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Abstract

PML, a multifunctional protein, plays a crucial role in forming PML nuclear bodies, which are
involved in various cellular processes, including stress responses. Under specific conditions,
PML associates with nucleoli, forming PML nucleolar associations (PNAs). However, the
stimuli leading to PNAs formation are unknown. Here we investigated these stimuli by
exposure of cells to various genotoxic stresses. We reveal that the most potent inducers of
PNAs share the ability to inhibit topoisomerases and RNA polymerase 1. The inhibition of
DNA double-strand break (DSB) repair augmented the occurrence of PNAs linking the
stimulus for PNAs formation to unresolved DNA damage. The most potent treatment,
doxorubicin, introduced DSBs into the rDNA locus. PNAs co-localized with damaged rDNA,
sequestering it from active nucleoli. Using rDNA locus cleavage by I-Ppol, we proved that
rDNA damage is a potent PNAs-inducing stimulus. Blocking homology-directed DSB repair
(HDR), but not non-homologous end-joining (NHE]) enhanced PNAs formation, identifying
HDR as a PNAs modulator. Our findings have implications for genome stability and diverse
diseases and indicate that PNAs form when difficult-to-repair rDNA DSBs occur in nucleoli,
highlighting the interplay between the PML/PNAs and rDNA alteration caused by deficiencies
in topoisomerases, inhibition of RNAPI, and rDNA DSBs destined for HDR.
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This useful work provides insight into the formation of associations between the
nucleolus and Promyelocytic leukemia nuclear bodies (PML-NBs). The work showed
that these associations depend on both the formation of DNA double-strand breaks
and the impaired RNA Polymerase I transcription, and also is modulated by the
homologous recombination. The evidence supporting the claims is incomplete and
the paper needs more experimental support on the dynamics of the association and
mechanistic insight into the signaling for its formation.

Introduction

Promyelocytic leukemia protein (PML) was initially studied in the context of acute promyelocytic
leukemia (APL), where specific chromosomal translocation t(15;17) occurs, resulting in the fusion
of the PML gene with the retinoic acid receptor alpha (RARa) (1 4,2 (%). The PML-RARa fusion

PML possesses diverse functions primarily associated with various stress response pathways.
Notably, the complexity of PML’s activities is evident in cancer biology, where it exhibits a dual
role as both a tumor suppressor and a tumor promoter, depending on the cellular context and the

PML gene encodes seven splicing isoforms with shared N-terminus and variable C-termini,
conferring the individual isoforms with different properties and functions (4% -6 2). PML is

diverse functions, including induction of cell cycle arrest, cellular senescence, apoptosis,
participation in anti-viral responses, chromatin modification, transcriptional regulation,
proteasomal degradation, and metabolic regulation (reviewed in (8 2,9 %)). Two functions of PML
are tightly linked to homology-directed DSB repair (HDR). First, PML-NBs house several HDR
proteins, associate with persistent DNA damage foci, and PML depletion leads to decreased
survival upon DNA damage requiring HDR-mediated repair (10%-14(%). Second, PML is essential
for forming APBs (alternative lengthening of telomeres-associated PML bodies), compartments in
cells lacking telomerase, where telomeres are maintained via HDR-based mechanisms
(155,16C2).

The nucleolus is the membrane-less organelle in the nucleus functionally dedicated to pre-rRNA
synthesis and ribosome biogenesis (reviewed in (17 (2)). In a human cell, there are approximately

300 copies of rDNA genes organized in tandem repeats, consisting of the 47S pre-rRNA (13 kb) and
an intergenic spacer (30 kb) (18(2). The rDNA arrays are flanked by two mostly heterochromatic

are also called nucleolar organizing regions (NORs). It was reported that DJs presumably serve as
NORs’ anchors at the border of the nucleolus and fundamentally influence the nucleolar
collisions between intensive pre-rRNA transcription and replication, inducing rDNA damage

(24 @); ii) the intrinsic predisposition of rDNA repeats to recombination events that can occur in

regions within the same nucleolus that under specific circumstances might induce
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major DNA double-strand break (DSB) repair pathways, NHE] and HDR, are involved in the repair
of rDNA. The choice of the specific pathway depends on several factors and is still largely
enigmatic. One of the hypotheses points out the importance of a damage threshold (reviewed in
(27 @)). According to this notion, a low amount of uncomplicated DNA DSB generated, e.g., by

homing endonucleases I-Ppol or AsiSI, can be repaired quickly by NHE] inside the nucleolus
without the concomitant RNAPI inhibition (28 2,29 (). In contrast, more complex and longer-

Under certain stress conditions, PML can accumulate on the border of the nucleolar cap or form
spherical structures containing nucleolar material next to the nucleolus, termed collectively PML
nucleolar associations (PNAs). PNAs formation was observed in response to different types of
genotoxic insults (31 % -34 (), upon proteasome inhibition (35), and in replicatively senescent

PNAs inducers, provokes a dynamic interaction of PML with the nucleolus, where the different
phases linked to RNAPI inhibition can be discriminated into four basic structural subtypes of PNAs
termed according to the 3D structures obtained by super-resolution microscopy as PML ‘bowls’,
PML ‘funnels’, PML ‘balloons’ and PML nucleolus-derived structures (PML-NDS; (36 2)). The
doxorubicin-induced inhibition of RNAPI leads to a nucleolar cap formation around which diffuse
PML accumulates to form the PML bowl. Note that this event is rare as a minority of nucleolar
caps are enveloped by PML (36 (2). As the RNAPI inhibition continues, PML bowls protrude into
PML funnels or transform into PML balloons wrapping the whole nucleolus. When the stress is
relieved and RNAPI resumes activity, a PML funnel transforms into distinct compartments placed
next to the non-segregated (i.e., reactivated) nucleoli, PML nucleolus-derived structures (PML-
Recently we unraveled that PML exon 8b and the SUMO-interacting motif (SIM) are the only
domains responsible for the recognition of nucleolar cap and that this association is tightly

regulated by p14RF-p53 and CK2 (37 ). Notably, exon 8b is unique for the PML IV isoform that

determinants regulating the interaction with the nucleolus (nucleolar cap) are dispensable for the
interaction of PML with persistent DNA DSBs after ionizing radiation (IR)(37 ), pointing again to
the fine regulation of this interaction. Importantly, this specific interaction was observed after
such diverse treatments as inhibition of the proteasome or exposure to doxorubicin and
actinomycin D. Detailed knowledge about the molecular basis of signals inducing PNAs would help

to understand this still enigmatic structure.

In this study, we investigated the nature of stimuli that signal the formation of PML-nucleolar
associations. By analyzing factors involved in various cellular processes, such as inhibition of
TOP2, TOP1, and RNAPI, replication stress, ionizing radiation, or proteasome inhibition, we
defined features shared by stimuli leading to the formation of PNAs. In addition, as PNAs were
found to associate with markers of DSB response, we examined how the cleavage of rDNA by
endonuclease I-Ppol or modulation of DNA repair pathways affect the generation of PNAs. Based
on our findings, we proposed that the induction of PML-nucleolar associations is primarily driven
by topological stress and complex DNA damage, the repair of which relies on HDR.
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Simultaneous inhibition of topoisomerases and RNA polymerase I

induces PML-nucleolar interaction

To investigate the nature of signals triggering the formation of PNAs, we treated human
telomerase-immortalized retinal pigment epithelial cells (RPE-1"TERT) with a range of compounds
affecting various cellular processes, including RNA polymerase I inhibitors, DNA topoisomerase I
and II inhibitors, DNA-damaging agents, and compounds affecting pre-rRNA processing, etc. (see
Supplementary Table 1). To identify features shared by the stimuli that trigger PML-nucleolar
interactions, we quantified the number of nuclei with PML-nucleolar interactions (for overview of
PNAs types, see Figure 1A ) and followed several other parameters for each agent after 48-hour-
long exposure (see Figure 1B@ and Supplementary Figures 1A-E), such as the segregation of
subunit of RNAPI PAF49 (as a readout of RNAPI inhibition), phosphorylation of serine 139 on
histone H2AX (yH2AX foci, as a marker of DNA DSBs), stabilization of p53 protein levels (as an
indicator of DNA damage response and cellular stress), and changes in levels of DNA
topoisomerases I and II alpha (TOP1 and TOP2A).

Induction of replication stress by hydroxyurea and aphidicolin, inhibition of pre-rRNA processing
by 5-FU (also referred to as antimetabolite), MG-132 (mainly used as proteasome inhibitor), and
roscovitine (used as MAP-kinase inhibitor), generation of DNA damage by ionizing radiation (IR,
10 Gy) and thymidine analog bromodeoxyuridine (BrdU), and elevation of PML expression by
IFNy had little to no effect on triggering PNAs (<1% of cells; Figure 1B @) indicating that stimuli
leading to sole stabilization of p53 (Supplementary Figure 1C) or expression of PML are
insufficient to signal for induction of these structures. Furthermore, none of these treatments
caused segregation of PAF49, and if any PNAs were found, then only the PML-NDS (i.e., the specific
variant of PNAs present next to the non-segregated nucleolus; see Figure 1A ). In contrast,
inhibitors of RNAPI and DNA topoisomerases were potent inducers of PNAs (Figure 1B(2). Further
evaluation of the data demonstrated that the propensity for PNAs formation was highest (>5% of
cells) for compounds that simultaneously inhibited RNAPI and downregulated TOP2A (Figure

1B (@, Supplementary Figures 1A and D). For instance, the TOP2 inhibitors doxorubicin and
aclarubicin, and the TOP1 inhibitors camptothecin (CPT) and topotecan (TPT) inhibited RNAPI (as
indicated by PAF49 segregation), induced the degradation of TOP2A, and generated PNAs in 22%,
12%, 17%, and 13% of cells, respectively. Notably, upon exposure to TOP1 inhibitors (CPT and TPT),
only the highest tested concentration (50 uM) induced segregation of PAF49 and a high number of
nuclei with PNAs (see Supplementary Figures 1F and G), indicating that the signal necessary for
the emergence of PNAs is concentration dependent. The requirement for concurrent inhibition of
RNAPI and TOP2A activity to achieve the highest number of PNAs was further highlighted by
treatment with oxaliplatin and etoposide. Oxaliplatin, primarily reported as a DNA cross-linker,
exhibited a combined effect on RNAPI inhibition and TOP2A downregulation, resulting in a high
number of PNAs (12%). On the other hand, etoposide, a TOP2 poison, did not inhibit RNAPI even at
a concentration of 50 pM (see Supplementary Figure 1F and G) and induced PNAs (predominantly
in the form of PML-NDS) in less than 5% of cells (see Supplementary Figures 1F and G). We also
tested three different inhibitors of RNAPI: actinomycin D (AMD), BMH-21, and CX-5461. All three
inhibitors induced a decline of TOP2A but not TOP1 protein level. Notably, after prolonged, 2-day-
long treatment, only BMH-21 and AMD robustly inhibited RNAPI, whereas CX-5461 did not. BMH-
21 was one of the most potent inducers of PNAs, with 20% of cells with this structure present after
treatment. In contrast, AMD and CX-5461 induced a comparable number of cells with PNAs (6%
and 4%, respectively), ranking these treatments among weaker inducers of PNAs. Furthermore,
despite the high number of cells with PNAs in the population, BMH-21 and aclarubicin evoked a
modest amount of yH2AX foci, indicating that the amount of DNA DSBs is not the primary factor
signaling the formation of PNAs. In the same vein, IR, etoposide, and CX-5461 exposure induced
high levels of yH2AX foci without concomitant occurrence of higher numbers of cells with PNAs,
which in all cases, remained below the 5% of the cell population. These findings suggest that
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Figure 1.

PNAs formation after diverse stress-inducing stimuli and topoisomerase downregulation.

