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Topoisomerase 2 (TOP2) inhibitors are drugs widely used in the treatment of different
types of cancer. Processing of their induced-lesions create double-strand breaks (DSBs)
in the DNA, which is the main toxic mechanism of topoisomerase inhibitors to kill cancer
cells. It was established that the Nucleotide Excision Repair pathway respond to TOP2-
induced lesions, mainly through the Cockayne Syndrome B (CSB) protein. In this paper,
we further define the mechanism and type of lesions induced by TOP2 inhibitors when
CSB is abrogated. In the absence of TOP2, but not during pharmacological inhibition, an
increase in R-Loops was detected. We also observed that CSB knockdown provokes
the accumulation of DSBs induced by TOP2 inhibitors. Consistent with a functional
interplay, interaction between CSB and TOP2 occurred after TOP2 inhibition. This was
corroborated with in vitro DNA cleavage assays where CSB stimulated the activity of
TOP2. Altogether, our results show that TOP2 is stimulated by the CSB protein and
prevents the accumulation of R-loops/DSBs linked to genomic instability.

Keywords: Topoisomerase 2 inhibitors, Nucleotide Excision Repair (NER), R-loops, DNA repair, CSB,
Topoisomerase 2

INTRODUCTION

Topoisomerase are essential enzymes required for transcription, replication, and chromatin
remodeling. Topoisomerases TOP1 and TOP2 mediate the cleavage, respectively, of single or
double stranded DNA for relaxing generated DNA supercoiling, untangle catenanes, and condense
chromosomes, avoiding DNA over winding. Topoisomerases are particularly vulnerable to
topoisomerase poison (topoisomerase inhibitors) during their cleavage reaction. These drugs block
the re-ligation step of the enzyme-induced DNA break through the formation of the drug-DNA-
topoisomerase complexes, which is referred to as the cleavage complex (TOPcc). The cytotoxic
activity of TOP1 inhibitors such as camptothecin is related to the interference of trapped TOP1cc
with DNA replication and transcription. Processing of these complexes creates double-strand
breaks (DSBs) in the DNA, which is their main toxic mechanism to kill cancer cells (Pommier,
2013; Pommier et al., 2016; Marinello et al., 2018). Similarly, Topoisomerase 2 (TOP2) inhibitors
such as Doxorubicin (DOX) and Mitoxantrone (MXT) are drugs widely used in the treatment
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of different types of cancer, such as breast, prostate, lung, bladder,
testis, leukemia, lymphomas, and osteosarcomas.

We have previously reported that NER pathway deficiency
reenforces TOP2 inhibitors suggesting a role of the (NER)
pathway in processing the TOP2cc intermediate (Saffi et al.,
2010; Rocha et al., 2016a,b). Thus, deficiency in Cockayne
syndrome B (CSB), a protein from TC-NER (Transcription
Coupled – NER), accumulates more Top2ccs in response to MXT
than cells deficient in XPC, a protein from GG-NER (Global
Genome – NER) (Rocha et al., 2016a). These results strongly
indicate an involvement of the NER pathway, or at least of CSB,
in processing of these complexes and, maybe, mediating the
generation of DSBs.

The CSB protein, also known as ERCC6, is a multifunctional
protein belonging to the SWI/SNF2 superfamily that completes
other non-canonical functions besides the classical functions
NER pathway, including DSBs repair (Batenburg et al., 2015).
Batenburg et al. (2017) have shown that CSB is involved in
the pathway choice to repair DSBs, once it removes histones
from the damaged area in the DNA, allowing HR proteins to
access it. It was also shown that CSB could imply in DSBs
signaling when they occur in active-transcribed genes, once these
are important regions in the genome (Wei et al., 2015, 2016;
Teng et al., 2018). CSB also seems to be involved in resolving
R-loops (Sollier et al., 2014), which are DNA:RNA hybrids that
can occur physiologically during different processes, including
transcription and replication (Chédin, 2016; Bhatia et al., 2017).
Persistent R-loops forming in the head-on direction can block
DNA replication and, if unresolved, can cause DNA breaks
and genomic instability (Aguilera and Gómez-González, 2017;
Hamperl et al., 2017). CSB is also involved in recognizing such
hybrids at active-transcribed regions, promoting mRNAs release
for their use as a template by HR factors (Teng et al., 2018).

It has also been shown that R-loops are powerful and reversible
topology sink that cells may use to relieve superhelical stress
during transcription (Stolz et al., 2019). Coordinated action
of Top1 and Top2 counteract the accumulation of torsional
stress at replication forks, thus preventing the diffusion of
topological changes along large chromosomal regions (Bermejo
et al., 2007). Hence cells treated with Camptothecin increases
topological stress which accumulate R-loops and result into more
genome instability (Sollier et al., 2014; Manzo et al., 2018).
We hypothesized that CSB recognizes Top2cc mediated R-loops
in response to TOP2 inhibitors. Such R-loops accumulation
might be a consequence of RNA Polymerase (RNA Pol) arrest
causing by the complexes TOP2ccs. Therefore, this study aimed
to understand the role of CSB in response to TOP2 inhibitors and
the relation with DSB repair pathways.

MATERIALS AND METHODS

Cell Culture, siRNAs, Plasmids and
Transfection
All mammalian cells were cultured at 37◦C with 5% CO2. U2OS
human osteosarcoma cells (ATCC) was cultured in McCoy‘s
medium and HEK-293T cells (ATCC) and U2OS-TRE reporter

cells were cultured in Dulbecco’s modified Eagle’s medium, all
of them containing 10% fetal bovine serum (FBS). All cells
were transfected with plasmid DNAs using Lipofectamine 2000
and siRNA oligonucleotides using Lipofectamine RNAiMAX
(Invitrogen) according to the manufacturer’s instructions. All
siRNAs were purchased from Dharmacon as a SMARTpool and
50 nM siRNA was used for transfection. pTREX-FLAG-TOP2A
and pTREX-FLAG-TOP2B were provided from Dr. YP lab (NIH)
and 1 µg DNA was used to overexpress TOP2A and TOP2B
in HEK-293T cells. pBroad3 TA-KR and pBroad3 tetR-KR were
provided by Dr. Li Lan lab (MGH) and 1 µg DNA was used for
damage at RNA transcription (DART) assay.

