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ABSTRACT

Although defective repair of DNA double-strand
breaks (DSBs) leads to neurodegenerative dis-
eases, the processes underlying their production
and signaling in non-replicating cells are largely un-
known. Stabilized topoisomerase | cleavage com-
plexes (Topicc) by natural compounds or common
DNA alterations are transcription-blocking lesions
whose repair depends primarily on Top1 proteoly-
sis and excision by tyrosyl-DNA phosphodiesterase-
1 (TDP1). We previously reported that stabilized
Top1icc produce transcription-dependent DSBs that
activate ATM in neurons. Here, we use camptothecin
(CPT)-treated serum-starved quiescent cells to in-
duce transcription-blocking Top1cc and show that
those DSBs are generated during Top1cc repair from
Top1 peptide-linked DNA single-strand breaks gen-
erated after Top1 proteolysis and before excision
by TDP1. Following DSB induction, ATM activates
DNA-PK whose inhibition suppresses H2AX and H2A
ubiquitination and the later assembly of activated
ATM into nuclear foci. Inhibition of DNA-PK also re-
duces Top1 ubiquitination and proteolysis as well as
resumption of RNA synthesis suggesting that DSB
signaling further enhances Topicc repair. Finally,
we show that co-transcriptional DSBs kill quiescent
cells. Together, these new findings reveal that DSB
production and signaling by transcription-blocking
Top1 lesions impact on non-replicating cell fate and
provide insights on the molecular pathogenesis of
neurodegenerative diseases such as SCAN1 and AT

syndromes, which are caused by TDP1 and ATM de-
ficiency, respectively.

INTRODUCTION

Topoisomerase I (Topl) is required to remove DNA su-
percoiling generated during transcription. It relaxes DNA
by producing transient Topl cleavage complexes (Toplcc),
which are Topl-linked DNA single-strand breaks (SSB)
(1). After DNA relaxation, Toplcc reverse rapidly and
Topl is released as the DNA religates. Toplcc can be
trapped under a broad range of physiological conditions
including oxidative base damages, alkylation by carcino-
genic compounds and nicks (see Table 1 in reference
(2)), and by ribonucleotide misincorporation (3-5). Toplcc
can also be trapped selectively by camptothecin (CPT)
and its derivatives used to treat cancers, which bind at
the Topl-DNA interface (1). Stabilized Toplcc are po-
tent transcription-blocking DNA lesions (6,7) and their
repair (removal) depends primarily on the tyrosyl-DNA
phosphodiesterase-1 (TDP1) excision pathway. Toplcc ex-
cision by TDPI requires prior proteolysis of Topl by the
ubiquitin/proteasome system (2,8-14). Defective repair of
Toplcc by inactivating mutation of TDP1 leads to the
hereditary spinocerebellar ataxia with axonal neuropathy-
1 (SCAN1) syndrome (15,16), indicating the importance of
removing transcription-blocking Toplcc in non-replicating
cells. A consequence of transcription-blocking Toplcc is
the production of DSBs. These co-transcriptional DSBs
have been detected in post-mitotic neurons and lympho-
cytes as well as in replicating cells out of the S-phase
(17-19). Their production involves the formation of R-
loops, a three-strand nucleic acid structure consisting of
an RNA:DNA hybrid and displaced single-stranded DNA
(20,21). Whether the Toplcc repair process is involved in
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the production of co-transcriptional DSBs is an unresolved
question.

DNA double-strand breaks (DSBs) are among the most
severe genomic lesions, and their repair requires the re-
cruitment of DNA damage response (DDR) proteins in the
vicinity of damaged chromatin, where they form discrete
nuclear foci (22). The serine/threonine kinase ATM is crit-
ical for DDR (23) and its deficiency leads to the heredi-
tary ataxia telangiectasia (AT) syndrome, which is primar-
ily a neurodegenerative disease (15,24). ATM is readily ac-
tivated by DSBs and phosphorylates various DDR pro-
teins at damaged sites such as histone H2AX and MDCI.
Phosphorylated H2AX (known as yH2AX) binds MDCl,
which amplifies the damage signal around the break by
recruiting additional ATM molecules (23). Accumulating
studies indicate that histone ubiquitination regulates DDR
both upstream and downstream of ATM. Ubiquitination of
H2AX by the E3 ligase activity of RNF2-BMI1 complex
triggers recruitment of activated ATM to DSBs allowing
ATM to phosphorylate its targets at damaged sites (25,26).
Then, ATM-mediated phosphorylation of MDC1 provides
a binding site for the E3 ligase RNFS, which permits the re-
cruitment of the E3 ligase RNF168. The concerted action
of RNF8 and RNF168 allows ubiquitination of H2AX and
H2A leading to the further recruitment of repair proteins
such as 53BP1 and the BRCA1 complex (27-32). DNA-PK
is also rapidly recruited at DSBs where it mediates repair
by non-homologous end-joining (NHEJ) (33). Although
DNA-PK can phosphorylate H2AX in response to DSBs
(34), it is not clear whether it participates to DDR signaling
asides from its role in DSB repair.

Here, we use serum-starved quiescent cells treated with
CPT as a model to induce specifically transcription-
blocking Toplcc and get molecular insights into the pro-
cesses underlying both the production and signaling of
DSBs. We found that those DSBs are produced during
Toplcc repair from Topl peptide-linked DNA SSBs gener-
ated after Topl proteolysis and before excision by TDP1.
These data provide the first demonstration that TDPI,
whose deficiency leads to neurodegeneration, protects non-
cycling cells against the formation of DSBs. Analysis of
DSB signaling further reveals a novel function of DNA-PK
in promoting protein ubiquitination leading to enhance-
ment of Topl proteolysis in a feedback loop as well as to
full ATM activity at DSB sites. Lastly, we found that those
co-transcriptional DSBs kill quiescent cells indicating that
the cellular response to transcription-blocking Top]1 lesions
impact on non-proliferative cell fate. Together, these find-
ings provide new insights on the molecular pathogenesis of
neurodegenerative diseases.

MATERIALS AND METHODS
Drugs and chemical reagents

BrdU, CPT, FLV, MGI132, Pyr-41 (35) and 4-
hydroxitamoxifen (4OHT) were obtained from Sigma-
Aldrich; lactacystin, G5 (36), KU55933 (37) and VE-821
(38) from Millipore; bortezomib, veliparib and olaparib
from Selleckchem; and NU7441 (39) from Tocris. BrdU
was dissolved in water, 4OHT in ethanol and the other
agents in DMSO.

Cell lines, culture and treatments

Primary human lung embryonic WI38§ fibroblasts immor-
talized with hTERT were obtained from Estelle Nicolas
(LBCMCP, Toulouse, France) and Carl Mann (CEA, Gif-
sur-Yvette, France) (40). Cells were cultured in modified
Eagle’s medium (MEM) supplemented with 10% (v/v) fe-
tal bovine serum, 1 mM sodium pyruvate, 2 mM glu-
tamine and 0.1 mM non-essential amino acids. Normal hu-
man dermal fibroblast (NHDF) cells were isolated from
healthy patients, as described previously (41), and human
primary lung IMR90 fibroblasts were from ATCC. NHDF
and IMR90 cells were cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) supplemented with 10% (v/v) fetal
bovine serum. To induce quiescence, cells were washed twice
with serum-free medium and cultured for 72 h in medium
supplemented as described above but with 0.2% (v/v) serum
instead of 10%. U20S EV28 cells, stably expressing AsiSI-
ER-HA enzyme (42) were grown in DMEM supplemented
with 10% (v/v) fetal bovine serum and 1 wg/ml puromycine.
To induce DSBs, U20S EV28 cells were treated with 300
nM 40HT for 4 h. In Figure 2D and E, cells were gamma-
irradiated with Gamma-cell 40 Exactor at 0.8 Gy. In all the
experiments, mock samples were treated with the vehicle
only as indicated.