(A) Structural types of PML nucleolar associations (PNAs) - ‘bowls’, ‘funnels’, ‘balloons’, and PML nucleolus-derived
structures (PML-NDS) occurring in RPE-11TERTce||s after treatment with 0.75 MM doxorubicin detected by indirect
immunofluorescence with anti-PML antibody (green) and counter-stained with TOTO-3 (red, for nucleoli visualization) and
DAPI (blue). Scale bar, 10 um. (B) Quantification of the percentage of RPE-1TERTcells containing PNAs, 48 hours after
treatment with various stress-inducing stimuli. The stress stimuli were divided into five categories according to their
mechanism of action: 1) inhibitors of topoisomerases, 2) inhibitors of RNAP I, 3) inhibitors of pre-RNA processing, 4) inductors
of replication stress, and 5) other stressors. p53 stabilization, yH2AX foci formation, PAF49 segregation, and TOP1 or TOP2a
decline have been assessed for each treatment. (C) The pattern of PML (green) and B23 (red) in RPE-1""ERTcells, visualized by
indirect immunofluorescence, after transfection with esiRNAs targeting topoisomerases 1 and 2alpha, with siRNA targeting
topoisomerase 2beta, or with non-targeting siRNA, respectively. Scale bar, 10 pm. (D) RPE-17TERT cells were pre-treated with
10 nM AMD for 5 hours or with 5 yM CX-5461 for 2 hours to inhibit RNAPL The cells were then treated with 0.375 pM or 0.75
UM doxorubicin or transfected with esiRNA targeting TOP1 for 48 hours. The bar graphs show the percentage of cells
containing either PML-NDS or bowls/funnels/balloons for three independent experiments (graph 1), for a single experiment
(graph 2), or for three biological replicates (graph 3). Results are presented as a mean = s.d.
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simultaneous impairment of TOP2A/topoisomerases and RNAPI activity enhance the signal for
PML-nucleolus association. In contrast, the level of DNA DSBs does not correlate with the
stimulation of the PML nucleolar interaction.

7 eLife

To investigate whether the signal for PNAs formation is directly linked to the abrogation of
topoisomerase function and to exclude the possibility of non-specific effects of topoisomerase
inhibitors, we downregulated TOP1, TOP2A, and TOP2B, respectively, by RNA interference.
Downregulation of TOP1 or TOP2A, but not TOP2B (see Supplementary Figure 1H for knockdown
efficiency; note two different siRNA targeting TOP2B were tested), induced the formation of PNAs
(Figure 1C@). Interestingly, in the first few days after the downregulation of TOP1, RNAPI
remained active, and only PML-NDS were present (Figure 1C% and Supplementary Figure 1I).
However, at later time points (three and six days), RNAPI gradually became segregated and
different types of PNAs, such as funnels and bowls, emerged (Supplementary Figure 11). These
results suggest that the signal for PNAs is directly linked to the loss of topoisomerase function,
particularly TOP1 and TOP2A.

Based on the above findings, we proposed that PNAs generation is due to a change in DNA
metabolism resulting from the combination of active pre-rRNA transcription and reduced
topoisomerase activity. To test this hypothesis, we inhibited RNAPI activity using AMD or CX-5461
before adding doxorubicin or downregulating TOP1 (esiTOP1). The efficacy of RNAPI inhibition
was confirmed by 5-FU incorporation (Supplementary Figure 1] and K). Surprisingly, in both cases,
the cessation of pre-rRNA transcription before inhibition/downregulation of topoisomerases led to
more PNAs than treatment with doxorubicin or TOP1 downregulation alone (Figure 1D (@). These
results suggest that ongoing pre-rRNA transcription and subsequent treatment-induced collision
are unnecessary to induce PNAs.

Overall, our data indicate that the defects in topoisomerase activity associated with the inhibition
of RNAPI, but not collision with the ongoing rRNA transcription, represent the most potent signals
for the association of PML with the nucleolus.

Induction of PNAs is augmented by the inhibition of specific DNA
repair pathways

After analyzing these and our previous data (36 (2,37(%), we argued that accumulated (r)DNA
damage is responsible for prolonged RNAPI inhibition, leading to the association of PML with
nucleoli. To verify this assumption, we examined whether modifying DNA repair pathways could
impact the development of PNAs caused by doxorubicin. First, we inhibited HDR in RPE-1PTERT
cells with B02, a compound that blocks RAD51 filament control of homologous strand
displacement (inhibitor of RAD51; (38 (%)). Initially, we applied a 0.75 pM concentration of
doxorubicin, which generated the highest number of PNAs (Figure 1B(%), in combination with
increasing doses of B02 (5, 10, and 20 uM; see Supplementary Figures 2A and B for the effect of B02
on RAD51 foci formation). Although the total number of PNAs was not significantly altered, we
observed an increased proportion of balloon-like PNAs (Supplementary Figure 2C-E), which are
predominantly associated with RNAPI inhibition (36 (2). This indicates that inhibition of HDR
shifted the dynamics of PNAs’ progression toward early phases and that HDR is involved in DNA
repair of doxorubicin-induced DNA damage. However, the combined treatment caused increased
cell death, preventing further follow-up during recovery. Therefore, we also tested the
combination of B02 with lower concentrations of doxorubicin (0.375 uM and 0.56 pM; Figure 2A-
D@). Co-treatment with 20 pM B02 for 48 hours significantly increased the number of cells with
PNAs compared to doxorubicin alone (Figure 2A (%) and altered the proportion of specific PNAs
subtypes (Figure 2B®) toward the forms linked with RNAPI inhibition and nucleolar cap
formation (36 2). These effects were concentration-dependent. While 0.375 pM doxorubicin alone

induced predominantly formation of PML-NDS, adding 20 uM BO02 resulted in a higher occurrence
of bowl-, balloon-, and funnel-like PNAs. This shift to the presence of balloon-like PNAs linked with
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the disappearance of PML-NDS was even more augmented by the higher dose of doxorubicin (0.57
uM) combined with 20 pM B02. These findings indirectly suggest that doxorubicin exposure and
inhibition of RAD51/HR caused, besides the elevated number of PNAs, the effective suppression of
RNAPI activity.

7 eLife

Next, we analyzed the effect of HDR inhibition by B02 on the distribution of PNAs in the recovery
phase, i.e., four days after doxorubicin removal when the last stage of PNAs, PML-NDS, prevails
(Figure 2E-G (). Adding 20 pM B02 to 0.56 uM and 0.375 uM doxorubicin significantly increased
the number of PML-NDS (as shown in Figure 2E ). This result indicates that inhibiting
RAD51/HDR during doxorubicin treatment affects the dynamics of PNAs during the initial
exposure period (two days) and during the recovery phase, likely due to defects in DNA break
repair by HDR.

To investigate the contribution of NHE] in the formation of doxorubicin-induced PNAs, we utilized
a DNA PK inhibitor, Nu7441, to block the activity of DNA-dependent protein kinase (DNA PK), a
kinase involved in NHE]J (39 ). The DNA PK inhibition with Nu7441 in combination with three
concentrations of doxorubicin (0.375, 0.56, and 0.75 uM) did not significantly affect the proportion
of nuclei with PNAs (Supplementary Figure 2F and G; for the effect of 1 uM Nu7441 on efficiency
of DNA DSB repair see Supplementary Figures 1H and I), indicating that the inhibition of NHE] is

not associated with the formation of doxorubicin-induced PNAs.

The results obtained from the previous experiment indicated that doxorubicin-induced DNA
damage is repaired preferentially by HR, and inhibition of this repair pathway positively affected
PML nucleolar interaction. To investigate whether similar effects could be observed after DNA
damage that utilizes different repair pathways, we selected etoposide. Repair of etoposide-induced
DNA damage depends on TDP2, an enzyme that removes trapped topoisomerase II from the DNA
treatment by RNA interference (Supplementary Figure 2]) and analyzed PML distribution by
indirect immunofluorescence. RNAPI was not inhibited, and only PML-NDSs were present in
nuclei (Supplementary Figure 2K and L). However, the number of nuclei with PML-NDS
significantly increased (Figure 2H (@), suggesting that persisting DNA damage can be the source of
PNAs - PML-NDS.

Our findings suggest that inhibiting RAD51 during doxorubicin treatment or downregulating TDP2
during etoposide treatment induces a higher number of PNAs. Furthermore, since modulation of
DNA repair affected PML nucleolar interaction, it can be assumed that the persistent (r)DNA
damage generates a signal for PML interaction with the nucleolus.

Doxorubicin treatment induces PML wrapping around damaged

rDNA loci and distal junctions of acrocentric chromosomes

It has been previously demonstrated that PNAs induced by doxorubicin co-localize with rDNA,
rDNA-interacting proteins, and DNA damage markers (36 3,37 ). Since inhibiting DNA repair
pathways after treatment with doxorubicin and etoposide altered PNAs formation, we
hypothesized that the generation of PNAs is associated with direct damage to the rDNA locus
rather than with general genomic DNA damage. To test this hypothesis, we conducted an immuno-
FISH experiment to examine the co-localization of rDNA with a marker of DNA DSBs.
Furthermore, to obtain a better understanding of the localization of rDNA loci in the chromosomal
context and to discriminate individual nucleolar caps, we utilized besides rDNA probes also
probes that hybridize with distal junction (D]), a region situated on the telomeric end of the rDNA
repeats and previously used as a marker of individual NORs (see the scheme in Figure 3A®;
19@)).
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Figure 2.

Inhibition of DNA repair augmented the PNAs formation.

RPE-1"TERT cells were treated with doxorubicin and three concentrations of B02 or with etoposide after downregulation of
TDP2 by RNA interference. After the treatment, the PML (green) and nucleolar marker B23 (red) were visualized by indirect
immunofluorescence and wide-field fluorescent microscopy, and a number of nuclei with PNAS were analyzed. (A) The bar
graph represents the percentage of nuclei with PNAs after 2-day-long treatment with doxorubicin (0.375 pM or 0.56 uM),
three concentrations of B02 (5, 10, and 20 uM), and corresponding concentrations of DMSO as a mock. (B) The bar graph
represents the distribution of individual types of PNAs after the same treatments as in shown in (A). (C) Representative cells
after 2-day-long treatment with 0.375 uM doxorubicin combined with 20 pM B02 or 0.1% DMSO (mock). (D) Representative
cells after 2-day-long treatment with 0.56 uM doxorubicin combined with 20 uM B02 or 0.1% DMSO (mock). (E) The bar graph
represents the percentage of nuclei with PNAs after 4 days of recovery from 2-day-long treatments with doxorubicin (0.375
pM or 0.56 pM) together with three concentrations of B02 (5, 10, and 20 uM), and corresponding concentrations of DMSO. (F)
Representative cells after 4 days of recovery from 2-day-long treatment with 0.375 pM doxorubicin combined with 20 uM B02
or 0.1% DMSO (mock). (G) Representative cells after 4 days of recovery from 2-day-long treatment with 0.56 pM doxorubicin
combined with 20 uM B02 or 0.1% DMSO (mock). (H) The bar graph represents the percentage of nuclei with PNAs after 2-
day-long treatment with 5 yM etoposide in cells where TDP2 was downregulated by RNA interference. In all experiments, at
least three biological replicates were evaluated. Results are presented as a mean + s.d. Student’s t-test was used for statistical
evaluation. Asterisks indicate the following: ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. Scale bar, 20 pm.
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Figure 3.

PNAs encircle rDNA and DJ loci containing DNA DSB after doxorubicin treatment.

RPE-1NTERT celis were treated with 0.75 UM doxorubicin for 2 days and recovered from the treatment for one and four days.