Reagents and Antibodies
Doxorubicin (DOX), Mitoxantrone (MXT) and Etoposide (ETO)
were purchased from Sigma Aldrich. Antibodies anti-CSB
(ab96089), anti-topoisomerase 2 alpha (ab12318) and anti-
topoisomerase 2 beta (ab72334) were purchased from Abcam.
Monoclonal anti-FLAG M2 antibody and monoclonal anti-
vinculin antibody (V9131), used as loading control in western
blot analysis, were purchased from Sigma Aldrich. Anti-phospho-
histone H2A.X (Ser139) (clone JBW301) was purchased from
Merck Millipore and 53BP1 antibody was purchased from Novus
Biologicals (NB100-304). For DRIP and DART experiments,
S9.6 antibody was purified from the hybridoma purchased
from the American Type Culture Collection (ATCC, Manassas,
VA, United States), by Dr. Masson. ANTI-FLAG R© M2 Affinity
Gel (Sigma Aldrich) and protein-A/G agarose beads (PierceTM

Protein A/G UltraLinkTM Resin – Thermo Fisher Scientific) were
used for CSB and TOP2 Immunoprecipitation (IP) experiments
and R-Loops IP at DRIP-qPCR assay. To confirm XPC and
XPA knockdown through qPCR 2 pair of primers were used for
each gene as follows: 5′ TTGTCGTGGAGAAGCGGTCTAC/3′
CTTCTCCAAGCCTCACCACTCT and 5′ GACAAGCAGGA
GAAGGCAAC/3′ GGTTCGGAATCCTCATCAGA for XPC;
5′ GAAGTCCGACAGGAAAACCGAG/3′ GATGAACAATCG
TCTCCCTTTTCC and 5′ GCAGCCCCAAAGATAATTGA/3′
TGGCAAATCAAAGTGGTTCA for XPA. Primers used for
DRIP-qPCR analysis are presented in Supplementary Table 1.

Damage at RNA Transcription Assay
U2OS-TRE cells were first transfected with siRNAs (siERCC6,
siTOP2A, and siTOP2B) and 24 h after siRNA transfection the
same cells were transfected with plasmids expressing KillerRed
(KR) (pBroad3 TA-KR and pBroad3 tetR-KR). 36–48 h after
plasmids transfection, cells were exposed for 25 min to a
15W Sylvania cool white fluorescent lamp for ROS-induced
damage through light-induced KR activation and let for 1 h to
recover before fixation to start the S9.6 Immunofluorescence (IF)
protocol. Cells were rinsed with PBS and fixed in 4% PFA for
15 min at room temperature. They were washed three times with
PBS, permeabilized by 0.2% Triton X-100 in PBS for 10 min, and
then washed three times with PBS. After that, cells were incubated
in buffer (10 mM Tris-HCl, 2 mM EDTA, pH = 9) and steamed
on a 95◦C heating block for 20 min to expose the antigen. The
dish was cooled down, washed three times with PBS and cells
were blocked using 5% BSA in 0.1% PBST for 30 min at room
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temperature. The first and secondary antibodies were diluted in
the same blocking buffer (anti-S9.6 1:500 and anti-mouse Alexa-
Fluor 488 1:1,000). Primary antibody was incubated for 2 h at
room temperature, then cells were washed three times with PBS
and incubated for 1 h with the secondary antibody, following
three more washes with PBS and incubation with DAPI 1 mg/mL.
Images were taken using Volocity (Quorum Technologies) and
S9.6 intensity in the KillerRed foci area was quantified using
the same software.

DRIP-qPCR
DRIP assays were performed as described by Mersaoui et al.
(2018). Briefly, nucleic acids were extracted from U2OS cells
by SDS/proteinase K treatment at 37◦C overnight followed by
phenol-chloroform extraction using MaXtractTM High Density
(100 × 15mL from QIAGEN) and ethanol precipitation at room
temperature. The harvested nucleic acids were digested for 24 h
at 37◦C using a restriction enzyme cocktail (50 units/100 µg
nucleic acids, each of BsrGI, EcoRI, HindIII, SspI, and XbaI)
in the New England Biolabs CutSmart buffer with 2 mM
Spermidine and 1X BSA. Digested DNAs were cleaned up by
phenol-chloroform extraction using MaXtractTM High Density
(200 × 2mL from QIAGEN) followed by treatment or not with
RNase H (20 units/100 µg nucleic acids) overnight at 37◦C in the
New England Biolabs RNase H buffer. DNA:RNA hybrids from
4 µg digested nucleic acids, treated or not with RNase H, were
immunoprecipitated using 10 µg of S9.6 antibody and 50 µl of
protein-A/G agarose beads (PierceTM Protein A/G UltraLinkTM

Resin – Thermo Fisher Scientific) at 4◦C for overnight and
2 h, respectively, in IP buffer (10 mM NaPO4, 140 mM NaCl,
0.05% Triton X-100). Beads were then washed three times with
IP buffer for 10 min at room temperature and nucleic acids
were eluted with elution buffer (50 mM Tris-HCl, pH 8.0,
10 mM EDTA, 0.5% SDS and 70 µg of protease K) at 55◦C
for 1 h. Immunoprecipitated DNA were then cleaned up by a
phenol-chloroform extraction followed by ethanol precipitation
at −20◦C for 1 h. Quantitative PCR was performed at the
indicated regions using the primers listed in Supplementary
Table 1. Enrichment of DNA:RNA hybrids was calculated as
percentage of input.