Immunofluorescence microscopy, foci quantification and
graphical representation

Cells were seeded in poly-L-lysine-coated Lab-Tek™ RS
chamber slides (ThermoFisher). After treatment, cells were
washed twice with PBS and immunofluorescence was car-
ried out as described previously (17). Where indicated, cells
were pre-extracted with CSK buffer (10 mM Pipes (pH
6.8), 100 mM NaCl, 300 mM sucrose, 3 mM MgCl,, 0.5%
(v/v) Triton X-100) for 3 min at room temperature. Fol-
lowing two washes in PBS, cells were fixed with 2% (v/v)
formaldehyde for 12 min at room temperature and washed
three times. Cells were incubated with the primary antibody
in PBS with 5% (v/v) fetal bovine serum for 1 h. Anti-
ubiquityl-H2A antibody was incubated overnight at 4°C.
Cells were washed twice and incubated with the appropri-
ate secondary antibody coupled to Alexa Fluor 488, 594
or 568 (Life Technologies). After three washes, slides were
mounted using Mowiol® 4-88 (Millipore) containing 4’,6-
diamidino-2-phenylindole (DAPI). Slides were visualized
at room temperature by using a fluorescence microscope
(Eclipse 90i; Nikon) or an inverted confocal microscope
(LSM 710 or LSM 780; Carl Zeiss). Pictures were analyzed
with Photoshop CS3 (Adobe) or ImageJ (version 1.48v).
Primary antibodies used for microscopy were rabbit anti-
53BP1 (NB100-305; Novus), rabbit anti-S3BP1-pS1778
(2675; Cell Signaling), mouse anti-ATM-pS1981 (4526;
Cell Signaling), mouse anti-BrdU (clone B44; BD Bio-
sciences), mouse anti-y H2AX (05-636; Millipore), rabbit
anti-y H2AX (NB100-384; Novus), mouse anti-DNA-PK-
pT2609 (ab18356; Abcam), rabbit anti-MDC1 (ab11169;
Abcam), mouse anti-ubiquityl-H2A (Ub-H2A; 05-678;
Millipore) and mouse anti-ubiquitinated proteins (Ub-
proteins; clone FK2, 04-263; Millipore).

Nuclear foci were counted manually and for nuclei with
more than 20 foci, we set a default value of 25 foci. For Fig-



ures 2C and 3, nuclear foci were counted with ImagelJ (ver-
sion 1.48v). For graphical representation of foci distribu-
tion, we used box-and-whisker plots using GraphPad Prism
6 software with the following settings: boxes: 25-75 per-
centile range; whiskers: 10-90 percentile range; horizontal
bars: median number of yH2AX foci. Each dot indicates an
individual nucleus that is not in the 10-90 percentile range.

Cell extracts and immunoblotting

Whole cell extracts were obtained by lysing cells in 1%
SDS and 10 mM Tris-HCI (pH 7.4) supplemented with pro-
tease (Sigma-Aldrich) and phosphatase (Halt phosphatase
inhibitor cocktail; ThermoFisher) inhibitors. Viscosity of
the samples was reduced by brief sonication. For detection
of ATM, ATM-pS1981, DNA-PK and DNA-PK-pS2056,
cells were lysed for 15 min in buffer containing 50 mM
Tris-HCI (pH 8.0), 300 mM NacCl, 0.4% (v/v) NP-40, 10
mM MgCl, and 5 mM DTT, supplemented with protease
(Sigma-Aldrich) and phosphatase (Halt phosphatase in-
hibitor cocktail; ThermoFisher) inhibitors. After centrifu-
gation (10 000 x g, 20 min), supernatants were diluted
(v/v) in 50 mM Tris—HCI (pH 8.0), 0.4% (v/v) NP-40 and
S mM DTT. Proteins were separated by SDS-PAGE and
immunoblotted with the following antibodies: anti-actin
(MABI1501; Millipore), anti-ATM (sc-23921; Santa-Cruz),
anti-ATM-pS1981 (ab81292; Abcam), anti-ATR (ab2905;
Abcam), anti-caspase-3 (9662; Cell Signaling), anti-cleaved
caspase-3 (9661; Cell Signaling), anti-Chk2 (2662; Cell Sig-
naling), anti-Chk2-pT68 (2661; Cell Signaling), anti-cullin
3 (ab108407; Abcam), anti-cullin 4B (A303-863A; Bethyl),
anti-DNA-PK (NAS57; Millipore, or abl1832; Abcam),
anti-DNA-PK-pS2056 (ab18192; Abcam), anti-yH2AX
(NB100-384; Novus), anti-H2AX (ab11175; Abcam), anti-
histone H3 (ab1791; Abcam), anti-KAPI (A300-274A,;
Bethyl), anti-KAP1-pS824 (A300-767A; Bethyl), anti-
PARP (9542; Cell Signaling), anti-PSMAG6 (2459; Cell Sig-
naling), anti-p53 (DO-7; DakoCytomation), anti-p53-pS15
(9284, Cell Signaling), anti-topoisomerase I (ab109374; Ab-
cam), anti-aTubulin (T5168; Sigma-Aldrich), anti-UBA1
(4890; Cell Signaling), anti-XLF (2854; Cell Signaling)
and anti-XRCC4 (from Patrick Calsou, IPBS, Toulouse,
France). Immunoblotting was revealed by chemilumines-
cence using autoradiography or a ChemiDoc MP System
(Bio-Rad). Quantification of protein levels was done by us-
ing ImageJ (version 1.48v) in Figure 4E and with Image Lab
software (version 4.1) in the other figures.

Top1 ubiquitination

Topl ubiquitination was detected from whole cell ex-
tracts as described previously (43) with some modifications.
Briefly, cells were lysed for 30 min on ice in IP buffer (50
mM Tris-HCI (pH 7.4), 150 mM NacCl, 2 mM EDTA,
2 mM EGTA, 0.2% (v/v) Triton X-100, 0.3% (v/v) NP-
40, 20 mM N-Ethylmaleimide) supplemented with pro-
tease (Complete; Roche) and phosphatase (25 mM NaF,
25 mM B-glycerophoshate, 0.1 mM sodium orthovanadate)
inhibitors. Cell lysates were sonicated (intensity settings:
high, 4 cycles of 5 min, 30 s ON and 50 s OFF) at 4°C
by using Bioruptor® Standard (Diagenode) and then pre-
cleared with 10 pl protein-A agarose beads (Repligen) for
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1 h at 4°C. After centrifugation (I min at 1000 x g), 2 mg
of pre-cleared samples were subjected to immunoprecipi-
tation with a rabbit anti-Topl antibody (from Yves Pom-
mier, NIH, USA) or a rabbit non-immune antibody (control
IgG) (catalogue number 02-6102; ThermoFisher) overnight
at 4°C followed by incubation with 10 1 protein-A agarose
beads (Repligen) for 3 h at 4°C. After washing three times in
IP buffer, beads were resuspended in 2X SDS sample buffer.
Immunoprecipitates were separated on a 6% SDS-PAGE
gel and immunoblotted with a mouse anti-ubiquitin anti-
body (clone P4D1; sc-8017; Santa-Cruz). The membrane
was treated with Restore™ PLUS Western Blot Stripping
Buffer (ThermoFisher) for 10 min and re-probed with a rab-
bit anti-Topl antibody (ab109374; Abcam).

