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a  b  s  t  r  a  c  t

Tyrosyl-DNA-phosphodiesterase  1  (TDP1)  is  a  DNA  repair  enzyme  that removes  irreversible  protein-
linked  3′ DNA  complexes,  3′ phosphoglycolates,  alkylation  damage-induced  DNA  breaks,  and  3′

deoxyribose  nucleosides.  In addition  to its extended  spectrum  of substrates,  TDP1  interacts  with  several
DNA  damage  response  factors.  To  determine  whether  TDP1  participates  in  the repair  of  topoisomerase  II
(Top2) induced  DNA  lesions,  we generated  TDP1  depleted  (TDP1kd)  human  tumoral  cells.  We  found  that
TDP1kd cells  are  hypersensitive  to etoposide  (ETO).  Moreover,  we established  in a  chromatin  context
that  following  treatment  with  ETO,  TDP1kd  cells  accumulate  increased  amounts  of  Top2�  cleavage  com-
plexes,  removing  them  with  an  altered  kinetics.  We  also  showed  that TDP1  depleted  cells  accumulate
increased  �H2AX  and  pS296Chk1  signals  following  treatment  with  ETO.  Similarly,  cytogenetics  analy-
ses  following  Top2  poisoning  revealed  increased  amounts  of  chromatid  and  chromosome  breaks  and
exchanges  on  TDP1kd  cells  in the presence  or not  of  the DNA-PKcs  inhibitor  NU7026.  However,  the  levels
of sister  chromatid  exchanges  were  similar  in  both  TDP1kd  and  control  non-silenced  cell lines.  This  sug-

gests  a  role  of  TDP1  in  both  canonical  non-homologous  end  joining  and  alternative  end  joining,  but  not  in
the  homologous  recombination  repair  pathway.  Finally,  micronucleus  analyses  following  ETO treatment
revealed  a higher  frequency  of micronucleus  containing  �H2AX  signals  on  TDP1kd  cells.  Together,  our
results  highlight  an active  role  of TDP1  in the  repair of Top2-induced  DNA damage  and  its relevance  on
the  genome  stability  maintenance  in  human  cells.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

DNA topoisomerases are ubiquous and essential enzymes that
elieve torsional stress, playing a central role in almost every

etabolic process of DNA [1]. In mammals, topoisomerase II (Top2)
as two isoforms, Top2� and Top2�, which are coded by differ-

nt genes and show different expression patterns in proliferating
nd terminally differentiated cells [2,3]. Homodimeric Top2 cat-
lyzes the passage of a duplex from the same or a different molecule

∗ Corresponding author at: Laboratorio de Mutagénesis, Instituto de Medicina
xperimental (CONICET-Academia Nacional de Medicina), J.A. Pacheco de Melo
081, Buenos Aires 1425, Argentina. Fax: +54 11 4803 9475.
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through a transient double-stranded break (DSB) generated in the
DNA. Each Top2 monomer cleaves the phosphodiester backbone
of a DNA strand by a nucleophilic attack from a catalytic tyrosine
residue, becoming linked to a 5′ phosphate end of the DNA break
[4]. These catalytic intermediates, termed Top2 cleavage complexes
(Top2cc), are rapidly reverted and do not represent a threat for the
integrity of the genome. However, several endogenous [5–8] and
exogenous [9–11] factors, including the chemotherapeutic agents
etoposide (ETO), have the ability to trap the Top2cc, increasing their
half-life and thus, the likelihood of collision with either the replica-
tion or transcriptional machineries. Further nucleolytic/proteolytic
processing steps of the stabilized Top2cc, allow the recognition of

the resulting Top2 peptide-bound 5′ ends of the DNA as true DSB
[12,13].

In response to DNA DSB, the cells activate the DNA damage
response (DDR), which involves chromatin remodeling, check-

dx.doi.org/10.1016/j.mrfmmm.2015.09.003
http://www.sciencedirect.com/science/journal/00275107
http://www.elsevier.com/locate/molmut
http://www.elsevier.com/locate/mutres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mrfmmm.2015.09.003&domain=pdf
mailto:mnebel@hematologia.anm.edu.ar
dx.doi.org/10.1016/j.mrfmmm.2015.09.003


3 on Res

p
t
r
s
k
k
a
o
a

r
n
n
i
t

a
t
a
f
t
m
f
3
a
p
c

t
c
d
i
m
T

2

2

5
w
1
(
w

2

C
M
g
g
w

(
o
1
B
a
g
w
b
r

8 M.A. Borda et al. / Mutati

oint activation and DNA repair [14]. The proteins ATM (Ataxia
elangiectase mutated), ATR (Ataxia telangiectase mutated/Rad3
elated), and DNA-PKcs (DNA-dependent Protein kinase catalytic
ubunit) are key DDR components. While ATM-CHK2 (Checkpoint
inase 2) are rapidly activated by DSBs, ATR-CHK1 (Checkpoint
inase 1) is classically activated by single stranded DNA regions
rising as a result of replication stress and following later resection
f DSBs. CHK1 and CHK2 are both required for the proper activation
nd maintenance of G2/M checkpoint [15].

In proliferating human somatic cells, two major DNA DSB
epair pathways are homologous recombination (HR) and canonical
on-homologous end joining (C-NHEJ) [16,17]. In addition, an alter-
ative end joining (A-EJ) process has also been reported [18], which

s strongly restricted by the activity of C-NHEJ [19] and probably by
he HR activity as well.