Immunofluorescence
For γH2AX and 53BP1 immunostaining U2OS cells were at
first transfected with siERCC6, siXPC, and siXPA. 24 h after
siRNA transfections cells were treated with 0.025 µg/ml DOX and
0.0125 µg/ml MXT for additional 24 h, and right after that the
IF protocol was performed. Briefly cells were rinsed three times
with PBS 1X, fixed using PFA 2% for 30 min, rinsed three times
with PBS 1X and permeabilized with PBS-Triton X-100 0.3% for
30 min, followed by three washes with PBS 1X. Before incubation
with antibodies, cells were blocked for 30 min using a blocking
buffer (10% goat serum; 0.5% NP40, 0.5% saponin in PBS 1X).
Primary and secondary antibodies were diluted in blocking buffer
(anti-γH2AX 1:10,000, anti-53BP1 1:1,000, Alexa-fluor 488 goat
anti-rabbit 1:1000 and Alexa-fluor 568 goat anti-mouse 1:1,000).
Incubation with primary antibodies was done for 1 h 30 min and
with secondary antibodies for 1 h. The slides were prepared using

ProLongTM Gold Antifade Mountant with DAPI (Thermo Fisher
Scientific) to stain the nucleus. Three independent experiments
were performed, and the images were taken using Volocity
software (Quorum Technologies). A hundread cells per condition
were analyzed for foci number using Cell Profiler software (Broad
Institute). For S9.6 immunostaining the details are described in
the DART assay method.

Cell Lysis and Immunoprecipitation
For co-immunoprecipitation experiments of endogenous
proteins, U2OS cells were treated with DOX or MXT for 24 h and
right after lysed with a lysis buffer containing 50 mM Tris-HCL
pH 7.5, 150 mM NaCl, 0.5% NP40 and a cocktail of protease
inhibitors and phosphatase inhibitors. After a brief sonication
(5 cycles 30 s on/off) followed by high speed centrifugation, the
supernatant was precleared and protein quantification was done
using Bradford method (Bradford, 1976). 1–2 mg protein lysate
was separated for IP, and 0.6 µL of benzonase was added. The
IP was performed incubating at first the lysate with anti-CSB
and anti-IgG for the IgG control, according to the antibody
manufacturer instructions, for 1 to 2 h at 4◦C in rotation. After
that, this lysate that was previously incubated with the antibody
was then incubated for 1 h at 4◦C in rotation with approximately
40 µL of beads. After IP, beads were washed with the lysis buffer
(without protease and phosphatase inhibitors), and eluted.
Samples were applied in a SDS-PAGE gel and blotted against
anti-TOP2 or anti-CSB to check the interaction between the
endogenous proteins.

For overexpression TOP2 immunoprecipitations, HEK-293T
cells overexpressing FLAG tagged TOP2A and TOP2B were
treated with DOX, MXT, and ETO for 2 h. After lysis and
quantification following the same procedure described for
endogenous proteins IP, the FLAG-tagged proteins IP was
performed using 50 µL of beads ANTI-FLAG R© M2 Affinity
Gel (Sigma Aldrich), and the lysate containing the beads was
incubated for 3 h at 4◦C in rotation. After IP, beads were washed
with washing buffer containing 50 mM Tris-HCl pH 7.5, 250 mM
NaCl, 0.5% NP40, and eluted. Samples were applied in a SDS-
PAGE gel and blotted against anti-FLAG or anti-CSB to check
the interaction between proteins.

In vitro Topoisomerase 2 Cleavage Assay
Cockayne Syndrome B protein purification was performed
by the GST-His protein purification method as described by
Maity et al. (2013). Human TOP2α and TOP2β were purified
from yeast strains JEL1 top11 transformed with 12-URA-B
6 × His-hTOP2α and 12-URA-C 6 × His-hTOP2β, respectively.
Induction of TOP2 by galactose as described previously (Dong
et al., 2000). Yeast cells were lysed in equilibration buffer
[300 mM KCl, 10 mM imidazole, 20 mM Tris HCl pH 7.7,
10% glycerol, and protease inhibitor cocktail (Sigma-Aldrich,
catalog no. P8215)] by glass bead homogenization. Lysates were
incubated with Ni-NTA resin and washed using wash buffer
#1 (300 mM KCL, 30 mM imidazole, 20 mM Tris HCl pH
7.7, 10% glycerol, and protease inhibitors) then wash buffer #2
(150 mM KCl, 30 mM imidazole, 20 mM Tris HCl pH 7.7,
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10% glycerol, and protease inhibitor cocktail). TOP2α and β

were eluted on a Poly-Prep chromatography column (Bio-Rad,
catalog no. 7311550) with elution buffer (150 mM KCl, 300 mM
imidazole, 20 mM Tris HCl pH 7.7, 10% glycerol, and protease
inhibitors). The peak protein fractions were dialyzed in dialysis
buffer (750 mM KCl, 50 mM Tris HCl pH 7.7, 20% glycerol,

0.1 mM EDTA, and 0.5 mM DTT) and His tag was removed using
Tobacco Etch Virus (TEV) protease.

Topoisomerase plasmid cleavage assay was carried out as
described previously (Nitiss et al., 2012). In brief, 5 nM pBR322
supercoiled plasmid DNA and 100 nM recombinant TOP2α or
TOP2β were incubated in 20 µL TOP2 reaction buffer containing

FIGURE 1 | Depletion of TOP2A and TOP2B increases R-loops at transcribed regions with local ROS-induced DNA damage. (A) Western blotting of U2OS-TRE
cells with ERCC6, TOP2A, and TOP2B knockdowns. (B) Representative images of S9.6 staining in siCTRL, siERCC6, siTOP2A and siTOP2B knockdown at
transcription on (TA-KR) or off (tetR-KR) genomic loci in U2OS TRE cells. (C) Quantification of the S9.6 foci intensity in the indicated conditions. Bars represent mean
of S9.6 foci intensity quantification ± SEM from three independent experiments. The statistical analysis was performed by two-tailed Student’s t-test (Mann-Whitney
test U-test). 100 cells per condition were analyzed at each independent experiment.
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20 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 150 mM KCL, 1 mM
ATP, 1 mM EDTA, 1 mM DTT, and 30 µg/mL acetylated BSA
(TOP2) in the presence of 50 µM etoposide and indicated
concentrations of CSB 37◦C for 30 min. The reactions were
terminated by adding 2 µL 10% SDS, 0.75 µL of 500 mM EDTA,
pH 8.0, and 2 µL 0.8 mg/mL proteinase K and further incubated
for 2 h at 30◦C. DNA samples were electrophoresed in 0.8%
agarose gels containing 0.5 µg/mL ethidium bromide.