The proliferating cells were used as a control. The localization of rDNA, DJ, PML, and 53BP1 was analyzed using immuno-FISH
staining and confocal microscopy. (A) The scheme of a human acrocentric chromosome. The position of probes used for the
detection of the rDNA locus (blue) and DJ locus (grey) is shown. (B) The representative nuclei and the nucleoli with and
without PNAs in control and treated cells are shown. rDNA (red), D) (white), PML (green), and 53BP1 (red). (C) The extent of
PML-rDNA and PML-D] size-based colocalization calculated for individual nucleoli of treated and untreated cells with respect
to the presence of PNAs is shown as a scatter plot. The median with an interquartile range is shown. The colocalization was
calculated using Fiji(Image))/ Mosaic/Segmentation/Squassh plugin. The number of analyzed nucleoli in each group was: ctrl
(n=26); 2 days + PNAs (n=28); 2 days without PNAs (n=18); 1-day-long recovery + PNAs (n=38); 1-day-long recovery without
PNAs (n=20); 4-day-long recovery + PNAs (n=23); 4-day-long recovery without PNAs (n=24). (D) The extent of 53BP1-rDNA and
53BP1-DJ size-based colocalization calculated for individual nucleoli of treated and untreated cells with respect to the
presence of PNAs is shown as a scatter plot. The median with interquartile range is shown. The same collection of nucleoli
was used as presented in (C). (E) The example of analysis that was used to identify whether rDNA/DJ with DNA DSB
colocalized with PNAs. The images of the representative nucleoli (2 days doxorubicin, 1- and 4-days recovery) after
deconvolution, segmentation, and its 3D model are shown. Note, that the signal of all observed markers was identified as a
unique 3D object. rDNA (blue), DJ (white), PML (green), and 53BP1 (red). (F) The combined bar graph shows the percentage of
PNAs containing rDNA/DJ with DNA DSB, rDNA/DJ without DNA DSB, and PNAs in which the rDNA/DJ signal was not detected.
The number of analyzed nucleoli: 2 days doxorubicin (n=28), 1-day-long recovery (n=39), 4-day-long recovery (n=21).
Student’s t-test was used for statistical evaluation. Asterisks indicate the following: ****P < 0.0001, ***P < 0.001, **P < 0.01,
*P < 0.05. Scale bars, 10 ym (nuclei in B and E) and 5 pm (nucleoli in B).
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First, we examined the localization of rDNA, D], PML, and the nucleolar marker B23 in control
cells two days after doxorubicin treatment and one day after doxorubicin removal. As shown in
Supplementary Figure 3A for untreated cells, the rDNA signal was spread throughout the
nucleolus, and the D] signal was detected on the nucleolar rim as expected (19(3). After
doxorubicin exposure, nucleolar caps emerged, and some of them were wrapped by PNAs
(Supplementary Figure 3A). In several instances, a single PNA (funnel- or bowl-type) appeared to
interact with several DJs — acrocentric chromosomes, bridging several nucleolar caps. Twenty-four
hours after doxorubicin removal, the PML-NDS emerged, and D] or rDNA were observed inside or
on the rim of these PNAs types (Supplementary Figure 3A). The co-localization between rDNA/DJ
and PML in individual nucleoli was determined using the Fiji/Mosaic/Squassh plugin. Note that the
co-localization analysis was also performed in the nucleoli in which PML was present only in the
form of canonical PML-NBs (see the gallery of nucleoli in Supplementary Figure 3B). As
manifested in Supplementary Figure 3C, we proved that both rDNA and DJ co-localized with PML
in response to doxorubicin treatment. However, the co-localization coefficient was higher in
nucleoli containing PNAs, indicating that the interaction between rDNA/DJ and PML is mainly
realized in the form of PML nucleolar associations.

7 eLife

To demonstrate that doxorubicin induces damage in the form of DNA DSBs in rDNA/DJ, we
performed immuno-FISH to detect the 53BP1 foci, a marker of DNA DSBs, together with PML,
rDNA, and DJ in control cells and at three different time points after doxorubicin treatment (i.e.,
two days of doxorubicin exposure and 1- and 4-days after doxorubicin removal; Figure 3B ®).
First, we performed a co-localization analysis for rDNA/DJ and PML to verify our previous findings
on a different sample set. As shown in Figure 3C(#, we confirmed that doxorubicin treatment
induced the co-localization between rDNA/DJ and PNAs. Notably, this co-localization was still
detectable even four days after doxorubicin removal. We then used the same set of nucleoli to
determine the extent of co-localizations between 53BP1 and rDNA/DJ. As shown in Figure 3D,
we detected the presence of DNA DSBs in both the rDNA locus and DJ region. These findings
indicate that the extent of co-localization decreased during the recovery phase. Furthermore, the
analysis revealed that rDNA/DJ loci co-localized with 53BP1 even in nucleoli without the PNAs,
although the size of co-localization in such nucleoli was lower. To investigate whether PNAs
interact with the rDNA/DJ regions stained for DNA DSBs (53BP1 foci), we utilized the Squassh
analysis to combine 53PB1-rDNA/DJ and PML-rDNA/DJ co-localization (for a detailed description,
see Figure Legend and Methods). Figure 3EC2 and Supplementary Figures 3D and E show an
example of the segmentation, quantified overlay, and a 3D model of co-localization. Furthermore,
an x/y-scatter plot is given to demonstrate the size of co-localization of rDNA(D]) objects with
53BP1 foci (axis x) and PML (axis y). Using this approach, we found that about 71% of PNAs
examined two days after doxorubicin treatment overlapped with rDNA or DJ-contained DNA DSBs
marked by 53BP1 foci (Figure 3F ().

To summarize, our data prove that doxorubicin induces DNA DSBs in the rDNA and D] regions,
which associate with PML, linking the rDNA damage in the short arm of acrocentric chromosomes
with the induction of PML nucleolar association. Our data also imply that rDNA/D] regions with
DNA DSB/s are enveloped into PML-NDS after the reactivation of RNAPI and, by this mechanism,
separated from the matter of active nucleolus.

Direct rDNA damage induced by endonuclease I-Ppol triggers the
formation of PML-NDS

Our findings indicate that PML nucleolar associations are linked to rDNA damage. To validate this
hypothesis, we used DNA homing-endonuclease I-Ppol to generate targeted breaks in rDNA, as the
I-Ppol-induced cleavage site is located inside the rDNA locus in the 28S region (see the scheme in
Figure 4A(Z; (41 2,42(2)). To control the activity of I-Ppol, we generated RPE-1"TERT gingle-cell

clones with a regulatable expression of I-Ppol using the TRE3 GS promoter and destabilization
domain FKBT (43(@). In all experiments, two clones (1A11 and 1H4) were used in which the I-Ppol
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was activated for 24 hours, and several parameters were followed at different time points (see
experimental scheme in Figure 4B (). As shown in Figure 4C @ and Supplementary Figures 4A
and B, activating I-Ppol for 24 hours resulted in the appearance of 53BP1 and yH2AX foci on the
border of the nucleolus, indicating the presence of (r)DNA breaks. To characterize the extent of
(r)DNA damage and the dynamics of its repair, we quantified the number of 53BP1 foci at different
time points using high-content microscopy. Nearly 90% of control cells showed no detectable
(r)DNA damage, proving that DNA damage detected is linked explicitly to I-Ppol activity (Figure
4D (4). Twenty-four hours after I-Ppol expression, 53BP1 foci peaked and then gradually declined
over the five-day recovery phase (Figure 4D ). PML localized predominantly to regular PML-NBs,
but PML structures containing nucleolar material marked by TOTO-3, resembling the PML-NDS,
emerged in about 10% of the nuclei (Figure 4C and E and Supplementary Figure 4B). Strikingly,
the PNAs specifically associated with nucleolar caps (i.e., bowl-, funnel-, and balloon-type) were
absent, consistent with preserved RNAPI activity in most nucleoli (for FU incorporation assay, see
Supplementary Figure 4C). Note that the DNA damage-associated 53BP1 foci associated with both
canonical PML-NBs and PML-NDS, and not all PML-NDS-like structures co-localized or localized
next to the 53BP1 signal (Supplementary Figure 4B and D). Next, we compared the PML-NDS-like
structures induced by I-Ppol with those generated by doxorubicin by examining the accumulation
of B23 and DHX9, which are distinct components of doxorubicin-induced PML-NDS (36 ).
Although I-Ppol-induced PML-NDS contained B23 (see Figure 4F 2) with a level higher compared
to the associated nucleolus (see Supplementary Figure 4E), the localization of DHX9 differed from
that of doxorubicin-treated cells (Figure 4G 2 and Supplementary Figure 4F and G), indicating
similarities and differences in the composition of both structures. In control cells, DHX9 was
homogenously distributed in the nucleoplasm. Two days after doxorubicin treatment, the DHX9
signal was excluded from the nucleolus, and during recovery, it relocalized into the nucleolus and
accumulated in PML-NDS (Supplementary Figure 4F). In contrast to doxorubicin, two
subpopulations of cells emerged after I-Ppol activation: one with DHX9 aggregates inside the
nucleolus and the other with a similar distribution of DHX9 as in control cells (Figure 4G @). The
characteristic ‘doxorubicin’ pattern of DHX9 accumulation in PML-NDS was present only in a few
I-Ppol-induced cells, mainly during the recovery phase (see a gallery of cells in Supplementary
Figure 4G). Finally, we examined the localization of RNAPI subunit PAF49 and UBF (activator of
pre-rRNA transcription, often used as a marker of rDNA; (28 2,44 (%)) in I-Ppol-activated cells. As
illustrated in Figure 4H @ and I@ and Supplementary Figure 4H and I, the PML-NDS induced by
I-Ppol were located adjacent to the nucleoli, where the UBF and PAF49 signals were detected in
cavities distributed uniformly throughout the nucleolus and surrounded by the TOTO-3 signal. It
should be noted that such a localization pattern of UBF and PAF49 indicates the presence of RNAPI
activity (see control cells in Figures 4H and I(2). Notably, most of the PML-NDS contained the
UBF signal, which was again localized in cavities surrounded by TOTO-3 (Figure 4H % and
Supplementary Figure 4H). Similarly, PAF49 showed comparable localization in PML-NDS (Figure
41 2 and Supplementary Figure 41I). Since both proteins are markers of rDNA localization, we
infer that rDNA is present in at least some PML-NDS.

7 eLife

In conclusion, by utilizing a model of enzymatically induced rDNA breaks, we have demonstrated
that the formation of the PML-nucleolar compartment is a direct consequence of rDNA damage.
Furthermore, we have shown that the composition of this compartment is comparable to that seen
in the more pleiotropic DNA damage induced by doxorubicin.

Inhibition of RAD51/HDR suppresses the formation of I-Ppol-
induced PML-NDS

To investigate the effect of altered DNA repair on I-Ppol-induced PML nucleolar association, we
activated I-Ppol and simultaneously applied a small-molecule inhibitor of RAD51 (B02) and DNA
PK inhibitor (Nu7441), either separately or together, to inhibit HDR and/or NHE] (Figure 5A(%).
We then detected the extent of (r)DNA damage (number of 53BP1 foci) and the number of nuclei
with PML-NDS using indirect immunofluorescence and high-content microscopy. These
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Figure 4.

The DNA damage introduced into the rDNA locus by endonuclease I-Ppol induces PML-NDS.

