cas9 is sustained and induces break clustering,
translocation and cap formation. It is therefore possible that
clustering of breaks is necessary to bring MRE11 above the
detection level. In addition, the repair pathway choice may
influence the recruitment and detection of MRE11 in nucle-
olar foci.

The major advantage that can be envisaged from nucleo-
lar restructuring is the separation of ribosomal RNA genes
from different chromosomes prior to HDR repair as has al-
ready been proposed (14). Physical separation of chromo-
somes can prevent inter-chromosomal recombination that
would have fatal consequences in mitosis and lead to the
loss of large amounts of genetic material. A two-step mech-
anism of the repair process may reflect an initial attempt
to repair the breaks by NHEJ] in the interior and only when
such attempts fail breaks are translocated to nucleolar caps.
In agreement with this hypothesis NHEJ factors such as
DNA-PKcs, XRCC4 and Ku80 can be found in the interior
of nucleoli after DSB induction (46) (and data not shown).
This could also explain the initial mobile and dynamic fo-
cal pattern observed prior to translocation of breaks. The
consequences of a compromised nucleolar-DDR still await
further investigations both with regards to cell physiology
and its suggested involvement in disease (47). Our data show
that the n-DDR is of outmost importance for overall cel-
lular survival and that depletion of nucleolar repair fac-
tors lead to pronounced chromosomal abnormalities and
increase in cell death.
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