Statistical Analysis
Statistical analysis was performed with GraphPad Prism software,
version 6.0 (Cherwell Scientific, Oxford, United Kingdom).
Results are the mean of at least three independent experiments
with error bars showing S.E.M. Statistical analysis was performed
using one-way ANOVA followed by Tukey’s multiple comparison
test and two-tailed Student’s t-test (Mann-Whitney test U-test).
An alpha level of 0.05 was used to determine significance in all
statistical analysis.

RESULTS

Topoisomerase 2 Knockdown, but Not
Inhibition, Increases R-Loops
Previous reports show an increase in R-loops formation after
TOP1 inhibition by Camptothecin (Sollier et al., 2014; Marinello
et al., 2016; Manzo et al., 2018) and also concerning CSB role
in resolving these DNA:RNA hybrids (Sollier et al., 2014), we
wanted to evaluate the R-loops accumulation in the context of
CSB and TOP2 knockdowns. For that we performed the DNA
DART assay in siCTRL, siERCC6 (CSB), siTOP2A, and siTOP2B
cells. This system can measure a DNA:RNA hybrid accumulation
at a particular locus (Lan et al., 2014; Teng et al., 2018). The
light-inducible chromophore-modified KillerRed (KR) is fused
with either transcription activator (TA) or repressor (tetR). KR
generates reactive oxygen species (ROS) through the excited
chromophore and induces DNA damage and transcriptional
activation at the genome-integrated tet response element (TRE)
locus in U2OS TRE cells. Elevated R-loop at the TRE locus over
background is visualized by immunofluorescence using the S9.6
antibody (Lan et al., 2014; Teng et al., 2018). TOP2B knockdown
led to a significant increase in R-loops specifically at the TA-
KR marked locus, while the level of R-loops was similar to
the control at the tetR-KR locus (Figure 1). Although it was
not statistically different, we also saw an increase in TOP2A
knockdown in relation to the control in TA-KR. These findings
further confirm the accumulation of R-loops in the absence of
TOP2A and TOP2B using an independent assay i.e., DART, in
the presence or not of damage.

We also chose to investigate the occurrence of the same
pattern after TOP2 pharmacological inhibition, which would
induce different lesions from the ROS induced lesions. To assess
R-loops levels in U2OS cells treated with a TOP2 inhibitor, we
immunoprecipitated the DNA:RNA hybrids performing a DRIP-
qPCR assay, which is a specific method to detect R-loops at
different loci known to accumulate these structures. Surprisingly,
in 4 out of 5 loci analyzed we did not find a significant increase

in R-loops after TOP2 inhibition with ETO (Figures 2A,B) and
MXT (data not shown) at any siRNA condition. Furthermore,
even though we saw a significant R-loops increase in siCTRL
cells treated with ETO for 24 h at HIST1H1E loci, this was not
observed for other genes that were analyzed. In fact, in general,
for all siRNAs tested R-loops levels were either the same or lower

FIGURE 2 | R-loops immunoprecipitation through DRIP-qPCR. (A) U2OS
cells were transfected with siCTRL, siERCC6, siTOP2A, and siTOP2B and (B)
treated with ETO for 10 min and 24 h. After treatments, cells were subjected
to DRIP-qPCR analysis. The average ± SEM. from three independent
experiments is shown. Statistical analysis were performed using one-way
ANOVA with Tukey’s multiple comparison test; p < 0.05 was considered as
significative.
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after ETO treatments. However, in 4 out of 5 locus there is a
slight increase in siTOP2A condition in untreated cells, but when
treated with ETO for short (10 min) or long exposure (24 h) we
could not find a pattern.

siERCC6 and siXPC Present Different
53BP1 and γH2AX Foci Pattern
In order to determine if TOP2 inhibitor induces DSBs we assessed
γH2AX and 53BP1 foci formation in U2OS cells. Then we

investigated the influence NER genes in this response, after
siRNA knockdown for ERCC6, XPC and XPA (Figure 3A). After
24 h treatments with DOX and MXT, we could see differences
in the foci formation among the knockdowns (Figures 3B,C).
After DOX treatments siXPC cells present less 53BP1 and γH2AX
foci compared to siCTRL, siXPA, and specially siERCC6. The
same pattern is observed in γH2AX foci at untreated and MXT
conditions, when siXPC cells present less foci than siERCC6 and
siCTRL. This can indicate that the absence of XPC does not affect
the signaling to repair DSBs, once the evaluation was done 24 h

FIGURE 3 | Cockayne Syndrome B depletion induces more 53BP1 foci formation upon TOP2 inhibition. U2OS cells were transfected with siCTRL, siERCC6, siXPC,
and siXPA (A) and treated with DOX and MXT for 24 h. (B) represents 53BP1 and γH2AX foci quantification and (C) shows representative images. Graphs
represents the average ± SEM from three independent experiments. Statistical analysis were performed using one-way ANOVA with Tukey‘s multiple comparison
test; p < 0.05 was considered as significative. 100 cells per condition were analyzed at each independent experiment.
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after the treatments and by this time we could think the DSBs
generated by these drugs are already resolved. On the other hand,
the absence of CSB, evaluated by siERCC6, seems to increase
γH2AX foci, but not 53BP1, in relation to siCTRL with both
TOP2 inhibitors. This can indicate that there are more DSBs
at these conditions or the absence of CSB delays the resolution
of this DSBs, maintaining the phosphorylation of H2AX even
after 24 h later.

Cockayne Syndrome B Interacts With
TOP2A and TOP2B
Considering that ERCC6 knockdown increases DSBs levels upon
TOP2 inhibition (Figure 3B), and CSB depleted cells accumulate
more Top2ccs than XPC-deficient cells in response to MXT we
hypothesized a direct interaction between CSB and TOP2 before
or after TOP2 inhibition. This interaction could be necessary
to process the Top2ccs-complexes. To test this, we performed a
Co-Immunoprecipitation (Co-IP) of the endogenous CSB using
U2OS cells, before or after 24 h treatment with TOP2 inhibitors
(DOX or MXT). Western blotting with Anti-TOP2A, revealed a
slight interaction between TOP2A and CSB in normal condition
(Figure 4). Interestingly, the TOP2A-CSB interaction is increased
after MXT treatments.