(A) Scheme of inducible expression of endonuclease I-Ppol in RPE-1"TERT cells and the position of I-Ppol cleavage site in rDNA
locus. (B) Scheme of the experimental setup used in all experiments presented. Briefly, I-Ppol was activated by doxycycline
and Shield for 24 hours, then the medium was exchanged, and the cells were analyzed upon the recovery phase (0, 1, 2, and 5
days). (C) The representative images obtained by indirect immunofluorescence and confocal microscopy (Stellaris) show the
localization of 53BP1 (a marker of DNA DSB, red), and PML (green) upon 1-day-long activation of I-Ppol and during recovery
from I-Ppol insult. The nucleus and nucleolus were marked by DAPI (blue), and TOTO-3 (white), respectively. Only one layer
from the several sections is presented. (D) The level of DNA DSB upon the recovery from I-Ppol insult was obtained by
detecting the 53BP1 (a marker of DNA DSB) by indirect immunofluorescence and high-content microscopy unit (ScanR). The
histogram represents the frequency of nuclei (%) with the same number of 53BP1 foci. The bin center used for analysis was 2.
(E) The number of nuclei with PNAs upon the recovery from I-Ppol insult was obtained by detection of PML using indirect
immunofluorescence and a high-content microscopy unit (ScanR). The quantification was done manually by the evaluation of
PML localization in more than 200 nuclei. The bar graph represents the percentage of nuclei with PNAs. Results are presented
as a mean = s.d. obtained from three biological replicates. (F) The representative images obtained by indirect
immunofluorescence and confocal microscopy (Stellaris) show the correlation between the localization of B23 (red) in PML-
NDS (PML, green) upon the recovery from I-Ppol insult. The nucleus and nucleolus were marked by DAPI (blue), and TOTO-3
(white), respectively. Only one layer from the several sections is presented. (G) The representative images obtained by
indirect immunofluorescence and wide-field microscopy show the correlation between the localization of DHX9 (red) and
PML-NDS (PML, green) upon the recovery from I-Ppol insult. The nucleus and nucleolus were marked by DAPI (blue), and
TOTO-3 (white), respectively. (H-I) The representative images obtained by indirect immunofluorescence and confocal
microscopy (Stellaris) show the localization of UBF ((H), a marker of rDNA; red) or PAF49((I), a subunit of RNAPI; red) in PML-
NDS (PML, green) upon the recovery from I-Ppol insult. One layer of the nucleus and three sequential layers of nucleolus with
PML-NDS are presented. The nucleus and nucleolus were marked by DAPI (blue) and by TOTO-3 (white), respectively. Scale
bars, 10 ym (nuclei C, F, G, H, and I) and 5 um (nucleoli H and I).
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experiments were performed in two cell clones expressing I-Ppol, 1A11, and 1H4, 24 hours after I-
Ppol activation and during the recovery phase (1, 2, and 5 days after medium exchange). As shown
in whiskers plots and histograms in Figure 5B (clone 1A11) and Figure 5C & (clone 1H4),
inhibiting NHE] with Nu7441 during I-Ppol activation significantly increased the number of
(r)DNA damage foci at all time-points compared to the mock treatment. In contrast, inhibiting HR
with BO2 resulted in fewer 53BP1 foci than in control cells. Notably, simultaneous use of both
drugs did not increase the number of 53BP1 foci compared to DNA PK inhibition alone; by
contrast, the (r)DNA damage detected was significantly lower. These findings proved previous
observations that NHE] is the primary pathway involved in repairing I-Ppol-induced DSBs, and
when HR is blocked, the I-Ppol-induced (r)DNA damage is repaired more efficiently (28 ).

7 eLife

Regarding the impact of DNA repair inhibition on I-Ppol-induced PNAs (PML-NDS) formation, we
observed that inhibiting NHE] with Nu7441 resulted in a higher number of cells with PML-NDS,
which was consistent with a higher occurrence of DNA DSB. However, this trend was not
statistically significant (see Figure 5D 2 and E(@). On the other hand, inhibiting HR with B02
significantly decreased the number of cells with PML-NDS in both clones 24 hours after treatment,
in line with lowered DNA damage markers. During the recovery phase, the number of cells with
PML-NDS after B02 treatment remained lower, and this decrease remained statistically significant
at most time points. However, the simultaneous application of both inhibitors resulted in
intriguing findings. Even though inhibiting both main repair pathways increased the (r)DNA
damage (though not as extensively as observed in cells treated with Nu7441 only), the number of
cells with PML-NDS was significantly lower 24 hours after I-Ppol activation compared to cells
without application of inhibitors. Note that this significant difference balanced out during the
recovery phase after the washout of the DNA repair pathway inhibitors. Moreover, five days after
recovery from the I-Ppol insult, the number of cells with PML-NDS was comparable to the control
population (I-Ppol only). These data suggest that adding B02 (blocking HR) inhibits the signal
toward forming the PML-NDS.

Overall, inhibiting NHE] after the I-Ppol insult did not significantly alter the number of cells with
PML-NDS, despite the higher DNA damage, suggesting that NHE]J-associated rDNA repair is not
linked to PNAs formation (i.e., the DNA DSBs suitable for NHE] repair are not the primary source
of PNAs). In contrast, inhibiting HDR/RAD51 during I-Ppol-induced rDNA damage, even in the
presence of inhibited NHE], led to a decreased propensity for PML-NDS formation, indicating that
intact HR is necessary for the generation of PNAs after I-Ppol.

In conclusion, our data strongly suggest that the association of PML with the nucleolus results
from 1) difficult-to-repair rDNA damage and 2) topological aberrations in nucleolar caps/NORs.
Importantly, this occurrence is altered by defects in HDR pathways as easy-to-repair DNA DSBs
prone to repair by NHE] do robustly induce the PNAs formation.

Discussion

Since 2001, the re-localization of PML upon various treatments into and next to the nucleolus was
noticed. Still, the substantial signal inducing the PML nucleolar interaction has not been
deciphered yet. This study shows that the essential feature of the most potent inducers of PNAs is
the simultaneous inhibition of DNA topoisomerases (TOP2A or TOP1 with TOP2A) and RNAPL
Moreover, the downregulation of topoisomerases and the inhibition of RNAPI were accompanied
by the generation of DNA DSBs in the rDNA/D]J locus associated with the nucleolus (NOR).
Importantly, the rDNA/D]J locus (NOR) with DNA DSBs co-localized with PNAs not only upon RNAPI
inhibition but also in PML-NDS after recovery of RNAPI activity, pointing to the putative sorting
mechanism for damaged rDNA/DJ (NORs). This relationship between PNAs and damage of rDNA
loci was supported by the observation that direct rDNA damage introduced by endonuclease I-
Ppol provokes PML nucleolar interactions. Further, based on the notion that inhibiting specific
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Figure 5.

Inhibition of RAD51/homologous recombination suppressed the formation of I-Ppol-induced PML-
NDS.

(A) Scheme of the experimental setup used in all experiments presented in this figure. Briefly, I-Ppol was activated in RPE-
1hTERT-I-Ppol cell clones 1A11 and 1H4 by doxycycline and Shield for 24 hours. The inhibitors of DNA PK (1 uM Nu7441) or
RAD51 (10 uM B02) were applied individually or both together. After the 24-hour long activation, the medium was exchanged
and the cells were analyzed during the recovery phase (0, 1, 2, and 5 days). (B and C) During the recovery phase the level of
DNA DSB was quantified by the detection of 53BP1 (a marker DNA DSB) using indirect immunofluorescence and a high-
content microscopy unit (ScanR). The data from three independent biological replicates were pooled together and
represented as the Whiskers box (10 - 90 percentile) or as the histograms showing the frequency of nuclei (%) with the same
number of 53BP1 foci. The bin center used for analysis was 2. Clones 1A11 and 1H4 are shown in (B) and (C), respectively. (D
and E) The number of nuclei with PNAs upon the recovery from I-Ppol insult and simultaneous inhibition of particular DNA
damage repair pathway was obtained by detection of PML using indirect immunofluorescence and a high-content
microscopy unit (ScanR). The quantification was done manually by the evaluation of PML localization in more than 200 nuclei.
The bar plot represents the fold-change of the percentage of nuclei with PNAs relatively to mock. Results are presented as a
mean t s.d. obtained from three biological replicates. Asterisks indicate the following: ****P < 0.0001, ***P < 0.001, **P <
0.01, *P < 0.05.
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DNA repair pathways augments the PML nucleolar interaction, we assume that the underlying
molecular mechanisms are linked to generating and processing a specific, difficult-to-repair type
of rDNA alteration or damage.

7 eLife

PNAs result from genotoxic stress that relies on the deficiency of
DNA topoisomerases and inhibition of RNAPI

The interaction of PML with the nucleolar surface was first described after exposure of mouse
authors proposed that this interaction results from the specific type of genotoxic stress as ionizing
radiation (IR) could not induce it. Later, Condemine et al. confirmed the targeting of PML to the
nucleolus after genotoxic stress in human fibroblast MRC-5; however, they observed the re-
localization of PML to nucleolus not only after doxorubicin and AMD but in contrast to the
previous study (32 (%), also after the IR (34 (). Here, we underpinned that this interaction results
primarily from the genotoxic stress; however, the number and forms of these structures radically
depend on the type of insults, supporting the hypothesis of Bernardi et al. that a particular type of
broad panel of agents affecting diverse cellular processes, we found that the most potent inducers
of PNAs, such as doxorubicin, inhibit two distinct processes: i) maintenance of DNA topology and
ii) transcription of pre-rRNA. Although this notion might suggest that the signal to form the PML
nucleolar compartment stems from conflicts between the ongoing pre-rRNA transcription and
afflicted maintenance of DNA topology, it is inconsistent with other findings that the inhibition of
RNAPI before depletion or inhibition of topoisomerases augmented the occurrence of PNAs. One
possible explanation for these results is that topoisomerases participate in processes linked with
RNAPI inhibition in the rDNA locus. For instance, inhibition of RNAPI could introduce topological
aberrations of rDNA, the resolution of which depends on topoisomerase activity, and the unsolved
topological challenges trigger the processes initiating the interaction of PML with
nucleolus/nucleolar cap. The direct link between defects in the activity of topoisomerases and the
interaction of PML with nucleolus was underscored by the observation that depletion of TOP1 and
TOP2A (but not TOP2B) induced PNAs. Again, the inhibition of RNAPI before the downregulation of
TOP1 augmented the formation of PNAs attesting to the concept that the deficiency of
topoisomerase activity during pre-rRNA transcription is not the only stimulus to form PNAs and is
consistent with implicates the hypothesis that specific topoisomerase activity is required to cope
with the scenario of RNAPI inhibition. This concept is further supported by the observation that
AMD, the potent antitumor antibiotic, which intercalates DNA preferentially at GC-rich regions
(453), induced PNAs without the detectable DNA DSBs. Although AMD treatment caused
degradation of TOP2A (but not TOP1), induced stabilization of p53, and segregation of PAF49 in all
nucleoli (accounting for RNAPI inhibition), DNA DSBs were not detected. It should be emphasized
that albeit nucleolar caps (the interface for PML nucleolar interaction) were established in all
nuclei, the PNAs were present only in a small fraction (6%) of nuclei, indicating that also another
additional signal induced by a relatively rare event is involved in triggering PNAs formation.
Given that the most potent inducers of PNAs are topoisomerase inhibitors, we presume that such
signal relies on topological aberrations of DNA formed during the re-localization/wrapping/pulling
of rDNA loci (NOR) into the nucleolar cap.

Unsolved topological aberrations in NOR/nucleolar cap result in

PNAs formation

Generally, DNA topoisomerases are involved in the maintenance of DNA topology primarily during
DNA replication and transcription (46 @) by their ability to introduce DNA single-strand breaks

(TOP1) or DNA DSBs (TOP2) during their enzymatic cycle. The detailed analysis of the activity of
individual topoisomerase types revealed their functional specificity (for a review, see, e.g., (47 (2)).

Nearly all PNAs-inducing treatments (except TOP1 downregulation) triggered the degradation of
TOP2A. Additionally, the downregulation of TOP2A but not TOP2B provoked the formation of
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7 . PNAs. Therefore, the stimulus for PNAs could arise from the deficiency in TOP2A activity. TOP2A
v eLife

aberrant supercoiling of DNA, it can potentially resolve DNA catenates and knots (reviewed in
(47 @)). It is thought that TOP2A is essential for the termination of replication of highly repetitive

rDNA locus (sister chromatids) during mitosis depends on TOP2A. The fact that the degradation of
TOP2A is a feature shared with all potent PNAs inducers raises the question of how the enzymatic
activity of TOP2A is related to the PML nucleolar interaction. We propose that the excessive
alteration of rDNA conformation during RNAPI inhibition and pulling of the repetitive rDNA
region (NOR) from the nucleolar interior towards the nucleolar rim, when the nucleolar cap is
forming, causes the topological changes (entanglements, catenates, and knots), in which resolution
TOP2A participates. Although still unproven, the formation of rDNA
entanglements/catenates/knots during nucleolar cap development was already mentioned in
previous studies (192,23 @), Authors reported that during the pre-rRNA transcription, each NOR
occupies its own territory, and when RNAPI is inhibited, each NOR is transformed into one
nucleolar cap. Such strict territoriality can avoid the danger of inter-chromosomal interaction.
Importantly, our results indicate that after treatment with doxorubicin, the most potent inducer of
PNAs, the rule ‘one NOR - one cap’ was broken as several NORs met in one nucleolar cap and these
caps were often wrapped by single PNA (e.g., Supplementary Figure 3A). Such a state indicates a
higher probability of unwanted inter-chromosomal interactions associated with the formation of
DNA catenates and knots which might be solved with difficulties without the activity of TOP2A. In
this scenario, we propose that a lack of TOP2A activity results in initiating alternative processes
involving PML nucleolar association.