Cellular fractionation

Chromatin-bound proteins were isolated as described pre-
viously (44). Briefly, cells were extracted twice by lysis in
extraction buffer (50 mM Hepes (pH 7.5), 150 mM NacCl,
1 mM EDTA) containing 0.1% (v/v) Triton X-100 sup-
plemented with protease (Sigma-Aldrich) and phosphatase
(Halt phosphatase inhibitor cocktail; ThermoFisher) in-
hibitors for 15 min at 4°C followed by centrifugation at 14
000 x g for 3 min to separate soluble proteins. The collected
supernatant was the fraction S1. The pellet was further re-
suspended in extraction buffer without Triton X-100 sup-
plemented with 200 wg/ml RNAse A (Roche) for 30 min
at 25°C under agitation. The fraction S2 was collected af-
ter centrifugation at 14 000 x g for 3 min. The remain-
ing pellet was resuspended in buffer containing 1% SDS
and 10 mM Tris—HCI (pH 7.4) supplemented with pro-
tease (Sigma-Aldrich) and phosphatase (Halt phosphatase
inhibitor cocktail; ThermoFisher) inhibitors and sonicated.

Comet assays

Neutral Comet assays were performed according to
the manufacturer’s instructions (Trevigen), except that
electrophoresis was performed at 4°C. Slides were vi-
sualized by using a fluorescence microscope (Eclipse
90i; Nikon, or AxioObserver Z1; Zeiss). Comet tail
moments were measured with Imagel] software (ver-
sion 1.48v) using a macro provided by Robert Bagnell
(https://www.med.unc.edu/microscopy/resources/imagej-
plugins-and-macros/comet-assay) or with the plugin
OpenComet (http://opencomet.org/).

Detection of Topl-DINA cleavage complexes

Cellular Topl-DNA cleavage complexes (Toplcc) were
detected as previously described (45), except that im-
munoblotting was revealed with a rabbit monoclonal anti-
Topl antibody from Abcam (ab109374) and with a Chemi-
Doc MP System (Bio-Rad).

Cell viability assays

Adherent cells were counted at times and conditions in-
dicated in the text with Z1 Coulter Counter® (Beckman
Coulter). CellTiter Blue cell viability assays were performed
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into 96-well microplates according to the manufacturer’s
instructions (Promega) and fluorescence was measured at
590-20 nm Ex/620-15 nm Em using a Synergy ™2 Multi-
Mode Microplate Reader (BioTek). Adhesion and viability
of untreated cells was set to 100%.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation (ChIP) was performed as
described previously (42) using a rabbit monoclonal anti-
vyH2AX antibody (ab81299) or a rabbit nonimmune an-
tibody (control IgG) (catalogue number 02-6102; Ther-
moFisher). ChIP were analyzed by real-time QPCR using
primers proximal to two sites for the restriction enzyme
AsiSI located inside genes (chr20:42089225-42089433:
Gene 1-FW: AAAAGTCGCTCCCGGTAAAT, Gene 1-
RV: CCGATCAGACTTGGGCTTAG; chrl7:61847852—
61848028: Gene 2-FW: TGCAAGGCATTCGACAATAA,
Gene 2-RV: ATGGAAGCCATAATGCAAGC) or primers
distal to AsiSI sites (chr21:25081874-25082075: Control-
FW: TGGCTGGAACTGCTTTCTTT, Control-RV: GGT-
GAGTGAATGAGCTGCAA). All samples were analyzed
in triplicates and data normalized to the maximal recovery
in each experiment, which was set equal to 1.

Quantification of global RNA transcription

Global RNA transcription was detected in cells using
the Click-iT RNA Alexa Fluor 488 Imaging Kit (Ther-
moFisher). Cells were seeded in poly-L-lysine-coated Lab-
Tek™ RS chamber slides (ThermoFisher). For the last 30
min of each time point, cells were incubated with 1 mM
5-ethylnyl uridine (EU) to label newly synthesized RNA,
which was detected according to the manufacturer’s instruc-
tions. Slides were mounted using Mowiol® 4-88 (Millipore)
containing DAPI and visualized by using a fluorescent mi-
croscope (AxioObserver Z1; Zeiss). Pictures were analyzed
with ImageJ (version 1.48v).

Proteasome activity assay

P2 fractions were isolated as described above (see, Cellu-
lar fractionation). At each step of fractionation, the extrac-
tion buffer was supplemented with 10% (v/v) glycerol and
50 mM ATP without the addition of protease and phos-
phatase inhibitors. P2 fractions were solubilized in extrac-
tion buffer and briefly sonicated. Following centrifugation
at 14 000 x g for 3 min, 30 wg of the collected supernatant
were used to perform proteasome activity assay by using the
Proteasome Activity Assay Kit (ab107921; Abcam) accord-
ing to the manufacturer’s protocol. The chymotrypsin-like
activity of proteasome was measured by the cleavage of a
synthetic proteasome substrate linked to methyl coumarin
amide (MCA). Cleavage of MCA in the presence or ab-
sence of the proteasome inhibitor MG132 was detected by
fluorescence emission using a Synergy ™2 Multi-Mode Mi-
croplate Reader (BioTek). Proteasome activity (U/ml) was
calculated by subtracting for each sample, the background
fluorescence given by the presence of the proteasome in-
hibitor MG132 (except in Supplementary Figure S7TH) and
by using an MCA standard curve.

siRNA transfection

Cells were transfected with siRNA duplexes using Dhar-
mafect 4 transfection reagent (GE Healthcare) for
24 h before inducing quiescence for 72 h. siRNAs
used are directed against cullin 3 (Silencer® Pre-
designed siRNA CUL3; ID#217187; Ambion), cullin
4B (Silencer® Pre-designed siRNA CUL4B; 1D#13299;
Ambion), DNA-PK (M-005030-01; GE Healthcare),
TDP1 (M-016112-01; GE Healthcare), XLF (5-
CGCUGAUUCGAGAUCGAUUGAJdTAT-3; Eurogen-
tec), XRCC4 (5-AUAUGUUGGUGAACUGAGAJTAT-
3’; Qiagen) or a nontargeting sequence (SR-CL000-005;
Eurogentec).

Statistics

Unless indicated otherwise, experimental differences were
tested for significance using one-way ANOVA Tukey’s mul-
tiple comparisons test with GraphPad Prism 6 software.

RESULTS

Toplcc stabilization induces transcription-dependent DSBs
in quiescent cells

To investigate the production and signaling of
transcription-dependent DSBs, we used primary hu-
man WI38 fibroblasts immortalized with hTERT (40).
Non-transformed cells normally have low genomic in-
stability (46) and can be induced in quiescence following
serum deprivation (47,48), thus allowing the analysis of
replication-independent damage produced by stabilized
Toplecc.