We also evaluated this protein interaction in HEK 293T
cells overexpressing both isoforms, TOP2A or TOP2B, FLAG-
tagged and treated with three different TOP2 inhibitors, DOX,
MXT, and ETO for 2 h. When endogenous CSB was analyzed
in FLAG IP samples through western blot, we found a slight
interaction between TOP2A and CSB in untreated condition
that was more pronounced in cells treated with DOX and MXT,
but less intense in ETO treatment (Supplementary Figure 1A).
However, for TOP2B we observed a very slight interaction
in untreated and more pronounced in MXT treated cells
(Supplementary Figure 1B). Different from TOP2A, the same
interaction was not observed in DOX and ETO treatments when
TOP2B was immunoprecipitated.

In order to verify if CSB stimulates TOP2 function, we
performed an in vitro cleavage assay with both proteins in the

FIGURE 4 | Cockayne Syndrome B physically interacts with TOP2A. U2OS
cells were treated for 24 h with DOX or MXT and a CSB IP was performed
after the treatments. CTRL cells did not perform CSB IP, but IgG instead. NO
TTM: cells were CSB-IP, but no treatment was applied with the TOP2
inhibitors.

presence or not of the TOP2 inhibitor ETO. Our results show
that CSB stimulates DNA cleavage by both TOP2 isoforms (alpha
and beta) in vitro (Figure 5). This effect seems to happen since
the addition of lower CSB concentrations (5 nM), but mainly at
10 nM for both isoforms, remaining still active in stimulating
DNA cleavage at CSB 20 nM for TOP2A, as it is better observed
by the quantifications of the image from Figure 5B, presented in
Figure 5A. Although there is a trend that CSB presence stimulates
more TOP2A than TOP2B, it was not statistically different.
We can also see that the presence of CSB without the damage
generated by ETO does not affects DNA cleavage. This indicates
again that this interaction tends to occur in the face of any TOP2
interaction that might end in DNA damage, analyzed here by the
trapping of TOP2 in the DNA caused by the ETO treatment.

DISCUSSION

R-Loops and Topoisomerase 2
Inhibition/Knockdown
Nucleotide Excision Repair (NER) is known to repair adducts
and bulky lesions in the DNA, that can occur at different parts
of the genome. When these lesions are at transcribed active
genes it causes RNA Pol arrest, and in response to this event
CSB is recruited to start the signaling to other NER proteins
that will remove the DNA containing the lesion. However,
recent evidences have shown different roles for CSB (Sollier
et al., 2014; Batenburg et al., 2015, 2017; Wei et al., 2015, 2016;
Teng et al., 2018).

Sollier et al. (2014) have shown an involvement of CSB and
other NER factors to remove R-loops that can be generated by
different mechanisms, including inhibition of TOP1. Based on
that and our previous interest in TOP2 inhibitors mechanisms
and NER involvement to solve the induced lesions, we wondered
if we could identify R-loops without an active TOP2 enzyme.
Therefore, we investigated R-loops levels through two different
methodologies, one using TOP2 inhibition with ETO, besides
their knockdowns (through DRIP-qPCR), and the other with
TOP2 knockdowns but inducing a different type of damage
(through DART assay).

In our analysis, we could conclude that TOP2 presence is
important to avoid R-loops formation/accumulation. However,
its inhibition does not seem to change much as its knockdown.
This makes sense considering that TOP2 is an important enzyme
to keep DNA topology. Hence, its complete absence makes more
difference than its inhibition that creates other lesions besides
the complexes in the DNA. Although it was not evaluated in
our study, it is still worth mentioning the role of Tdp2 protein,
an important endonuclease that can remove Top2ccs (Nitiss and
Nitiss, 2013; Pommier et al., 2014). Therefore, an interesting
approach would be analyzing R-loops formation in response to
TOP2 inhibition in the absence of Tdp2. This approach could
show if the Top2ccs generated are removed by the endonuclease
Tdp2 and how it influences the generation of R-loops in the
presence or not of CSB.

Marinello et al. (2016), have seen increased R-loops formation
in response to Campthotecin, a TOP1 inhibitor, after 2 and
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FIGURE 5 | Cockayne Syndrome B stimulates TOP2A and TOP2B DNA cleavage in the presence of a TOP2 inhibitor treatment. (A) in vitro TOP2 cleavage assay
quantification in the presence of CSB. (B) in vitro TOP2 cleavage assay representative gel. Sc, supercoiled DNA; L, linear DNA; NO TTM, no treatment; ETO,
Etoposide.

10 min, but this was completely lost after 4 h of treatment, at
different loci, including RPL13A, which is one locus also analyzed
in our study. Based on that they affirm that TOP1 inhibition
by Campthotecin can stabilize antisense and sense R-loops at
active divergent promoters, but only for a short time (Marinello
et al., 2016). We also analyzed R-loops levels at short and even
longer-term ETO treatments through DRIP-qPCR. However, the
difference in time does not seem to change the results in our case.
It would be interesting to evaluate it in an even shorter time, such
as 1 or 2 min after drug exposure. On the other side, it is known
that R-loops are dynamic structures that are continuously formed
and resolved and that the retention of nascent transcripts at their
site of transcription is also a dynamic feature of the mammalian
chromatin (Chédin, 2016).

It is known that negative supercoiling in the DNA
(DNA under-winding) stabilizes R-loops, while positive

supercoiling (DNA over-winding) tends to resolve them
(Belotserkovskii et al., 2018). This could explain why different
studies have observed R-loops induction after inhibiting TOP1
and we have not seen the same after TOP2 inhibition. However,
this does not explain our findings in TOP2 knockdowns
accumulating more R-loops in 4 of the 5 analyzed locus and
at the specific TA-KR locus of the DART assay, which is
transcriptionally activated.