Both tested TOP1 inhibitors (CPT, TPT) introduced DNA DSBs, caused inhibition of RNAPI, and
degradation of TOP1 and TOP2A. Thus, the observed phenotype could result from defects in
activities linked to both enzymes. Despite that, the downregulation of TOP1 by RNA interference
induced PNAs without the substantial decline of TOP2A level; therefore, we consider that the
decline of TOP1 enzymatic activity can contribute to the signal for PNAs formation. TOP1 removes
negative and positive DNA supercoiling, which is introduced during the replication and
transcription of DNA (52 @). Thus, the downregulation of TOP1 can produce an elevated amount
of hyper-negatively or positively supercoiled DNA. The hyper-negatively supercoiled DNA forms
alternative, non-B DNA, such as single-stranded DNA, G-quadruplexes, and right-handed (Z-form)
DNA (53 @). In yeast, the single-strand DNA ‘bubbles’ were observed in transcribed rDNA region

decline in enzymatic activity of TOP1 can induce the aberration(s) leading to PNAs formation.

TOP2 poisoning per se and the genesis of PNAs

As mentioned above, topoisomerase inhibitors are the most effective inducers of PNAs, except for
etoposide. Even the highest etoposide concentration tested (50 uM, see Supplementary Figure 1F
and G) cannot robustly inhibit RNAPI, despite the degradation of TOP2A was proved, and markers
of DNA DSBs were present, indicating that the mechanism by which etoposide interferes with
TOP2 activity is insufficient to signal PNAs formation. To better understand the respective
mechanisms of toxicity of etoposide and doxorubicin (triggering PNAs in 5% and 22% of cells,
respectively), we analyzed the critical differences. It is thought that etoposide acts as a pure TOP2
poison, stabilizing the TOP2-DNA covalent complexes (also referred to as ternary complexes) in a
broad range of concentrations and, therefore, protecting the re-ligation of DNA (56 ). Thus, the
formation of DNA DSBs is the final consequence of etoposide exposure. On the other hand, the
anthracycline doxorubicin stabilizes the TOP2-DNA only at low concentrations, and the number of
ternary complexes is always lower compared to etoposide (57 2). Besides the TOP2 poisoning

Terezie Hornofova et al., 2023 eLife. https://doi.org/10.7554/eLife.91304.1 16 of 39


https://doi.org/10.7554/eLife.91304.1

::"‘.." eLife ............................

Based on these findings, we hypothesize that the sole DNA DSBs introduced by freezing TOP2 in
catalytic action do not cause sufficient aberration of (r)DNA to signal for extensive PML nucleolar
interaction, despite the TOP2 activity being affected and DNA damage response being present. This
observation implies that for the induction of PNAs, the introduced (r)DNA damage must be more
complex and challenging to repair. Alternatively, the inflicted damage should primarily affect the
topology of rDNA (NOR); thus, the deficiency of topoisomerases enhances the persistence of such
damage.

Role of easy-to-repair (r)DNA DSBs in the genesis of PNAs

Our data show a complex relationship between the presence of DNA DSBs and stimuli triggering
PNAs. After doxorubicin treatment, most PNAs contained rDNA with a marker of DNA DSBs,
indicating a close link. The inhibition of the DNA DSBs repair pathway enhanced the number of
cells with PNAs, and finally, DNA DSBs introduced directly into the rDNA locus by endonuclease I-
Ppol triggered PML-NDS. Nevertheless, these data also imply that simple and probably easy-to-
repair DNA DSBs, e.g., caused by I-Ppol or etoposide treatment, are not particularly potent
inducers of PNAs. In concert, these treatments did not cause long-term RNAPI inhibition, leading
to only a specific type of PNAs, PML-NDS. As mentioned, etoposide can trap TOP2 in the catalytic
process. For successful DNA repair, the TOP2 adduct must be removed from the DNA ends by the
enzyme TDP2 (40 2,63 (2), then the remaining DNA DSBs with 4-base cohesive overhang are

the HDR repair after such damage in repetitive rDNA locus is paradoxically error-prone because it
leads to the loss of rDNA repeats (28 ). We observed that the inhibition of NHEJ upon I-Ppol
attack could restrict DNA repair as the level of DNA DSBs was elevated compared to the control
mock conditions. On the other hand, the elevated amount of such DNA DSBs did not cause a
significant increase in the number of PNAs (see Figure 5B-E(%). These results indicate that even
the persistent DNA DSBs targeted for repair by NHE] are not sufficient to signal for PNAs
formation, and some other events should be considered to support this process. Importantly, we
observed that upon I-Ppol cleavage, the inhibition of HDR lowered the amount of both DNA DSBs
and PNAs, relating the PNAs formation directly to the presence of DNA DSBs. However, when we
restricted both repair pathways, NHE] and HDR, simultaneously during the I-Ppol activation, the
number of DNA DSBs was lower compared to NHE] alone but still higher than in the
circumstances of the unlimited DNA repair. These conditions were not associated with the
formation of PNAs, as their number was significantly lower compared to I-Ppol restriction alone.
This result challenges a positive correlation between the number of DNA DSBs and PNAs. More
likely, it indicates that the recombination step after the I-Ppol insult is the primary source of PNAs.
However, another controversy must be explained in the face of this interpretation. The inhibition
of RAD51-dependent invasion of DNA filament during the doxorubicin treatment had the opposite
effect, as the number of nuclei with PNAs was elevated, indicating that the defect in HR-directed
repair boosted the PNAs formation. This apparent discrepancy can be explained by a different
type of DNA damage present. As mentioned before, doxorubicin induces not only simple DNA
DSBs but also complex DNA lesions. It was described that DNA repair is prolonged after
doxorubicin treatment compared to etoposide (60 (2). It was additionally shown that DNA repair

involvement of RAD51 (and HDR) in the repair of DNA damage induced by doxorubicin was
observed in multiple myeloma cells and HCT-116 colon carcinoma cells as in both cases, the
combination of B02 with doxorubicin induces elevated amount of DNA DSBs and apoptosis

(68 2,69 (2). These observations support our notion that inhibition of HDR after doxorubicin
treatment produces irreparable DNA damage (probably not simple DNA DSBs), which can
negatively affect the RNAPI activity resulting in the formation of the nucleolar cap, which can
contain not only the topological aberrations requiring TOP2 activity but also difficult-to-repair
DNA DSBs. Off note, our hypotheses that DNA DSBs prone to repair by NHE] are not the dominant

signal for PNAs is supported by the observation that repair of DNA damage induced by TOP1
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To summarize, although we found that endonuclease I-Ppol, which produces DNA DSBs directed
for NHE] repair, can trigger the process leading to the formation of a specific PNAs form (PML-
NDS), other findings indicate that an additional event following DNA aberration/s must occur to
induce the PML nucleolar interaction. Moreover, our observations indicate that HDR, rather than
NHE], participates in signaling that induces PNAs formation.

The analogy between PNAs and PML cages formed during

herpesvirus infection

In the previous part of the Discussion, we discussed the topological aberrations and DNA DSBs as
possible signals for forming PNAs. Nevertheless, we cannot exclude that the fragments (circles) of
(r)DNA that can be formed during the HDR between the individual repeats in repetitive regions
can contribute to signal triggering the PNAs. Such a consequence of recombination, albeit in the
telomeric repetitive DNA region, was detected during the ALT (16 ). We suppose that the loss of

inhibition of HDR upon I-Ppol insult attenuated the number of PNAs, we believe that such a
product of HDR could indeed trigger PNAs. The affinity of PML to linear/circular DNA pieces can
be adopted from its role in antiviral defense. It is known that PML forms PML-NBs around various
viral genomes, thus controlling their replication (for a review, see (70 %)). This observation was
extended by Reichelt et al. showing that the human alpha herpesvirus Varicella zoster virus
induces the formation of the PML cages that contain viral nucleocapsids and, by their shape and
size, resemble PML-NDSs (71 ). The analogy with PNAs (PML-NDS) is supported by the

observation that this phenomenon depends, similarly to PNAs, on the PML IV isoform and its
exon8 (71 ). Additionally, it was recently published that a mutated form of hCMV defective in

with PML-NBs and, under certain circumstances, triggers the genesis of giant PML-NBs (PML
cages) that imprison the viral genome and newly formed nucleocapsids. Notably, the formation of
hCMV-induced PML cages is driven by interferons and ATM/p53, indicating the involvement of
DNA damage response in this event.

Conclusion

By examining a set of genotoxic and other treatments, we discovered that PML nucleolar
associations are triggered by the complex and difficult-to-repair lesions in nucleolar rDNA (NORs)
resulting from topological stress and inhibition of rDNA transcription. Although we did not define
the exact type(s) of rDNA locus aberration, we assume that variety (probably more than one) DNA
alterations, such as DNA catenates, knots or circles, inter- or intra-chromosomal entanglements,
including those dependent on homology-directed repair (e.g., HDR-prone DNA DSBs) induce
signals leading to generation of PNAs. The molecular role of PNAs in processing these rDNA
impairments is unknown and should be further examined. Nevertheless, we can at least suppose
that PNAs can recognize damaged DNA and, by developing PML-NDS next to the active nucleolus,
segregate aberrant rDNA from undamaged NORs. Identifying groups of chemotherapeutic drugs
that can introduce difficult-to-repair damage into the rDNA locus (NORs) and induce long-term
RNAPI inhibition sensitizing cells to cell death can be explored to investigate synergic effects of
new combinations of topoisomerase and RNA polymerase I inhibitors, particularly in the context
of cancer therapy.
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Chemicals and antibodies

4’,6-diamidino-2-phenylindole (DAPI; D9542), aphidicolin (A0781), actinomycin D (50-76-0), 5-
bromo-2’-deoxyuridine (B5002), BMH-21 (SML1183), camptothecin (C9911), CX-5461 (1138549-36-
6), DIG-Nick Translation Mix (11745816910), doxorubicin hydrochloride (D1515), doxycycline
hyclate (D9891), etoposide (E1383), 5-fluorouracil (F6627), 5-fluorouridine (F5130), G418 disulfate
salt (G5013), hydroxyurea (H8627), MG-132 (C2211), oxaliplatin (09512), RAD51 Inhibitor B02
(SML0364), roscovitine (R7772) and topotecan hydrochloride (T2705) were all purchased from
Sigma-Aldrich/Merck (Darmstadt, Germany). Aclarubicin (A2601) was obtained from APEXBIO
(Houston, TX, USA), pyridostatin (4763) from TOCRIS (Bristol, United Kingdom), and the interferon
gamma recombinant protein (300-02) from Peprotech (Rocky Hill, NJ, USA), TOTO-3 (T-3604).
Lipofectamine RNAiMAX Reagent (13778075) and ProLong™ Gold Antifade Mountant (P36934)
were obtained from Thermo Fisher Scientific (Waltham, MA, USA), NU 7447 (3712) was from
BioTechne/NovusBiological (Minneapolis, USA), Shield-1 (AOB1848) from AOBIOUS (Gloucester,
MA, USA). Nick translation DNA labeling system 2.0 (ENZ-GEN111-0050), and Red 650 [Cyanine-5E]
dUTP (ENZ-42522) from Enzo Biochem (New York, NY, USA), Hybrisol VII (CNA11RIST139010) from
VWR International (Singapore).

Specification of primary and secondary antibodies used throughout the study is listed in
Supplementary Table 2.