Microscopy analysis of bromodeoxyuridine (BrdU) in-
corporation showed that the percentage of WI38 hTERT
cells in S-phase decreased from 26% to approximately 3%
after a 3-day serum deprivation (0.2% serum) (Supplemen-
tary Figure SIA and B), indicating that they efficiently
entered quiescence. To determine whether CPT can in-
duce replication-independent DSBs in those cells, we ex-
amined the phosphorylated histone H2AX on S139 (known
as YH2AX) and its accumulation in nuclear foci. A single
vyH2AX focus reflects hundreds to thousands of yH2AX
proteins that are concentrated around at least one DSB
(49). CPT induced yH2AX foci within 1 h, with an aver-
age of 2 to 10 foci per nucleus at CPT concentrations rang-
ing from 1 to 25 wM, respectively (Supplementary Figure
S1C-E). Almost all cells formed at least 2 yH2AX foci at
concentrations > 10 pM (Supplementary Figure S1C and
D). Similar results were obtained in serum-starved quies-
cent human IMR90 primary lung fibroblasts (Supplemen-
tary Figure S2A-D) and in serum-starved quiescent NHDF
(Supplementary Figure S2E-H). These yH2AX foci colo-
calized with 53BP1, another DDR protein (Supplementary
Figure S3A), and a neutral Comet assay provided direct evi-
dence for the presence of DSBs (Supplementary Figure S3C
and D). These results indicate that CPT induces replication-
independent DSBs in quiescent cells.

To determine whether these breaks depend on transcrip-
tion, we used the transcription inhibitor flavopiridol (FLV).
Supplementary Figure S3A and B shows that FLV sup-
pressed YH2AX and 53BP1 foci in CPT-treated quiescent
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Figure 1. Induction of ubiquitin/proteasome-dependent DSBs in CPT-treated quiescent WI38 hTERT cells. (A-F) Serum-starved cells were treated with
DMSO (1 h) or with MG132 (50 wM, 1 h), lactacystin (10 wM, 1 h), bortezomib (1 uM, 4 h), G5 (1.5 pM, 0.5 h) or Pyr-41 (9 pM, 0.5 h) before the
addition of DMSO (untreated) or 25 uM CPT for | h and then co-stained for yH2AX (green) and 53BP1 (red) or analyzed by Western blot. ‘-’ in panels
C and F means cells treated with DMSO. (A and D) Representative pictures. Nuclear contours, identified by DAPI staining (not shown), are indicated
by dashed lines. Bars: 10 pm. (B and E) Number of yH2AX foci per nucleus from two independent experiments (147-153 nuclei were analyzed for each
treatment). ****P < 0.0001. (C and F) Western blot of yH2AX. aTubulin: loading control. Dashed lines indicate that intervening wells have been spliced
out. The top panels show quantification of yH2AX normalized to aTubulin (means + SEM, n = 4 in panel C, n = 3 in panel F). ***P < 0.001; **P <
0.01. (G and H) Detection of DSBs by neutral Comet assays in serum-starved cells treated with DMSO or MG132 (25 wM) for 1 h before the addition of
DMSO (untreated) or CPT for 1 h (7.5 pM for experiments (Exp) I and II; 5 and 7.5 wM for Exp III). (G) Representative pictures of nuclei from Exp I.
(H) Quantification of neutral Comet tail moments for three independent experiments (95-133 nuclei were analyzed for each treatment in each experiment).
***P < 0.001; ****P < 0.0001. The untreated and CPT data from Exp I are from the same experiment as that of Supplementary Figure S3D.
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WI38 hTERT cells. To test whether FLV prevented DSBs
or prevented DDR signaling by some other mechanisms, we
performed neutral Comet assays. The significant decrease
in Comet tail moment in quiescent cells co-treated with
FLV and CPT provides direct evidence for DSB suppression
(Supplementary Figure S3C and D). Together, these results
indicate that CPT induces transcription-dependent DSBs in
serum-starved quiescent cells, providing a robust model to
further study their production and their signaling.

The formation of co-transcriptional DSBs requires Top1 pro-
teolysis

Toplcc-mediated transcription block triggers Topl degra-
dation by the ubiquitin/proteasome system (12,13,50).
Hence, we examined whether Topl degradation would con-
tribute to the formation of transcription-dependent DSBs.
As expected, inhibition of transcription (FLV), ubiquitin
(isopeptidase inhibitor G5) or proteasome (MG132) pre-
vented Topl degradation in CPT-treated quiescent WI38
hTERT cells (Supplementary Figure S4A-C). Then, we as-
sessed whether inhibiting the ubiquitin/proteasome system
would prevent DDR signaling. The proteasome inhibitors
MG132, lactacystin and bortezomib (also called PS-341)
(Figure 1A and B) as well as the ubiquitin inhibitors G5
and Pyr-41 (Figure 1D and E) prevented the induction of
vH2AX and 53BP1 foci. Western blot analysis confirmed
the suppressive effect of MG132 and G5 on yH2AX (Fig-
ure 1C and F). Importantly, DSB formation was also re-
duced by MG132, as indicated by a neutral Comet as-
say (Figure 1G and H). These results indicate that the
ubiquitin/proteasome system is required for the formation
of DSBs in CPT-treated quiescent cells.

To evaluate whether defective Topl degradation ac-
counts for the lack of DSBs following inhibition of the
ubiquitin/proteasome system, we inhibited cullin 3 and
cullin 4B, which targets Topl for proteosomal degrada-
tion in CPT-treated cells (43,51). siRNA-mediated deple-
tion of cullin 3 and cullin 4B in quiescent WI38 hTERT
cells (Figure 2A) reduced CPT-induced Topl degradation
(Figure 2B) and yH2AX foci (Figure 2C). To further as-
sess the role of Topl degradation, we induced DSBs with
ionizing radiation (IR) and the restriction enzyme AsiSI
(42), which do not trigger Topl degradation in quiescent
WI38 hTERT cells an in cycling U20S cells, respectively
(Supplementary Figure S4D and E). Under these condi-
tions, MG132 did not suppress yH2AX foci induced by
IR (Figure 2D and E) and by AsiSI (Figure 2F) indicat-
ing that genotoxics that do not promote Topl degrada-
tion produce proteasome-independent DSBs. As expected,
MG132, which causes depletion of free nuclear ubiquitin
(52), prevented the ubiquitin-dependent focal accumula-
tion of 53BP1 at DSB sites (31) in response to IR (Figure
2D) and AsiSI (Figure 2F). IR and AsiSI produce DSBs
in both transcribed and non-transcribed regions whereas
CPT likely produces co-transcriptional DSBs solely in tran-
scribed regions. To assess whether proteasome activity is
required simply because DSBs are located at transcribed
regions, we analyzed yH2AX by ChIP at AsiSI sites lo-
cated in genes. Figure 2G shows that MG132 did not
suppress the induction of yH2AX in the two genes ana-

lyzed. These results suggest that the requirement of pro-
teasome activity for CPT-induced co-transcriptional DSBs
is not only because these breaks are produced at tran-
scribed regions but also because Toplcc are stabilized on
chromatin. Altogether, these findings strongly suggest that
the ubiquitin/proteasome-dependent degradation of Topl
is required for the production of transcription-dependent
DSBs following CPT treatment.