We observed in DART assay results that siTOP2B cells
presented more R-loops measured by S9.6 intensity in the
KR foci area at the transcription activated locus. Although,
in DRIP-qPCR, it was siTOP2A that showed higher levels of
R-loops. This can be explained by the fact that TOP2B is
more related to transcription, while TOP2A is usually related
to replication. When we look at the data in tetR locus at
DART assay, where transcription is not activated, we do see
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siTOP2B cells presenting a similar level of S9.6 intensity to
the control. However, siTOP2A cells still present a slightly
higher signal, which suggests that the absence of TOP2A really
makes a difference in terms of R-loops formation/resolution,
independently of transcription-activated or not. We did not
evaluate a condition with transcription inhibition.

Cockayne Syndrome B Stimulates
Topoisomerase 2 DNA Cleavage
Preventing Genome Instability
We have previously shown that CSB deficient cells accumulate
more Top2ccs in response to MXT than XPC deficient or NER
proficient cells (Rocha et al., 2016a). We investigated in this work

if there is a physical interaction of CSB and TOP2 that could
explain the difficulty in resolving these complexes generated by
TOP2 inhibition with DOX, MXT, and ETO. ETO is known to
be more specific in creating Top2ccs as this is its primary toxic
mechanism, while DOX and MXT can create other lesions besides
these complexes in the DNA (Parker et al., 1999; Bromberg
et al., 2002; Minotti et al., 2004; Baldwin and Osheroff, 2005;
Swift et al., 2006).

We did find the interaction through co-IP of CSB and
TOP2 after TOP2 inhibition and we also showed that CSB
stimulates TOP2 DNA cleavage in vitro. The TOP2 inhibition
creates Top2ccs in the DNA which is known that can block
transcription, promoting then RNA PolII arrest. Taking these
facts in consideration, we speculate at first that this arrest could

FIGURE 6 | Cockayne Syndrome B interaction with TOP2 at a transcription arrest provoked by a TOP2 inhibition favors DNA cleavage, R-loops resolution and
avoids genome instability. We propose here in this model that in the presence of CSB, the TOP2 inhibition generated lesions would be easily removed by TOP2
cleavage stimulated by CSB. These lesions could be R-loops formed by the hybridization of mRNA at the transcription bubble, since it is known RNA Pol II arrests
when it encounters a lesion at the transcription active region. It is also known that this arrest recruits CSB, so in its absence, cells would accumulate R-loops for
longer and consequently generates long-term DSBs (measured in our study by γH2AX), leading to genome instability.
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favor R-loops formation and recruit CSB to this system. CSB
presence could be essential to help in the removal of these R-loops
by recruiting then other factors such as endonucleases that could
relieve the super torsions, that result from the TOP2 trapped
in the DNA, and consequently remove the R-loops. Considering
that and our findings at the in vitro TOP2 cleavage assay, we could
raise the hypothesis presented at our final model in Figure 6.
In the presence of CSB, Top2ccs can be more easily removed
after a Top2 inhibition once CSB stimulates the DNA cleavage
by TOP2. This release of the Top2cc from the DNA would
not favor for the R-loops accumulation, and cells might have
some transitory DSBs during the process. However, when CSB
is absent, the lack of stimulation for TOP2 to cleave the DNA
might impact the accumulation of Top2ccs and R-loops and as
a consequence DSBs generation that last longer and could end up
in genome instability.

More studies are needed to elucidate better CSB or NER
involvement in lesions mediated by TOP2 inhibition. Although
we could not prove the formation of R-loops in TOP2 inhibition
treatments and the participation of CSB in this process, we did
show a functional interaction of CSB and TOP2. This interaction
might be important to release TOP2 from the DNA when
trapped due to an inhibition, for example. We also showed
in this work the importance of TOP2 presence in preventing
R-loops accumulation.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

FB was responsible for main idea conceptualization, performing
all methodologies except for the TOP2 cleavage assay, data

analysis, making figures and writing-original draft preparation.
SM was responsible for conceptualization and support at the
DRIP-qPCR methodology and for reviewing the manuscript. YS
and YP were responsible for performing TOP2 cleavage assay.
JYM and JS were responsible for main idea conceptualization,
supervision, writing, reviewing, and editing. All authors
contributed to the article and approved the submitted version.

FUNDING

Research was supported by the Canadian Institutes of Health
Research (FND-388879) to JYM, by PRONEX-FAPERGS/CNPq
(Conselho Nacional de Desenvolvimento Cientiífico e
TecnoloÓgico, Brasiília, Brazil) (Grant No. 16/2551-0000473-
0-1) to JS and by the Center for Cancer Research, the intramural
Program of the NCI (Z01 BC 006150) to YP. FB received a
scholarship from the Emerging Leaders in the Americas Program
(ELAP) and PDSE-CAPES Brazil, to perform the experiments
in Canada. JYM is a Canada Research Chair in DNA repair and
Cancer Therapeutics. JS is an investigator 1C from CNPq. SM is
an FRQS postdoctoral fellow.

ACKNOWLEDGMENTS

We thank Haibo Yang and Li Lan (MGH) for DART assay
reagents and advice, YP and YS (NIH) for FLAG-tagged TOP2
constructs, and Marie-Christine Caron, Yan Coulombe, and
Amélie Rodrigue for expert technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
727836/full#supplementary-material

REFERENCES
Aguilera, A., and Gómez-González, B. (2017). DNA-RNA hybrids: the risks of

DNA breakage during transcription. Nat. Struct. Mol. Biol. 24, 439–443. doi:
10.1038/nsmb.3395

Baldwin, E., and Osheroff, N. (2005). Etoposide, topoisomerase II and cancer. Curr.
Med. Chem. Agents 5, 363–372. doi: 10.2174/1568011054222364

Batenburg, N. L., Thompson, E. L., Hendrickson, E. A., and Zhu, X.-D. (2015).
Cockayne syndrome group B protein regulates DNA double-strand break
repair and checkpoint activation. EMBO J. 34, 1399–1416. doi: 10.15252/embj.
201490041

Batenburg, N. L., Walker, J. R., Noordermeer, S. M., Moatti, N., Durocher, D., and
Zhu, X.-D. (2017). ATM and CDK2 control chromatin remodeler CSB to inhibit
RIF1 in DSB repair pathway choice. Nat. Commun. 8:1921. doi: 10.1038/s41467-
017-02114-x