Cell culture

Immortalized human retinal pigment epithelial cells (RPE-1"TERT, ATCC) were cultured in
Dulbecco’s modified Eagle’s medium (Gibco/Thermo Fisher Scientific, Waltham, MA, USA)
containing 4.5 g/L glucose and supplemented with 10% fetal bovine serum (Gibco/Thermo Fisher
Scientific, Waltham, MA, USA) and antibiotics (100 U/mL penicillin and 100 pg/mL streptomycin
sulfate, Sigma, St. Louis, MO, USA). The cells were cultured in normal atmospheric air containing
5% CO, in a standard humidified incubator at 37°C on a tissue culture dish (TPP Techno Plastic
Products AG, Trasadingen, Switzerland). For treatments, see Supplementary Table 1. For IR
exposure, the cells were irradiated with orthovoltage X-ray instrument T-200 (Wolf-
Medizintechnik) using a dose of 10 Gy. The cells with inducible expression of endonuclease I-Ppol
were derived from RPE-1"TERT (the detailed protocol of their generation follows). The culture
conditions were the same as for RPE—lhTERT, except the certified TET-free 10% fetal bovine serum
(Gibco/Thermo Fisher Scientific, Waltham, MA, USA) was used to repress the expression of I-Ppol.
The seeding concentration for all experiments was 20,000 cells/cm?2. The 0.5 uM Shield-1 and 1 yM
doxycycline were used to induce I-Ppol. The 10 pM B02 and 1 uM Nu7441 were added
simultaneously with doxorubicin or Shield and doxycycline to inhibit HR or NHE], respectively.

Generation of cell lines with inducible expression of I-Ppol

All plasmids and primers used in this study are listed in Supplementary Table 3 and
Supplementary Table 4, respectively. To generate a cell line with the regulatable expression of
endonuclease I-Ppo-I, the lentiviral plasmid pLVX-TetOne-neo bearing a cassette with
endonuclease I-Ppol fused to destabilization domain FKBP and HA-tag (pLVX-TETOne-neo-FKBP-
PPO-HA) was prepared as follows. For all DNA amplification steps, Phusion High-Fidelity DNA
Polymerase (M0530L) was used. DNA fragment with FKBP-I-Ppo-I-HA was amplified from plasmid
PCDNA4TO-FKBP-PPO-HA (73 (©) using primers GA-Ppol-LVXpur-fr-F and GA-Ppol-LVXpur-fr-R
and then, using Gibson assembly, was inserted into pLVX-TETOne-neo plasmid cleaved by BamHI,
EcoRI and dephosphorylated by Shrimp Alkaline Phosphatase (EF0511, Fermentas). The correct
fusion was verified by sequencing. The plasmid pLVX-TET-ONE-neo was prepared by exchange of
region coding for puromycin N-acetyltransferase (puromycin resistance) with DNA fragment
coding for neomycin phosphotransferase (npt; Neomycin resistance). First, the core of pLVX-
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L DNA fragment with npt gene was obtained by PCR amplification of plasmid pCDH-CMV-MCS-EF1-
Neo using primers GA-F-neo-R and GA-F-neo-F. Finally, both fragments were assembled by Gibson
assembly, and the correct fusion was verified by sequencing. The stable RPE-1"TERT ¢ells with
doxycycline-inducible expression of FKBP-Ppol-HA were generated by lentiviral infection and
subsequent selection with G418 (1.12 mg/mL). Afterward, the resistant cells were seeded into the
96-well plate to isolate single-cell clones. The generated cell lines were inspected for mycoplasma
contamination and then for expression of I-Ppol.

Indirect immunofluorescence, high-content, and confocal

microscopy

Cells grown on glass coverslips were fixed with 4% formaldehyde in PBS for 15 min,
permeabilized in 0.2% Triton X-100 in PBS for 10 min, blocked in 10% FBS in PBS for 30 min, and
incubated with primary antibodies for 1 hour, all in RT. After that, cells were washed thrice in PBS
for 5 min, and secondary antibodies were applied in RT for 1 hour. For some experiments, 1 yM
TOTO-3 was applied together with secondary antibodies. Subsequently, cells were counterstained
with 1 pg/mL DAPI for 2 min, washed thrice with PBS for 5 min, and let dry. After that, coverslips
were mounted in Prolong Gold Antifade mountant. The wide-field images were acquired on the
Leica DM6000 fluorescent microscope using the HCX PL APO 63%/1.40 OIL PH3 CS and HCX PL APO
40x/0.75 DRY PH2 objectives and monochrome CCD camera Leica DFC 350FX (Leica Microsystems
GmbH, Wetzlar, Germany); or on the Nikon Eclipse Ti2 Inverted Microscope with CFI PL. APO
60x/1.40 OIL PH3 objective and DS-Qi2 high-sensitivity monochrome camera Andor Zyla VSC-
07008. High-content image acquisition was made on the Olympus IX81 microscope (Olympus
Corporation, Tokyo, Japan) equipped with ScanR module using the UPLFN 40x /1.3 OIL objective
and sCMOS camera Hamamatsu ORCA-Flash4.0 V2 (Hamamatsu Photonics, Shizuoka, Japan). The
data were analyzed using ScanR Analysis software (Olympus Corporation, Tokyo, Japan). High-
resolution images were captured by a confocal Leica STELLARIS 8 microscope equipped with HC
PL APO 63%/1.40 OIL objective using type F immersion oil (Leica, 11513859), DAPI was excited by
405 nm laser, whereas Alexa Fluor® 488, Alexa Fluor® 568 and TOTO-3 were excited by a white
light laser tuned to 499 nm, 579 and 642 nm, respectively, and the signal was bidirectionally
sequentially scanned with the use of hybrid detectors. Images were acquired as a sufficient
number of Z-stacks with 0.2 um step to cover the whole nuclei. The images were acquired and
processed with Leica LIGHTNING deconvolution set to maximal resolution, but with the pinhole
open to 1 AU and Zoom set to 8, large nuclei were rotated diagonally. The images obtained by
immune-FISH and used for the analysis of the link between rDNA/DJ DNA locus and PML and DNA
damage were captured by confocal laser scanning inverted microscope DMi8 with confocal head
Leica TCS SP8 and equipped by HC PL APO 63x/1.40 OIL CS2; FWD 0.14; CG 0.17 | BF, POL, DIC
objective using type F immersion oil (Leica, 11513859). The Alexa Fluor® 408 was excited by UV
laser (405 nm), whereas Alexa Fluor® 488, rhodamine, and enhanced Cyanine 5-dUTP were
excited by a white light laser tuned to 499 nm, 552 and 638 nm, respectively. The signal was
bidirectionally sequentially scanned, and images were acquired as a sufficient number of Z-stacks
with 0.2 ym step to cover whole nuclei. The obtained images were deconvoluted using Huygens
Professional 20.10 software. All images were processed using Fiji/ImageJ2 software (74 2,75 (2).
For co-localization analysis, the Fiji plugin Mosaic/Squassh (Squassh — segmentation and
quantification of subcellular shapes) was used. The software was used according to the protocol
and guidelines recommended by the authors (76 %). To prepare 3D co-localization models, a co-
localization mask was generated as an overlap of individual masks generated by Squassh. Co-
localization mask and the masks of individual channels were then upscaled by factor 10, and their
surfaces were visualized in Imaris software (Oxford Instruments).
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were grown on Superfrost Plus slides (R886761, P-lab), washed with PBS, fixed with 4%
formaldehyde at RT for 10 min, and washed 3x 10 min with PBS. After that, the cells were
permeabilized with 0.5% Triton X-100/PBS for 10 min at RT, washed 3x 10 min with PBS, and
incubated for 2 hours in 20% glycerol/PBS. The slides were then snap-frozen in liquid nitrogen and
stored at -80 °C. To produce fluorescent FISH probes, plasmid (for rDNA probe, Supplementary
Table 3) or BAC (for D] probe, Supplementary Table 3) DNA was labeled by nick-translation
according to the manufacturer’s instructions. The rDNA probe binds a 12-kb segment of rDNA
intergenic spacer (immediately upstream of the promoter), while the D] probe covers the interval
between 76.5 kb and 259.4 kb distal to rDNA. For labeling, the slides were rinsed with PBS for 3x
10 min, washed briefly with 0.1 M HC], incubated in 0.1 N HCI for 5 min, washed in 2x SSC (30 mM
sodium citrate, 300 mM sodium chloride, pH 7) for 5 min, and let dry. The slides were then
incubated with equilibration buffer (50% formamide/2x SSC) for 15 min at 37 °C. After 15 min, a
DNA probe in Hybrisol VII was applied to clean coverslips, the equilibration buffer was shaken off
the slides with cells, and the slides were lowered on the coverslips with the probe. The slides were
then sealed, denatured for 12 min at 73 °C on a heating block, and incubated at 37°C for 16 — 48 h.
After that, the coverslips were removed, and the slides were washed 3x 5 min with 50%
formamide/2x SSC at 42°C; and 3% 5 min with 0.1x SSC preheated to 60°C. Then, the slides were
washed 3x 5 min with PBS and immunofluorescence staining, and microscope imaging was
performed as described above.

5-FU incorporation assay

For the 5-FU incorporation assay, cells were incubated with 1 mM 5-FU for 30 min at indicated
time points after doxorubicin treatment and removal. After that, cells were fixed with 4%
formaldehyde at RT for 15 min, and the 5-FU incorporation was visualized using anti-BrdU
antibody cross-reacting with 5-FU. The standard protocol for immunofluorescence described
above was used.

RNA interference

The cells were plated on 6-well plates one day before esi/siRNA transfection. esiRNAs targeting
topoisomerase 1 (EHU101551) and topoisomerase 2a (EHU073241) were purchased from Sigma-
Aldrich/Merck (Darmstadt, Germany) and transfected into cells in a final amount of 300 ng. siRNA
targeting topoisomerase 2beta (5°CGAUUAAGUUAUUACGGUUtt 3, s106; 5’
GAGUGUACACUGAUAUUAALtt 3°, s108; both purchased at Ambion/ThermoFIsher Scientific), TDP2
(5 GUGGUGCAGUUCAAGAUCALtt 3’; obtained from Sigma-Aldrich/Merck) and non-targeting siRNA
(Silencer® Select Negative Control No. 1, 4390843; Ambion/ThermoFIsher Scientific)) were
transfected into cells at a final amount of 30 pM. The transfections were performed using
Lipofectamine™ RNAiIMAX, according to the manufacturer’s instructions.