Co-transcriptional DSBs arise from SSB intermediates gen-
erated after Top1 proteolysis and before TDP1 action

Topl degradation primes the repair of transcription-
blocking Toplcc by TDPI1. Toplcc excision by TDP1 re-
quires prior proteolysis of Topl to expose the covalent
bond between the Topl catalytic tyrosine and the 3'-
end of the DNA to be attacked. TDP1 generates a 3'-
phosphate, which is hydrolyzed by polynucleotide kinase
3’-phosphatase (PNKP) before religation by ligase 111 (see
Supplementary Figure S4F) (2,9-11,14). Because TDPI
deficient cells accumulate Topl peptide-linked SSBs and
causes hypersensitivity to CPTs (10,53,54), we examined
whether transcription-dependent DSBs would arise from
these SSB intermediates generated before TDP1 action.

Depletion of TDP1 with siRNA markedly increased the
number of yH2AX and 53BP1 foci in CPT-treated quies-
cent WI38 hTERT cells (Figure 3A and B and Supplemen-
tary Figure S4G). Previous work showed that Toplcc exci-
sion by TDP1 requires PARP1 (11,55). PARP1 binds to and
PARylates TDPI leading to TDP1 stabilization and its re-
cruitment at Toplcc-induced DNA damage sites. We there-
fore assessed whether inhibition of PARP1 would also in-
crease DSBs in CPT-treated quiescent cells. The PARP in-
hibitors veliparib (also called ABT-888) and olaparib (also
called AZD-2281), both increased the number of yH2AX
and 53BP1 foci (Figure 3C and D and Supplementary Fig-
ure S4H and I). DSB formation was also increased by veli-
parib, as indicated by a neutral Comet assay (Figure 3E).
Inhibition of transcription (FLV) or proteasome (MG132),
which prevented CPT-induced Topl degradation (Supple-
mentary Figure S4A and C), also prevented CPT-induced
accumulation of yH2AX and 53BP1 foci following TDP1
depletion (Figure 3A and B) and PARP inhibition (Figure
3C and D), indicating that those breaks depend on Topl
degradation. To determine whether TDP1 and PARPI1 are
in the same pathway to prevent DSBs, we compared the
number of yH2AX foci following co-treatment with CPT
and PARP inhibitors when TDP1 is expressed or not. Fig-
ure 3F shows that TDP1 suppression with siRNA did not
further increase the number of yH2AX foci in quiescent
WI38 hTERT cells exposed to CPT and veliparib or CPT
and olaparib, indicating that TDP1 and PARPI are in
the same pathway. Together, these results indicate that co-
transcriptional DSBs produced in CPT-treated quiescent
cells arise from SSB intermediates generated after Top1 pro-
teolysis and before TDP1 action.

Activation of ATM and DNA-PK by co-transcriptional DSBs

Next, we studied the signaling of these co-transcriptional
DSBs to gain insight into their functional relevance. To
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Figure 2. The production of DSBs depends on Topl degradation in CPT-treated quiescent cells. (A—C) Serum-starved WI38 hTERT cells were co-
transfected with siRNAs against cullin 3 and cullin 4B or against a control sequence and then treated with DMSO (—CPT) or 25 pM CPT (+CPT)
for 1 h. (A and B) Western blotting of the indicated proteins. aTubulin: loading control. (C) Number of yH2AX foci per nucleus from one representative
experiment (246-348 nuclei were analyzed for each treatment) out of three. ***P < 0.001. (D and E) Serum-starved WI38 hTERT cells were treated with
DMSO or MG132 (50 wM) for 1 h before exposure to 0.8 Gy IR. One hour post-irradiation, cells were co-stained for yH2AX (green) and 5S3BP1 (red).
(D) Representative pictures. (E) Number of yH2AX foci per nucleus from one representative experiment (162-180 nuclei were analyzed for each treat-
ment) out of three. Ns: not significant. (F and G) U20S EV28 cells were treated with DMSO or MG132 (10 wM) for 1 h before the addition of ethanol
(untreated) or 300 nM 4-hydroxitamoxifen (4OHT) for 4 h to express AsiSI in the nucleus (42). (F) Representative pictures of cells co-stained for y H2AX
(green) and 53BP1 (red). (G) ChIP analysis using an anti-y H2AX antibody (black) or a non-immune antibody (IgG, gray). Enrichment was assessed by
QPCR amplification using primers proximal to two AsiSI sites located inside two genes (Gene I: SFRS6, Gene I1: CCD47) and primers distal to an A4siSI
site (Control). Enrichment was normalized to the maximum recovery for each experiment (means &= SEM, n = 3). Ns: not significant; *P < 0.05. In the
microscopic images, nuclear contours, identified by DAPI staining (not shown), are indicated by dashed lines. Bars: 10 pm.
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Figure 4. Inhibition of DNA-PK prevents the formation of ATM-pS1981 foci in CPT-treated quiescent WI38 hTERT cells. (A and B) Serum-starved cells
were treated with DMSO or with ATMi (10 M), DNA-PKi (10 pM) or ATRi (10 pM) for 1 h before the addition of DMSO (untreated) or CPT (25
rM) for 1 h. Cells were then stained for yH2AX (green) and DNA was counterstained with DAPI (blue). (A) Representative pictures. Numbers are the
percentage of nuclei with at least 2 yH2AX foci (bottom) and the average number of yH2AX foci per nucleus (top). (B) Number of yH2AX foci per
nucleus. Quantifications in panels A and B are from one representative experiment (159-306 nuclei were analyzed for each treatment) out of three. ****pP
< 0.0001. (C) Detection of DSBs by neutral Comet assays in serum-starved cells treated with DMSO or with ATMi (10 wM) or DNA-PKi (10 wM) for 1
h before the addition of DMSO (untreated) or CPT (7.5 wM) for 1 h. Data show the quantification of one representative experiment out of two for ATMi
(226-428 nuclei were analyzed for each treatment) and out of four for DNA-PKi (102-120 nuclei were analyzed for each treatment). ****P < 0.0001; *P
< 0.05. The untreated and CPT data from the experiment with ATMi are from the same experiment as that of Figure 3E. (D) Left panels: colocalization
of ATM-pS1981 foci (red) with yH2AX foci (green) in serum-starved cells treated with CPT (25 wM) for 1 h before staining. Similar data were obtained in
>10 independent experiments. Right panels: serum-starved cells were treated with DMSO or with DNA-PKi (10 pM) or ATMi (10 wM) for 1 h before the
addition of DMSO (untreated) or CPT (25 wM) for 1 h and then co-stained for DNA-PK-pT2609 (red) and yH2AX (green). Similar data were obtained
in two independent experiments. Images were merged to determine colocalization (yellow). (E) Western blot of ATM-pS1981 and DNA-PK-pS2056 in
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(G) Quantification of ATM-pS1981 fluorescence intensity per nucleus shown in lower panel F (means + SD, n = 3, 70-100 nuclei were analyzed for each
treatment in each experiment). ****P < 0.0001. In the microscopic images, nuclear contours, identified by DAPI staining (not shown), are indicated by