Belotserkovskii, B. P., Tornaletti, S., D’souza, A. D., and Hanawalt, P. C. (2018).
R-loop generation during transcription: formation, processing and cellular
outcomes. DNA Repair (Amst.) 71, 69–81. doi: 10.1016/j.dnarep.2018.08.009

Bermejo, R., Doksani, Y., Capra, T., Katou, Y.-M., Tanaka, H., Shirahige, K., et al.
(2007). Top1- and Top2-mediated topological transitions at replication forks
ensure fork progression and stability and prevent DNA damage checkpoint
activation. Genes Dev. 21, 1921–1936. doi: 10.1101/gad.432107

Bhatia, V., Herrera-Moyano, E., Aguilera, A., and Gómez-González, B. (2017). The
role of replication-associated repair factors on R-loops. Genes (Basel) 8:171.
doi: 10.3390/genes8070171

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal. Biochem. 72, 248–254. doi: 10.1016/0003-2697(76)90527-3

Bromberg, K. D., Burgin, A. B., and Osheroff, N. (2002). A two-drug model for
etoposide action against human topoisomerase IIalpha. J. Biol. Chem. 278,
7406–7412. doi: 10.1074/jbc.M212056200

Chédin, F. (2016). Nascent connections: R-loops and chromatin patterning. Trends
Genet. 32, 828–838. doi: 10.1016/j.tig.2016.10.002

Dong, J., Walker, J., and Nitiss, J. L. (2000). A mutation in yeast topoisomerase
II that confers hypersensitivity to multiple classes of topoisomerase II poisons.
J. Biol. Chem. 275, 7980–7987. doi: 10.1074/jbc.275.11.7980

Hamperl, S., Bocek, M. J., Saldivar, J. C., Swigut, T., and Cimprich, K. A. (2017).
Transcription-replication conflict orientation modulates R-loop levels and
activates distinct DNA damage responses. Cell 170, 774–786.e19. doi: 10.1016/
j.cell.2017.07.043

Lan, L., Nakajima, S., Wei, L., Sun, L., Hsieh, C.-L., Sobol, R. W., et al. (2014). Novel
method for site-specific induction of oxidative DNA damage reveals differences
in recruitment of repair proteins to heterochromatin and euchromatin. Nucleic
Acids Res. 42, 2330–2345. doi: 10.1093/nar/gkt1233

Frontiers in Cell and Developmental Biology | www.frontiersin.org 10 October 2021 | Volume 9 | Article 727836

https://www.frontiersin.org/articles/10.3389/fcell.2021.727836/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.727836/full#supplementary-material
https://doi.org/10.1038/nsmb.3395
https://doi.org/10.1038/nsmb.3395
https://doi.org/10.2174/1568011054222364
https://doi.org/10.15252/embj.201490041
https://doi.org/10.15252/embj.201490041
https://doi.org/10.1038/s41467-017-02114-x
https://doi.org/10.1038/s41467-017-02114-x
https://doi.org/10.1016/j.dnarep.2018.08.009
https://doi.org/10.1101/gad.432107
https://doi.org/10.3390/genes8070171
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1074/jbc.M212056200
https://doi.org/10.1016/j.tig.2016.10.002
https://doi.org/10.1074/jbc.275.11.7980
https://doi.org/10.1016/j.cell.2017.07.043
https://doi.org/10.1016/j.cell.2017.07.043
https://doi.org/10.1093/nar/gkt1233
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-727836 October 18, 2021 Time: 15:47 # 11

Busatto et al. CSB Topoisomerase 2-Induced Lesions

Maity, R., Pauty, J., Krietsch, J., Buisson, R., Genois, M. M., and Masson, J. Y.
(2013). GST-His purification: a two-step affinity purification protocol yielding
full-length purified proteins. J. Vis. Exp. 80:e50320. doi: 10.3791/50320

Manzo, S. G., Hartono, S. R., Sanz, L. A., Marinello, J., De Biasi, S., Cossarizza, A.,
et al. (2018). DNA topoisomerase I differentially modulates R-loops across the
human genome. Genome Biol. 19:100. doi: 10.1186/s13059-018-1478-1

Marinello, J., Bertoncini, S., Aloisi, I., Cristini, A., Tagliazucchi, M. M., and Forcato,
G. (2016). Dynamic effects of topoisomerase I inhibition on R-loops and short
transcripts at active promoters. PLoS One 11:147053. doi: 10.1371/journal.pone.
0147053

Marinello, J., Delcuratolo, M., and Capranico, G. (2018). Anthracyclines as
topoisomerase II poisons: from early studies to new perspectives. Int. J. Mol.
Sci. 19:3480. doi: 10.3390/ijms19113480

Mersaoui, S. Y., Yu, Z., Coulombe, Y., Karam, M., Busatto, F. F., Masson, J.-Y., et al.
(2018). Arginine methylation of DDX5 RGG/RG motif by PRMT5 regulates
RNA: DNA resolution. bioRxiv [Preprint]. doi: 10.1101/451823

Minotti, G., Menna, P., Salvatorelli, E., Cairo, G., and Gianni, L. (2004).
Anthracyclines : molecular advances and pharmacologic developments in
antitumor activity and cardiotoxicity. Pharmacol. Rev. 56, 185–229. doi: 10.
1124/pr.56.2.6.185

Nitiss, J., Soans, E., Rogojina, A., Seth, A., and Mishina, M. (2012). Topoisomerase
assays. Curr. Protoc. Pharmacol. Chapter 3:Unit 3.3.

Nitiss, J. L., and Nitiss, K. C. (2013). Tdp2: a means to fixing the ends. PLoS Genet.
9:e1003370. doi: 10.1371/journal.pgen.1003370

Parker, B. S., Cullinane, C., and Phillips, D. R. (1999). Formation of DNA adducts
by formaldehyde-activated mitoxantrone. Nucleic Acids Res. 27, 2918–2923.