SDS-PAGE and immunoblotting

Cells were harvested into SDS sample lysis buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol),
boiled at 95°C for 5 min, sonicated and centrifuged at 18,000xg for 10 min. The concentration of
proteins was estimated by the BCA method (Pierce Biotechnology Inc., Rockford, USA). Equal
amounts of total protein were mixed with DTT and bromphenol blue to final concentration of 100
mM and 0.01%, respectively, and separated by SDS-PAGE (8%, 12%, or 4 — 12% gradient
polyacrylamide gels were used). The proteins were electrotransferred to a nitrocellulose
membrane using wet or semi-dry transfer. Immunostaining followed by ECL detection was
performed. The intensity of the bands was measured in Fiji/Image] Gel Analyzer plugin, and the
protein levels were calculated as the band intensities of the proteins of interest, related to the
band intensities of loading control, while the relative intensity of untreated cells (or cells treated
with a dissolvent - acetic acid or DMSO) was set as one.
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e 53BP1
p53,binding protein 1
e 5-FU
5-fluorouracil
e ALT
alternative lengthening of telomeres
e AMD
actinomycin D
e APB
ALT-associated PML-NBs
e APL
acute promyelocytic leukemia
e BrdU
bromodeoxyuridine
e CPT
camptothecin
e CK2
casein kinase 2
e DNAPK
DNA-dependent protein kinase
e DSB
double-strand break
¢ hCMV
human cytomegalovirus
e HDR
homologous recombination-directed repair
e hMSC
human mesenchymal stem cells
e HR
homologous recombination
e HU
hydroxyurea
o IFNy
interferon gamma
e immuno-FISH
immunofluorescence-in situ hybridization
e IR
ionizing radiation
e NC
non-targeting control
o NHEJ
non-homologous end joining
e NOR
nucleolar organizing region
e PML
promyelocytic leukemia protein
e PML-NBs
promyelocytic leukemia nuclear bodies
e PML-NDS
PML nucleolus-derived structure
e PNAs
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A e pre-rRNA
precursor ribosomal RNA
e RARa
retinoic acid receptor alpha
e rDNA
ribosomal DNA
e RNAI
RNA interference
e RNAPI
RNA polymerase I
e RPE-1NTERT
telomerase-immortalized human retinal pigment epithelial cells
e SIM
SUMO-interacting motif
e SiRNA
small interfering RNA
e TDP2
tyrosyl-DNA phosphodiesterase 2
e TOP1
topoisomerase 1
e TOP2
topoisomerase 2
e TPT
topotecan
e UBF
upstream binding factor
o YH2AX
histone H2AX phosphorylated on serine 139.
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Reviewer #1 (Public Review):

Summary:

This paper described the dynamics of the nuclear substructure called PML Nucleolar
Association (PNA) in response to DNA damage on ribosomal DNA (rDNA) repeats. The authors
showed that the PNA with rDNA repeats is induced by the inhibition of topoisomerases and
RNA polymerase I and that the PNA formation is modulated by RAD51, thus homologous
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7 L f recombination. Artificially induced DNA double-strand breaks (DSBs) in rDNA repeats
zieLire stimulate the formation of PNA with DSB markers. This DSB-triggered PNA formation is
regulated by DSB repair pathways.

Strengths:

This paper illustrates a unique DNA damage-induced sub-nuclear structure containing the
PML body, which is specifically associated with the nucleolus. Moreover, the dynamics of this
PML Nucleolar Association (PNA) require topoisomerases and RNA polymerase I and are
modulated by RAD51-mediated homologous recombination and non-homologous end-joining.
This study provides a unique regulation of DSB repair at rDNA repeats associated with the
unique-membrane-less subnuclear structure.

Weaknesses:
Although the PNA formation on rDNA repeat is nicely shown by cytological analysis, the
biological significance of PNA in DSB repair is not fully addressed.

Reviewer #2 (Public Review):

In this manuscript, the authors aim to study the PML-nucleoli association (PNAs) by different
genotoxic stress and to determine the underlying molecular mechanisms.

First, from a diverse set of genotoxic stress conditions (topoisomerases, RNA Pol I, rRNA
processing, and DNA replication stress), the authors have found that the inhibition of
topoisomerases and RNA Polymerase I has the highest PNA formation associated with p53
stabilization, gamma-H2AX, and PAF49 segregation. It was further demonstrated that Rad51-
mediated HR pathway but not NHE] pathway is associated with the PNA formation. Immuno-
FISH assays show that doxorubicin induces DSBs (53BP1 foci) in rDNA and PNA interactions
with rDNA/D]J regions. Furthermore, endonuclease I-Ppol induced DSB at a defined location in
rDNA and led to PNAs.

Most claims by the authors are supported by the data provided. However, below
weaknesses/concerns may need to be addressed to improve the quality of the study.

1. Top2B toxin doxorubicin had the highest degree of elevating PNAs; however, Top2B-
knockdown had almost no noticeable effects on PNAs. How to reconcile the different
phenotypes targeting Top2B?

2. To test the role of Rad51 and DNA-PKcs in the PNA formation, Rad51 inhibitor B02 and
DNA-PKcs inhibitor NU-7441 were chosen to use in the study. To further exclude the
possible off-target of B02 and NU-7441, siRNA-mediated knockdown of Rad51 and
DNA-PKcs would be an appropriate complementary approach to the pharmaceutical
inhibitor approach.

3. Several previous studies have shown the activation of the nucleolar ATM-mediated
DNA damage response pathway by I-Ppol-induced DSBs in rDNA. What is the role of
nucleolar ATM in the regulation of PNAs?

Reviewer #3 (Public Review):

Summary:

Hornofova et al examined interactions between the nucleolus and promyelocytic leukemia
nuclear bodies (PML-NBs) termed PML-nucleolar associations (PNAs). PNAs are found in a
minor subset of cells, exist within distinct morphological subcategories, and are induced by
cellular stressors including genotoxic damage. A systematic pharmacological investigation
identified that compounds that inhibit RNA Polymerase 1 (RNAPI) and/or topoisomerase 1 or
2A caused the greatest proportion of cells with PNA. A specific RAD51 inhibitor (R02)
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impacted the number of cells exhibiting PNAs and PNA morphology. Genetic double-strand
break (DSB) induction within the rDNA locus also induced PNA structures that were more
prevalent when non-homologous end joining (NHE]) was inhibited.

7 eLife

Strengths:

PNA are morphologically distinct and readily visualized. The imaging data are high quality,
and rDNA is amenable to studying nuclear dynamics. Specific induction of rDNA damage is a
strong addition to the non-specific pharmacological damage characterized early in the
manuscript. These data nicely demonstrate that rDNA double-strand breaks undermine PNA
formation. Figure 1 is a comprehensive examination and presents a compelling argument
that RNAPI and/or TOP1, TOP2A inhibition promote PNA structures.

Weaknesses:

The data are limited to fixed fluorescent microscopy of structures present in a minority of
cells. Data are occasionally qualitative and/or based upon interpretation of dynamic events
extrapolated from fixed imaging. This study would benefit from live imaging that captures
PNA dynamics.

Cell cycle and cell division are not considered. Double-strand break repair is cell cycle
dependent, and most experiments occur over days of treatment and recovery. It is unclear if
the cultures are proliferating, or which cell cycle phase the cells are in at the time of analysis.
It is also unclear if PNAs are repeatedly dissociating and reforming each cell division.

The relationship of PNA morphologies (bowl, funnel, balloon, and PML-NDS) also remains
unclear. It is possible that PNAs mature/progress through the distinct morphologies, and that
morphological presentation is a readout of repair or damage in the rDNA locus. However, this
is not formally addressed.

An I-Ppol targeted sequence within the rDNA locus suggests 3D structural rearrangement
following damage. An orthogonal approach measuring rDNA 3D architecture would benefit
comprehension. Following I-Ppol induction, it is possible that cells arrest in a G1 state. This
may explain why targeting NHE]J has a greater impact on the number of 53BP1 foci and
should be investigated.

Conclusions: PNAs are a phenomenon of biological significance and understanding that
significance is of value. More work is required to advance knowledge in this area. The
authors may wish to examine the literature on APBs (Alt-associated PML-NBs), which are
similar structures where telomeres associate with PML-NBs in a specific subset of cancers. It
is possible that APBs and PNAs share similar biology, and prior efforts on APBs may help
guide future PNA studies.

Author Response

First of all, we would like to thank you for the opportunity to get the three valuable sets of
comments on our work from the reviewers and the important summary from the Chief
Editor. If we understand correctly, at this moment, we are expected to check for any factual
errors, and our response at this stage will affect the choice of which reviewer’s comment will
be published as a part of the reviewed Preprint. If so, we want to comment on some of the
reviewer's points (Part A). These are not factual errors but more misunderstandings that
need to be corrected. Furthermore, it depends on your decision whether it will be a part of
the response or not. In Part B, we will address the reviewer's comments.

Part A:
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1. Reviewers #1 and #3 missed our originally already reported PNAs dynamics based on
live-cell imaging (mainly Reviewer #3 stressed that the dynamic we present is
extrapolated from fixed imaging). We previously published the detailed dynamics of
PNAs as detected by live-cell imaging (Imrichova, Aging 2019, doi:
10.18632/aging.102248. Epub 2019 Sep 7). It seems that we have not sufficiently
highlighted this important aspect in the present eLife manuscript, despite in the
Introduction part, we have described the dynamic transitions between the individual
PNAs types/stages, yet without explicitly emphasizing that such dynamic insights were
deduced from our live-cell imaging experiments.

2. Reviewer#2 asked us to reconcile the different phenotypes after RNAi of TOP2A (KD
induces PNAs) and TOP2B (KD does not induce PNAS), vis a vis the fact that the TOP2B-
targeting drug -doxorubicin is a strong inducer of PNAs formation. We would like to
stress that doxorubicin is not a specific poison of TOP2B (e.g., Atwal 2019; DOI:
10.1124/mol.119.117259). It can poison (at low concentration) or inhibit (at high
concentration) all subtypes of topoisomerase 2. In other words, doxorubicin targets a
wider spectrum of type 2 topoisomerases and hence can limit any potential redundant
roles of the individual subtypes, which, on the other hand, can manifest under
conditions when only a specific one member is depleted genetically. We have further
discussed this interesting issue in the discussion presented in our manuscript, and we
believe there is no discrepancy, due to the wider impact of doxorubicin and an
apparently more dominant role of TOP2A than TOP2B in preventing PNAs.

3. We are aware that the biological significance of the interaction of PML with nucleolus
has not been fully solved yet. At this moment, we can conclude that PNAs recognize
and sequester the damaged/aberrant rDNA from active nucleolus. This novel sorting
mechanism might be necessary for maintaining the integrity of the repetitive rDNA
loci that might otherwise be altered or lost during complex recombinational rDNA
repair. Importantly, we also identified substances (mostly chemotherapeutics) that
cause rDNA damage. Given that PML is a multifaceted protein involved in diverse
processes; PML depletion might affect several stress-related processes. The rDNA
quality/quantity analysis is also highly challenging because of the high number of
rDNA copies (200-400). As preparing such an experimental model/s is difficult and
time-consuming, addressing this issue in more detail will be a part of our follow-up
work. Nevertheless, we will perform the bulk of the experiments recommended by the
reviewers, to strengthen the conclusions of this manuscript, as follows: A) We will
explore whether the PNAs formation is linked to some specific cell cycle phase; B) To
strengthen the experiments with inhibition of NHE] (DNA PKi) and HR (B02i), we will
perform the RNA interference or use some other inhibitor/s operating through a
distinct mechanism yet targeting the same repair process; C) We will analyze the
recovery from I-Ppol treatment and assess cell proliferation, ability to form colonies,
and the presence of senescent cells.

Part 2

Reviewer #1 (Public Review):
Summary:

This paper described the dynamics of the nuclear substructure called PML Nucleolar
Association (PNA) in response to DNA damage on ribosomal DNA (rDNA) repeats. The
authors showed that the PNA with rDNA repeats is induced by the inhibition of
topoisomerases and RNA polymerase I and that the PNA formation is modulated by
RADS51, thus homologous recombination. Artificially induced DNA double-strand breaks
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7 Li f (DSBs) in rDNA repeats stimulate the formation of PNA with DSB markers. This DSB-
OAY]

zY€eLIte triggered PNA formation is regulated by DSB repair pathways.

Strengths:

This paper illustrates a unique DNA damage-induced sub-nuclear structure containing
the PML body, which is specifically associated with the nucleolus. Moreover, the dynamics
of this PML Nucleolar Association (PNA) require topoisomerases and RNA polymerase I
and are modulated by RAD51-mediated homologous recombination and non-
homologous end-joining. This study provides a unique regulation of DSB repair at rDNA
repeats associated with the unique-membrane-less subnuclear structure.

Weaknesses:

Although the PNA formation on rDNA repeat is nicely shown by cytological analysis, the
biological significance of PNA in DSB repair is not fully addressed.

At this moment, we cannot mechanistically fully elucidate the biological significance of this
peculiar process. However, our data shows that the dynamic interaction of PML with
nucleolus can sequester damaged rDNA from reactivating nucleolus. We propose that in this
way, the actively transcribed intact rDNA is protected from possible detrimental interaction
with the defective, PNAs-sequestered rDNA, most likely to avoid the harmful intra- and inter-
chromosomal recombination events that would otherwise likely occur during
recombinational repair of the damaged rDNA, as the rDNA repeats present on 5
chromosomes are repetitive. Thus, this novel sorting mechanism might help sustain
repetitive rDNA loci integrity.