dashed lines. Bars: 10 pm.
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that end, we examined which kinases phosphorylate H2AX.
ATM, ATR and DNA-PK are the main kinases for H2AX
in response to DNA damage (49). To identify which of them
induces yYH2AX, we assessed whether yH2AX foci forma-
tion is prevented by specific chemical inhibitors of these
kinases in CPT-treated quiescent WI38 hTERT cells; the
ATM inhibitor (ATMi) KU55933, the DNA-PK inhibitor
(DNA-PKi) NU7441 and the ATR inhibitor (ATRi) VE-
821. ATMi completely suppressed yH2AX foci and DNA-
PKi markedly reduced their number and size (Figure 4A
and B and Supplementary Figure S5A and B). Analysis
of DSBs by neutral Comet assays showed that ATMi and
DNA-PKi did not decrease the Comet tail moment induced
by CPT (Figure 4C), which exclude the possibility that fewer
DSBs account for the reduced yH2AX levels. Similar re-
sults were obtained in quiescent IMR90 cells (Supplemen-
tary Figure S2A-D) and in quiescent NHDF cells (Supple-
mentary Figure S2E-H). By contrast, ATRi did not reduce
the number of yH2AX foci induced by CPT in quiescent
WI38 hTERT cells (Figure 4A) under conditions where it
prevented phosphorylation of the ATR substrate Chkl in
replicating cells (Supplementary Figure S5C). This is con-
sistent with ATR being primarily activated by replication
stress (56) and that it is expressed at low levels in non-cycling
cells (Supplementary Figure S5D) (17,57). These data sug-
gest that ATM and DNA-PK but not ATR are implicated
in the induction of yH2AX in CPT-treated quiescent cells.

We therefore assessed whether ATM and DNA-PK are
activated under conditions where y H2AX is induced. ATM
autophosphorylation on S1981 (ATM-pS1981) marks ac-
tivated ATM (58). In quiescent WI38 hTERT cells, CPT
induced ATM-pS1981 as previously reported (59) that
colocalized with yH2AX foci (Figure 4D and Supplemen-
tary Figure S5E). The ATM targets KAP1, Chk2 and
p53 (23) were also phosphorylated (Supplementary Fig-
ure SSE). Similar to ATM, DNA-PK phosphorylation sta-
tus regulates its activity. DNA-PK autophosphorylation on
both S2056 and T2609 is required for the repair of DSBs
by NHEJ (60,61). Figure 4D and E shows that CPT in-
duced DNA-PK phosphorylation on both residues in qui-
escent WI38 hTERT cells. Immunofluorescence microscopy
further revealed that DNA-PK phosphorylated on T2609
formed discreet nuclear foci that colocalized with yH2AX
(Figure 4D), indicating that similar to ATM, DNA-PK is
activated at DSB sites. Previous work showed that ATM can
phosphorylate DNA-PK on T2609 following IR (62). In-
hibition of ATM prevented CPT-induced DNA-PK phos-
phorylation on T2609 and also on S2056 in quiescent
WI38 hTERT cells (Figure 4D and E). Together, these data
suggest that in CPT-treated quiescent cells, transcription-
dependent DSBs activate ATM, which in turn activates
DNA-PK.

DNA-PK promotes the assembly of activated ATM into nu-
clear foci

Next, we considered whether cross talk between ATM and
DNA-PK is mutual or limited to one direction in which
ATM activates DNA-PK. To test this, we asked whether in-
hibiting DNA-PK would prevent MDC1 and 53BP1 foci,
which depends, at least in part, on ATM (23). Supplemen-

tary Figure S5F shows that DNA-PKi suppressed CPT-
induced MDC1 and 53BP1 foci in quiescent WI38 hTERT
cells. To test more directly the role of DNA-PK on ATM,
we analyzed the impact of DNA-PK inhibition on the in-
duction of ATM-pS1981 and on its accumulation in nuclear
foci. DNA-PKi only slightly reduced CPT-induced ATM-
pS1981 levels (Figure 4E), indicating that DNA-PK does
not markedly contribute to ATM activation. Microscopy
analysis confirmed that DNA-PKi did not suppress ATM-
pS1981 following CPT treatment (Figure 4F, top panels).
However, it revealed a pan staining for ATM—pS1981 rather
than well-defined foci (Figure 4F, top panels), suggesting
that activated ATM is not localized at damaged sites. Previ-
ous work showed that ATM associated with sites of DSBs
was resistant to detergent extraction while unbound ATM
was removed (63). Thus, we treated cells with a detergent-
based extraction buffer known as cytosqueleton (CSK)
buffer (64) before immunofluorescence staining for ATM-—
pS1981. CSK buffer suppressed the pan-staining signal for
ATM-pS1981 in cells co-treated with DNA-PKi and CPT
under conditions where it did not affect ATM-pS1981 foci
in cells treated with CPT alone (Figure 4F bottom panels
and G). Together, these data suggest that DNA-PK pro-
motes the assembly of activated ATM into nuclear foci in
CPT-treated quiescent cells.

To assess whether the role of DNA-PK on ATM foci for-
mation is related to its function in DSB repair, we inhib-
ited XLF and XRCC4, which mediate DNA-PK-dependent
NHEJ (33). Contrary to DNA-PK inhibition, depletion of
XLF or XRCC4 with siRNAs did not prevent CPT-induced
ATM-pS1981 foci in quiescent WI38 hTERT cells (Sup-
plementary Figure S6). These results suggest that the role
of DNA-PK on ATM foci formation is independent of its
function in DSB repair.

DNA-PK promotes ubiquitination of H2AX and H2A at
DSB sites

H2AX and H2A are ubiquitinated in response to DSBs (27—
32). Previous work showed that defective monoubiquitina-
tion of H2AX at K119/K120 in IR-exposed cells impaired
the recruitment of ATM—pS1981 to DSBs and thereby re-
duced yH2AX and MDCI1 foci formation (25,26), effects
similar to those observed following DNA-PK inhibition in
CPT-treated quiescent cells (Figure 4 and Supplementary
Figure S5F). We therefore tested whether DNA-PK inhibi-
tion would prevent CPT-induced H2AX monoubiquitina-
tion in quiescent cells.

Western blot analysis using an antibody against H2AX
showed that CPT did not significantly increase global
H2AX monoubiquitination in quiescent WI38 hTERT cells
(Supplementary Figure S7A). It might be because H2AX
is monoubiquitinated only at damaged sites in response
to DSBs (26), and CPT induced only few yH2AX foci in
quiescent cells (Supplementary Figure S1). Consistent with
this hypothesis, detection of H2AX monoubiquitination by
Western blot was previously reported at high doses of IR,
typically 4 to 10 Gy (26,65). To examine specifically H2AX
monoubiquitination at DSB sites, we analyzed yH2AX
monoubiquitination. CPT induced yH2AX monoubiqui-
tination in quiescent WI38 hTERT cells, which was pre-



vented by DNA-PKi (Figure 5A). To analyze more directly
histone monoubiquitination at DSB sites, immunofluores-
cence microscopy was performed with an antibody against
H2A monoubiquitinated at K119 (Ub-H2A). CPT induced
Ub-H2A foci that colocalized with the p53BP1 foci, and
those Ub-H2A foci were completely prevented by DNA-
PKi (Figure 5B and C). Consistent with these results, CPT
also induced DNA-PK-dependent FK2 foci (Figure 5D and
E), which mark ubiquitinated proteins at DNA damage sites
(66). siRNA-mediated depletion of DNA-PK confirmed
the suppressive effect of DNA-PKi on FK2 foci forma-
tion (Supplementary Figure S7B and C). Altogether, these
results indicate that DNA-PK promotes monoubiquitina-
tion of H2AX and H2A at site of co-transcriptional DSBs
in CPT-treated quiescent cells. This in turn may favor the
recruitment of activated ATM and phosphorylation of its
downstream substrates.