Pommier, Y. (2013). Drugging topoisomerases: lessons and challenges. ACS Chem.
Biol. 8, 82–95. doi: 10.1021/cb300648v

Pommier, Y., Huang, S.-Y. N., Gao, R., Das, B., Murai, J., and Marchand, C. (2014).
Tyrosyl-DNA-phosphodiesterases (TDP1 and TDP2). DNA Repair (Amst.) 19,
114–129. doi: 10.1016/j.dnarep.2014.03.020

Pommier, Y., Sun, Y., Huang, S. Y. N., and Nitiss, J. L. (2016). Roles of eukaryotic
topoisomerases in transcription, replication and genomic stability. Nat. Rev.
Mol. Cell Biol. 17, 703–721. doi: 10.1038/nrm.2016.111

Rocha, J. C., Busatto, F. F., de Souza, L. K., and Saffi, J. (2016a). Influence of
nucleotide excision repair on mitoxantrone cytotoxicity. DNA Repair (Amst.)
42, 33–43. doi: 10.1016/j.dnarep.2016.04.005

Rocha, J. C., Busatto, F. F., Guecheva, T. N., and Saffi, J. (2016b). Role of nucleotide
excision repair proteins in response to DNA damage induced by topoisomerase
II inhibitors. Mutat. Res. Rev. Mutat. Res. 768, 68–77. doi: 10.1016/j.mrrev.2016.
04.004

Saffi, J., Agnoletto, M. H., Guecheva, T. N., Batista, L. F. Z., Carvalho, H.,
Henriques, J. A. P., et al. (2010). Effect of the anti-neoplastic drug doxorubicin

on XPD-mutated DNA repair-deficient human cells. DNA Repair (Amst.) 9,
40–47. doi: 10.1016/j.dnarep.2009.10.003

Sollier, J., Stork, C. T., García-Rubio, M. L., Paulsen, R. D., Aguilera, A., and
Cimprich, K. A. (2014). Transcription-coupled nucleotide excision repair
factors promote R-loop-induced genome instability. Mol. Cell 56, 777–785.
doi: 10.1016/j.molcel.2014.10.020

Stolz, R., Sulthana, S., Hartono, S. R., Malig, M., Benham, C. J., and Chedin,
F. (2019). Interplay between DNA sequence and negative superhelicity drives
R-loop structures. Proc. Natl. Acad. Sci. U. S. A. 116, 6260–6269. doi: 10.1073/
pnas.1819476116

Swift, L. P., Rephaeli, A., Nudelman, A., Phillips, D. R., and Cutts, S. M.
(2006). Doxorubicin-DNA adducts induce a non-topoisomerase II-mediated
form of cell death. Cancer Res. 66, 4863–4871. doi: 10.1158/0008-5472.CAN-0
5-3410

Teng, Y., Yadav, T., Duan, M., Tan, J., Xiang, Y., Gao, B., et al. (2018). ROS-
induced R loops trigger a transcription-coupled but BRCA1/2-independent
homologous recombination pathway through CSB. Nat. Commun. 9:4115. doi:
10.1038/s41467-018-06586-3

Wei, L., Levine, A. S., and Lan, L. (2016). Transcription-coupled homologous
recombination after oxidative damage. DNA Repair (Amst.) 44, 76–80. doi:
10.1016/j.dnarep.2016.05.009

Wei, L., Nakajima, S., Böhm, S., Bernstein, K. A., Shen, Z., Tsang, M., et al. (2015).
DNA damage during the G0/G1 phase triggers RNA-templated, Cockayne
syndrome B-dependent homologous recombination. Proc. Natl. Acad. Sci.
U. S. A. 112, E3495–E3504. doi: 10.1073/pnas.1507105112

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Busatto, Mersaoui, Sun, Pommier, Masson and Saffi. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 11 October 2021 | Volume 9 | Article 727836

https://doi.org/10.3791/50320
https://doi.org/10.1186/s13059-018-1478-1
https://doi.org/10.1371/journal.pone.0147053
https://doi.org/10.1371/journal.pone.0147053
https://doi.org/10.3390/ijms19113480
https://doi.org/10.1101/451823
https://doi.org/10.1124/pr.56.2.6.185
https://doi.org/10.1124/pr.56.2.6.185
https://doi.org/10.1371/journal.pgen.1003370
https://doi.org/10.1021/cb300648v
https://doi.org/10.1016/j.dnarep.2014.03.020
https://doi.org/10.1038/nrm.2016.111
https://doi.org/10.1016/j.dnarep.2016.04.005
https://doi.org/10.1016/j.mrrev.2016.04.004
https://doi.org/10.1016/j.mrrev.2016.04.004
https://doi.org/10.1016/j.dnarep.2009.10.003
https://doi.org/10.1016/j.molcel.2014.10.020
https://doi.org/10.1073/pnas.1819476116
https://doi.org/10.1073/pnas.1819476116
https://doi.org/10.1158/0008-5472.CAN-05-3410
https://doi.org/10.1158/0008-5472.CAN-05-3410
https://doi.org/10.1038/s41467-018-06586-3
https://doi.org/10.1038/s41467-018-06586-3
https://doi.org/10.1016/j.dnarep.2016.05.009
https://doi.org/10.1016/j.dnarep.2016.05.009
https://doi.org/10.1073/pnas.1507105112
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Functions of the CSB Protein at Topoisomerase 2 Inhibitors-Induced DNA Lesions
	Introduction
	Materials and Methods
	Cell Culture, siRNAs, Plasmids and Transfection
	Reagents and Antibodies
	Damage at RNA Transcription Assay
	DRIP-qPCR
	Immunofluorescence
	Cell Lysis and Immunoprecipitation
	In vitro Topoisomerase 2 Cleavage Assay
	Statistical Analysis

	Results
	Topoisomerase 2 Knockdown, but Not Inhibition, Increases R-Loops
	siERCC6 and siXPC Present Different 53BP1 and H2AX Foci Pattern
	Cockayne Syndrome B Interacts With TOP2A and TOP2B

	Discussion
	R-Loops and Topoisomerase 2 Inhibition/Knockdown
	Cockayne Syndrome B Stimulates Topoisomerase 2 DNA Cleavage Preventing Genome Instability

	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