Reviewer #2 (Public Review):

In this manuscript, the authors aim to study the PML-nucleoli association (PNAs) by
different genotoxic stress and to determine the underlying molecular mechanisms.

First, from a diverse set of genotoxic stress conditions (topoisomerases, RNA Pol I, rRNA
processing, and DNA replication stress), the authors have found that the inhibition of
topoisomerases and RNA Polymerase I has the highest PNA formation associated with
p53 stabilization, gamma-H2AX, and PAF49 segregation. It was further demonstrated
that Rad51-mediated HR pathway but not NHEJ pathway is associated with the PNA
formation. Immuno-FISH assays show that doxorubicin induces DSBs (53BP1 foci) in
rDNA and PNA interactions with rDNA/DJ regions. Furthermore, endonuclease I-Ppol
induced DSB at a defined location in rDNA and led to PNAs.

Most claims by the authors are supported by the data provided. However, below
weaknesses/concerns may need to be addressed to improve the quality of the study.

Y

. Top2B toxin doxorubicin had the highest degree of elevating PNAs; however, Top2B-
knockdown had almost no noticeable effects on PNAs. How to reconcile the different
phenotypes targeting Top2B?

Terezie Hornofova et al., 2023 eLife. https://doi.org/10.7554/eLife.91304.1 35 0f 39


https://doi.org/10.7554/eLife.91304.1

v eLife
1. We thank the reviewer for this comment and below explain why there is no

discrepancy in the observed phenotypes. Doxorubicin is not a specific poison of TOP2B
(e.g., Atwal 2019; DOI: 10.1124/mol1.119.117259). It can poison (stabilize ternary
complex at low concentration) or inhibit (e.g., defects in decatenation at high
concentration) all subtypes of topoisomerase 2. It intercalates DNA (alteration of DNA
torsion; histone eviction) and elevates oxidative stress. Therefore, the observed effect
of doxorubicin reflects its broader impact, also beyond inhibition of Top2B: as
doxorubicin targets a wider spectrum of type 2 topoisomerases and hence can limit
any potential redundant roles of the individual subtypes (which on the other hand can
manifest under conditions when only one specific member is depleted genetically),
thereby causing a robust induction of PNAs. We have further discussed this issue in
the Discussion section of our manuscript, and we believe there is no discrepancy, in
the observed phenotypes due to the wider impact of doxorubicin and an apparently
more dominant role of TOP2A than TOP2B (both of which are impacted to some extent
by doxorubicin) in preventing PNAs.

1. To test the role of Rad51 and DNA-PKcs in the PNA formation, Rad51 inhibitor BO2 and
DNA-PKcs inhibitor NU-7441 were chosen to use in the study. To further exclude the
possible off-target of BO2 and NU-7441, siRNA-mediated knockdown of Rad51 and DNA-
PKcs would be an appropriate complementary approach to the pharmaceutical inhibitor
approach.

We are grateful for this suggestion and will perform the recommended experiments the
outcome of which will indeed help to exclude the possible off-target effects of B02 and NU-
7441. We are now collecting/testing the necessary tools and will carry out these analyses
proposed by the reviewer.

1. Several previous studies have shown the activation of the nucleolar ATM-mediated DNA
damage response pathway by I-Ppol-induced DSBs in rDNA. What is the role of nucleolar
ATM in the regulation of PNAs?

We are aware of the relevant literature on ATM, and appreciate this question from the
reviewer. During the revision of this manuscript, we will therefore address the role of ATM
signaling in the phenomena that we report here. As ATM signaling is essential for the
repression of pre-rRNA synthesis and the compaction of rDNA into the nucleolar caps in
response to rDNA damage, we will complement this knowledge by testing to what extent
might ATM inhibition affect the induction of PNAs/PML-NDS in our model and experimental
settings.

Reviewer #3 (Public Review):

Summary:

Hornofova et al. examined interactions between the nucleolus and promyelocytic
leukemia nuclear bodies (PML-NBs) termed PML-nucleolar associations (PNAs). PNAs are
found in a minor subset of cells, exist within distinct morphological subcategories, and
are induced by cellular stressors including genotoxic damage. A systematic
pharmacological investigation identified that compounds that inhibit RNA Polymerase 1
(RNAPI) and/or topoisomerase 1 or 2A caused the greatest proportion of cells with PNA. A
specific RAD51 inhibitor (R02) impacted the number of cells exhibiting PNAs and PNA
morphology. Genetic double-strand break (DSB) induction within the rDNA locus also
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7 Li f induced PNA structures that were more prevalent when non-homologous end joining
v eLire (NHEJ) was inhibited.

Strengths:

PNA are morphologically distinct and readily visualized. The imaging data are high
quality, and rDNA is amenable to studying nuclear dynamics. Specific induction of rDNA
damage is a strong addition to the non-specific pharmacological damage characterized
early in the manuscript. These data nicely demonstrate that rDNA double-strand breaks
undermine PNA formation. Figure 1 is a comprehensive examination and presents a
compelling argument that RNAPI and/or TOP1, TOP2A inhibition promote PNA
structures.

Weaknesses:

The data are limited to fixed fluorescent microscopy of structures present in a minority of
cells. Data are occasionally qualitative and/or based upon interpretation of dynamic
events extrapolated from fixed imaging. This study would benefit from live imaging that
captures PNA dynamics.

We believe this comment reflects a misunderstanding, for the following reason: We fully
agree with the reviewer that live-cell imaging is critical to properly capture the dynamics of
the PNAs formation and evolution, and apologize for not sufficiently highlighting that this
was already presented in our previous study in which we described the existence and
dynamics of PNAs over time, based on the live cell imaging that the reviewer correctly
regards as important. In Imrichova et al. (doi: 10.18632/aging.102248. Epub 2019 Sep 7), we
used live-cell imaging to describe the dynamics of forming PNAs and the transition between
individual types, and we referred to this work in the Introduction section of our present
manuscript. By those experiments, including the live-cell imaging, we showed that after the
recovery of RNAPI transcription, which usually follows the washout (removal) of the DNA-
damaging agents, the funnel-like PNAs are transformed into PML-NDS. These newly emerging
PNAs (PML-NDS) are placed next to the reactivated nucleolus. To document this, we paste
below the relevant part of the Introduction text that was included in our submitted
manuscript (see below in italics). Nevertheless, we did not emphasize that the transition
between individual types of PNAs was obtained using live-cell imaging of cells ectopically
expressing PML-EGFP and B23-RFP. In the revised manuscript, we will include this critical
information and will complement this by a scheme explaining the dynamics of PNAs
transitions.

Copied text from our manuscript, relevant to this issue: Doxorubicin, a topoisomerase
inhibitor and one of the PNAs inducers, provokes a dynamic interaction of PML with the
nucleolus, where the different phases linked to RNAPI inhibition can be discriminated into
four basic structural subtypes of PNAs termed according to the 3D structures obtained by
super-resolution microscopy as PML 'bowls', PML 'funnels', PML 'balloons' and PML
nucleolus-derived structures (PML-NDS; (36)). The doxorubicin-induced inhibition of RNAPI
leads to a nucleolar cap formation around which diffuse PML accumulates to form the PML
bowl. Note that this event is rare as a minority of nucleolar caps are enveloped by PML (36).
As the RNAPI inhibition continues, PML bowls protrude into PML funnels or transform into
PML balloons wrapping the whole nucleolus. When the stress is relieved and RNAPI resumes
activity, a PML funnel transforms into distinct compartments placed next to the non-
segregated (i.e., reactivated) nucleoli, PML nucleolus-derived structures (PML-NDS). PML-
NDSs contain nucleolar material, rDNA, and markers of DNA DSBs (36,37).

Cell cycle and cell division are not considered. Double-strand break repair is cell cycle
dependent, and most experiments occur over days of treatment and recovery. It is
unclear if the cultures are proliferating, or which cell cycle phase the cells are in at the
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7 eLI fe time of analysis. It is also unclear if PNAs are repeatedly dissociating and reforming each

L cell division.

We agree this is an important point. In a complementary setting we previously published
(Imrichova et al., doi: 10.18632/aging.102248. Epub 2019 Sep 7) that exposure of RPE-1 hTERT
cells to doxorubicin caused cell cycle arrest and cellular senescence. Thus, most of such cells
will not enter the cell cycle again. Regarding the I-Ppol-based model, we indeed did not show
in the present manuscript how I-Ppol activation (rDNA damage) affects the cell cycle. In our
preliminary experiments that address this issue, we saw that only about 1-3% of cells can
recover from the stress and form colonies in a colony-forming assay. We will further repeat
and corroborate these preliminary data and include these results in the revised manuscript,
together with B-galactosidase staining to demonstrate the presence of senescent cells.

Furthermore, as suggested by this reviewer, we will assess the cell cycle phase/position of the
cells in our experiments, to find out whether the cell cycle phase affects/correlates with the
PNAs formation.

The relationship of PNA morphologies (bowl, funnel, balloon, and PML-NDS) also remains
unclear. It is possible that PNAs mature/progress through the distinct morphologies, and
that morphological presentation is a readout of repair or damage in the rDNA locus.
However, this is not formally addressed.

This is partly explained by our response to Reviewer no 1, related to our previous live-cell
imaging analyses. The 'bowl' emerges first and can be transformed into a 'funnel' or 'balloon'.
All these PML structures are in contact with the nucleolar cap (the RNAPI is inhibited). Upon
reactivation of RNAPI, the funnel can transform into the PML-NDS. At this moment, we
cannot conclude to which precise process the individual structure is linked. However, we
already know (Hornofova et al., DOI: 10.1016/j.dnarep.2022.103319) that the funnels
colocalize with the highest portion of rDNA, which may reflect some process of
concentration/clustering of rDNA. This observation is supported by results presented in this
manuscript, which show that individual acrocentric chromosomes (NORs) also accumulate in
one funnel. To summarize, the formation of the bowl reflects the aberration in rDNA. The
funnel can accumulate rDNA and NORs in one site. The transition between the funnel and
PML-NDS mirrors the changes after the reactivation of RNAPI and facilitates the
sequestration of damaged rDNA/NORs outside of the active nucleolus. As the processes linked
to the individual PNA are not solved yet, we will at least address this issue in a discussion.

An I-Ppol targeted sequence within the rDNA locus suggests 3D structural rearrangement
following damage. An orthogonal approach measuring rDNA 3D architecture would
benefit comprehension.

This is a very inspiring idea, although demanding and somewhat outside the focused scope of
the present study. Our follow-up work will focus on the localization of individual NORs using
immune-FISH after introducing the rDNA damage by I-Ppol. In the context of those studies,
we also plan to analyze rDNA 3D architecture.

Following I-Ppol induction, it is possible that cells arrest in a G1 state. This may explain
why targeting NHEJ has a greater impact on the number of 53BP1 foci and should be
investigated.

We fully agree with this possibility and in response, we will perform a series of cell cycle
analysis experiments to address this issue, during the revision phase of this manuscript. We
will analyze whether I-Ppol-induced PNAs are linked to some cell cycle phase(s).
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7! eLIfe Conclusions: PNAs are a phenomenon of biological significance and understanding that
significance is of value. More work is required to advance knowledge in this area. The
authors may wish to examine the literature on APBs (Alt-associated PML-NBs), which are
similar structures where telomeres associate with PML-NBs in a specific subset of
cancers. It is possible that APBs and PNAs share similar biology, and prior efforts on
APBs may help guide future PNA studies.

We will follow this recommendation by the reviewer. In ALT, PML is essential for clustering
several (damaged) telomeres into APB. In PML-deficient cells, there is not only a defect in the
formation of APB, but also the ALT telomeric DNA synthesis in G2 cells is blocked. As we
already mentioned, funnel-like PNAs can accumulate several NORs. Thus, the recombination
process between NORs might be facilitated. We will highlight this link and its relevance for
cancer in our revised manuscript, thank you.
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