DNA-PK promotes ubiquitin/proteasome-dependent Toplcc
removal

Based on our results that DNA-PK promotes ubiquitina-
tion processes (Figure 5) and the fact that transcription-
blocking Toplcc are removed following ubiquitination and
proteosomal degradation of Topl (Supplementary Figure
S4A-C) (12,13,50), we examined the possibility that DNA-
PK could promote Topl ubiquitination and degradation.
Immunoprecipitation of Topl followed by immunoblot-
ting of ubiquitin showed that DNA-PKi prevented CPT-
induced Topl ubiquitination in quiescent WI38 hTERT
cells (Figure 6A). Consistent with this, DNA-PKi also
markedly decreased CPT-induced Topl degradation in qui-
escent WI38 hTERT cells (Figure 6B) as well as in quies-
cent IMR90 and NHDF cells (Supplementary Figure S7D).
Analysis of endogenous Toplcc confirmed that defective
Topl degradation following DNA-PK inhibition reflected
defective Toplcc removal (Figure 6C). Because defective
Toplcc removal prevents resumption of RNA synthesis
(9,12,67), we assessed whether DNA-PK inhibition would
prevent transcription recovery following CPT removal. In
quiescent WI38 hTERT cells, approximately 50% of tran-
scription levels were recovered 3 h after termination of the
CPT treatment (Figure 6D). Under these conditions, tran-
scription levels were not significantly recovered in the pres-
ence of DNA-PKi (Figure 6D). As a control, the protea-
some inhibitor MG132, which prevented Topl degradation
(Supplementary Figure S4C), also prevented transcription
recovery (Figure 6D) as previously reported (12). The role
of DNA-PK in promoting Topl degradation is unlikely re-
lated to its function in NHEJ repair as depletion of XRCC4
or XPF with siRNAs did not affect CPT-induced Topl
degradation in quiescent WI38 hTERT cells (Supplemen-
tary Figure S7E). Because ATM activates DNA-PK (Figure
4D and E), we examined whether ATM inhibition would
also prevent Topl degradation. Supplementary Figure S7F
shows that ATMi also decreased CPT-induced Top1 degra-
dation in quiescent WI38 hTERT cells.

Consistent with the ubiquitin/proteasome-dependent re-
moval of Toplcc, the E1 ubiquitin ligase UBA1 and the
20S-proteasome subunit PSMAG6, which are both involved
in DDR (68,69), tended to accumulate in chromatin-bound
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fraction (P2 fraction, see Supplementary Figure S7G) in
CPT-treated quiescent WI38 hTERT cells (Figure 6E). Un-
der these conditions, the global expression of PSMAG re-
mained unchanged while that of UBAL slightly increased
(Figure 6F). Accumulation of UBA1 and PSMAG in P2
fraction was further associated with an increased activity
of proteasome (Figure 6G). DNA-PKi suppressed the CPT-
induced UBA1 and PSMAG6 accumulation and proteasome
activity in P2 fraction (Figure 6E-G). As a control, DNA-
PKi did not directly inhibit the proteasome (Supplementary
Figure S7TH). Altogether, these results suggest that DNA-
PK promotes ubiquitin/proteasome-dependent removal of
Toplcc in CPT-treated quiescent cells.

Transcription- and proteasome-dependent apoptosis of quies-
cent cells by stabilized Toplcc

To assess whether transcription-dependent DSBs can kill
non-replicative cells, we analyzed the percentage of quies-
cent cells that remained attached to the culture flask fol-
lowing CPT treatment. Typically, cells detach as they un-
dergo apoptosis. CPT decreased the number of quiescent
WI38 hTERT cells attached to the culture flask by approx-
imately 70% after 24 h (Figure 7A). It also reduced cell vi-
ability assessed by a CellTiter-Blue assay (Figure 7B). This
was associated with the appearance of biochemical markers
of apoptosis such as the cleavage of caspase-3 and PARP,
and the massive induction of yH2AX, which was reported
in cells undergoing apoptosis (70) (Figure 7C). All these
apoptotic marks were suppressed by the transcription in-
hibitor FLV (Figure 7A-C), suggesting that transcription-
dependent DSBs are the initiating events for apoptosis in-
duction. Consistent with this hypothesis, inhibition of CPT-
induced DSBs with lactacystin (Figure 1A and B) also
prevented caspase-3 and PARP cleavage and yH2AX in-
duction (Figure 7D). By contrast, increased CPT-induced
DSBs with veliparib or olaparib (Figure 3C-F and Supple-
mentary Figure S4H and I) also increased PARP cleavage
(Figure 7E).

To analyze the impact of DDR signaling on CPT-induced
apoptosis of quiescent cells, we inhibited ATM and DNA-
PK. Figure 7F and G shows that ATMi and DNA-PKi,
both increased CPT-induced caspase-3 and PARP cleavage,
indicating that the predominant role of ATM- and DNA-
PK-dependent signaling is likely to promote cell survival
after CPT-induced transcription-dependent DSBs.

DISCUSSION

Although defective repair of DSBs can lead to neurodegen-
erative diseases, the molecular processes of their production
and signaling in non-replicating cells are largely unknown.
Here, we analyzed the transcription-dependent DSBs that
form in non-replicating cells as a consequence of Toplcc
stabilization (17). Our data support a model depicted in
Figure 8 in which Toplcc stabilization blocks transcription
elongation, which triggers partial Topl proteolysis and the
generation of a Topl peptide-linked SSB, which is a sub-
strate for TDP1. Defective repair of this SSB intermediate
by TDPI can give rise to a DSB, which leads to ATM acti-
vation and phosphorylation of its substrates such as H2AX
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Figure 5. Inhibition of DNA-PK prevents monoubiquitination of H2AX and H2A in CPT-treated quiescent WI38 hTERT cells. (A-E) Serum-starved cells
were treated with DM SO or DNA-PKi (10 M) for 1 h before the addition of DMSO (untreated) or CPT (25 uM) for 1 h. (A) Western blot of yH2AX.
+Ubl indicates y H2AX monoubiquitinated. The top panel shows quantification of Ubl-yH2AX normalized to aTubulin (means + SEM, n = 4). **P <
0.01. (B and C) Cells were pre-extracted with CSK buffer before co-staining for Ub-H2A (red) and 53BP1 phosphorylated on S1778 (p5S3BP1) (green). (B)
Representative pictures. Images were merged to determine colocalization (yellow). The large Ub-H2AX focus at the periphery of the nuclei of untreated
and CPT-treated cells may marks the inactive X chromosome as reported (91). (C) Percentages of nuclei with at least 5 Ub-H2A foci (means + SEM, n =
3, 100 nuclei were analyzed for each treatment in each experiment). ***P < 0.001. (D and E) Cells were co-stained for ubiquitinated proteins (FK2, red)
and yH2AX (green). (D) Representative pictures. Images were merged to determine colocalization (yellow). (E) Number of FK2 foci per nucleus from one
representative experiment (76—111 nuclei were analyzed for each treatment) out of three. ****P < 0.0001. In the microscopic images, nuclear contours,
identified by DAPI staining (blue in the merge images at bottom), are indicated by dashed lines. Bars: 10 pm.

and 53BP1. ATM also activates DNA-PK, which promotes
H2AX and H2A monoubiquitination and the assembly of
activated ATM into nuclear foci. ATM and DNA-PK also
increase Top1 proteolysis suggesting that this pathway fur-
ther enhances Toplcc repair after DSB induction. This is
consistent with recent work showing that ATM deficiency
increases Toplcc levels in CPT-treated quiescent astrocytes
(71,72). Because we found that Topl proteolysis primes
DSB formation, DNA-PK could therefore increases DSB
production in a feedback loop. This might be however com-
pensated as DNA-PK can also phosphorylate TDP1, which

increases its repair activity toward Toplcc (73). Neverthe-
less, we did not find that DNA-PK inhibition reduced the
amount of DSBs in CPT-treated quiescent cells measured
by a neutral Comet assay. DSBs event tend to accumulate,
which might be related to the function of DNA-PK that
we report here in promoting ATM signaling but also on its
function in NHEJ repair (33). It would be interesting to de-
termine whether this model in serum-starved quiescent cells
could be extended to neuronal cells.
Transcription-blocking Toplcc seem primarily repaired
by the TDPI excision pathway. Indeed, our study and pre-
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vious reports indicate that Topl degradation is transcrip-
tion dependent following CPT exposure (12,13,50) and that
TDPI primarily repairs transcription-blocking Toplcc as
compared to replication-blocking Toplce (9,10). Consis-
tent with the involvement of the TDP1 pathway in the re-
pair of transcription-blocking Toplcc, Topl degradation
has been suggested to promote resumption of RNA synthe-

sis (12). Our findings that DSBs produced in CPT-treated
quiescent cells depend both on transcription and on Topl
degradation suggest that they arise during the repair of
Toplcc. A further support to this is that inhibition of TDP1
or PARPI1 (which is required for TDP1 activity (11,55)),
increases transcription-dependent DSBs following Toplcc
stabilization. Because TDP1 deficient cells accumulate Top1
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peptide-linked SSB intermediates (9,10,53,54), our results
suggest that transcription-dependent DSBs arise from these
intermediates if TDP1 fails to repair them.

How a Topl peptide-linked SSB can give rise to a DSB
in non-replicating cells is still an unresolved question. The
presence of a nearby SSB on opposing DNA strand would
result in a DSB. Different non-exclusive mechanisms can
be envisaged for the production of this second SSB. First,
it might result from the repair of another trapped Toplcc,
which is plausible considering that Topl tends to be con-
centrated in transcribed regions (1,74). The repair of this
trapped Toplcc might involve the TDP1 excision pathway
that would generate another Topl peptide-linked SSB or
the endonuclease pathway (XPF, Mrell, SLX4, CtIP) that
would generate a single-strand DNA gap (2,11). Although
two nearby Toplcc on opposing DNA strands might hap-
pen simply by chance, it is possible that it is more controlled,
e.g. that they form at genomic loci with convergent tran-
scription units. Second, a SSB on opposing DNA strand
might result from the repair of an endogenous DNA lesion
that would generate a single-strand DNA nick or gap (75).
Lastly, a SSB might result from the cleavage of an R-loop,
possibly by transcription-coupled nucleotide excision (TC-
NER) factors (21). Indeed, transcription-blocking Topl1 le-
sions can cause R-loop formation as a result of negative su-
percoiling behind transcription complexes (76), inhibition
of the SR-kinase activity of Top1 (77-79) and/or chromatin
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displacement of spliceosomes (80), which have been impli-
cated in the formation of transcription-dependent DSBs in
post-mitotic cells (17). Analysis of the genomic distribution
of DSBs, Toplcc and R-loops in CPT-treated quiescent cells
is likely to provide new insights into the mechanism of DSB
production by transcription-blocking Top]1 lesions.

Itis now well documented that DNA-PK functions in cel-
lular processes other than NHEJ such as gene regulation
(81,82) and mitosis (83-85). Here, we report a novel func-
tion of DNA-PK in the regulation of protein ubiquitina-
tion. Previous work suggested connection between DNA-
PK and the proteasome. In the presence of DSBs, DNA-PK
was reported to induce transcription arrest by a mechanism
that depends on proteasome activity (86). Also, DNA-PK
inhibition prevents the accumulation of the proteasome ac-
tivator PA200 on chromatin in response to IR (87). Phos-
phorylation is known to regulate protein ubiquitination in
two main ways (88). First, substrate phosphorylation can
create a recognition signal for binding of an E3 ligase. Sec-
ond, phosphorylation of an E3 ligase can stimulate its ubiq-
uitin transfer activity. Hence, it is possible that DNA-PK
phosphorylates H2AX, H2A and Topl and/or their respec-
tive E3 ligases following CPT treatment. The first possibil-
ity is plausible as the N-terminal domain of Topl binds
to DNA-PK (89) and possesses a potential phosphoryla-
tion site for DNA-PK (SQ motif on S10). DNA-PK can
also phosphorylate H2AX on S139 (yH2AX) (34) but it
is unlikely that this is what primes H2AX for ubiquitina-
tion because H2A lacks S139 but is also ubiquitinated in
response to DSBs. Several E3 ubiquitin ligases have been re-
ported for H2AX and H2A (RNF2, RNF§, RNF168) (25—
31) and for Topl (Cullin3, Cullind4A, CullindB, BRCA1)
(13,43,51) but it is not known whether they can be phos-
phorylated by DNA-PK. It is also possible that DNA-PK
favors the recruitment of the E1 ligase UBAT1 at damaged
sites as we found that DNA-PK inhibition prevented CPT-
induced UBA1 accumulation on chromatin.

Lastly, our analysis demonstrates that co-transcriptional
DSBs can kill non-replicating cells following CPT treat-
ment. Co-transcriptional DSBs might occur spontancously
in cells as Toplcc can be trapped under a broad range of
physiological conditions including oxidative base damages,
alkylation by carcinogenic compounds and nicks (see Table
1 in reference (2)), and by ribonucleotide misincorporation
(3-5). Therefore, these co-transcriptional DSBs may have
a marked impact on non-replicating cell fate. Neurodegen-
erative diseases can arise from defective repair of Toplcc
(SCANT caused by TDPI deficiency) (16) as well as from
defective response to DSBs (AT caused by ATM deficiency)
(24). Neurons might be particularly prone to produce co-
transcriptional DSBs as a result of high rates of oxygen con-
sumption, which produces reactive oxygen species that can
stabilize Toplce (1,2,90). Hence, our findings raise the pos-
sibility that accumulation of co-transcriptional DSBs and
the defective response to those breaks might contribute to
the neurodegenerative phenotype of SCANI1 and AT pa-
tients, respectively.
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