Human tyrosyl-DNA phosphodiesterase 1 (TDP1) is a nuclear
nd mitochondrial DNA repair enzyme [20] which is associated
o the autosomal recessive disorder spinocerebellar ataxia with
xonal neuropathy (SCAN1). SCAN1 phenotype results from the
ailure to repair DNA-protein covalent complexes [21]. TDP1 has
he ability to process several blocking-end structures, such as Top1-

ediated 3′ phosphotyrosyl DNA ends, 3′ deoxyribose phosphates
rom the hydrolysis of abasic sites, alkylation base damage, and
′ phosphoglycolates [22–25]. Despite its polarity, yeast tdp1 has
lso been implicated in the repair of Top2cc [26]. However, the
articipation of vertebrate TDP1 in the repair of Top2cc has been
ontroversial [22,27–29].

Here we show by using human tumoral TDP1 depleted cells
hat TDP1 participates of the removal of Top2�cc, in a chromatin
ontext, although it is unessential in that function. Moreover, we
emonstrate that cells with TDP1 knocked down accumulate DSB,

ncrease CHK1 activation and genome instability following Top2-
ediated DNA damage. These findings are consistent with a role of

DP1 in both C-NHEJ and A-EJ pathways of DSB repair.

. Materials and methods

.1. Reagents

ETO (CAS no. 33419-42-0; Sigma), NU7026 (CAS no. 154447-35-
; Calbiochem) and KU55933 (CAS no. 587871-26-9; Santa Cruz)
ere dissolved in DMSO. Bromodeoxyuridine (BrdU; CAS no. 59-

4-3; Sigma), Puromycin (CAS no. 58-58-2; Sigma) and TCS2312
CAS no. 838823-32-8; Santa Cruz) were dissolved in bidistilled
ater.

.2. Cell cultures, TDP1 knockdown and drug treatments

The human HeLa cell line was kindly provided by Dr. María
ecilia Carreras (INIGEM-UBA, Hospital de Clínicas “José de San
artín”, Ciudad Autónoma de Buenos Aires, Argentina) and was

rown in RPMI 1640 supplemented with 10% FBS and 2 mM l-
lutamine and antibiotics (complete media). All the cell cultures
ere incubated at 37 ◦C under a 5% CO2 humidified atmosphere.

HeLa cells were transfected with pGIPZ human TDP1sh-1
Open Biosystems, clone id: V2LHS-174999, RHS4430-98818285)
r pGIPZ TDP1sh-2 (Open Biosystems, V3LHS 300804, RHS4430-
01066291) or pGIPZ Non-Silencing (NS) shRNA control (Open
iosystems, #RHS4346) using Lipofectamine 2000 (Invitrogen)
ccording to manufacturer’s instructions. After 48 h, the cells were

rown in selection medium containing puromycin 1 �g/ml which
as renewed every third day. The selection process was performed

y 3–4 weeks and clonal selection of stable transfectants was  car-
ied out. Clone TDP1sh-2 from Supplementary Fig. S1 was termed
earch 781 (2015) 37–48

HeLa TDP1kd and the non-silencing control HeLa NS. The level of
knockdown was  monitored by qRT-PCR and western blot.

HeLa, HeLa TDP1kd or HeLa NS cell lines were treated with dif-
ferent doses of ETO and by different lapses of time as specified in
the text or figures.

2.3. Quantitative real-time RT-PCR

RNA from HeLa TDP1kd and NS cell lines was  extracted using
the TRIzol (Ambion) method and RNA concentration determined
by spectrophotometry. Total RNA (1 �g/reaction) was reverse-
transcribed using random primers (Biodynamics) and M-MLV
enzyme (Promega). Real time PCR analysis was  performed with
“Mezcla Real” reaction mix  (Biodynamics) in a RotorGene thermo-
cycler (QIAGEN). The primers for amplifying human TDP1 (FW:
5′-ATCCTGCTCCCAATGAC-3′, RV: 5′-GGCTTCTTCCTGAACTCTG-
3′) and TDP2 (FW: 5′-GCCTTATGACATCCCATTTGGA-3′, RV:
5′-GGTAACCTCTCGATCCCTTAGAT-3′) and ACTB (FW: 5′-
CAGAGGCTTACAGGGATAG-3′, RV: 5′-CCAACCGCGAGAAGATGA-3′)
were from Genbiotech. The human ACTB gene was used as ref-
erence. The percentage of TDP1 mRNA reduction and TDP2
expression was estimated based on the relative expression ratio
with ACTB according to Pfaffl method [30].

2.4. Cell proliferation rates and clonogenic survival

HeLa TDP1kd and NS cells (3 × 104/well) were seeded in 12-well
plates in complete media and harvested after 24, 48, 72 or 96 h.
The cells were resuspended in 1 ml  of PBS and an aliquot of each
cell suspension was diluted in equal parts with a 0.4% Trypan blue
solution. The total number of viable cells/ml for each culture was
calculated by visual scoring in a Neubauer chamber.

For colony assay, HeLa TDP1kd and NS cells were plated at low
density (300–600 cells/dish), allowed to attach for 6 h, and treated
with different concentrations of ETO for 20 h. The cells were then
washed with PBS and cultured in fresh complete media for 10–14
days. After this growth period, the cells were rinsed with PBS,
fixed with methanol 100%, and stained with crystal violet. Colonies
containing more than 50 cells were scored. Survival fraction was
estimated as the ratio of colonies in ETO-treated cultures compared
with control cultures and expressed in percentages. Three to four
independent experiments were carried out for each end point.

2.5. Immunoblot

Whole cell extracts were prepared in RIPA buffer (50 mM  Tris-
HCl pH 7.0, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycolate
and 0.1% SDS) containing a cocktail of protease inhibitors and the
protein concentrations were determined by the Bradford method
[31]. Eighty microgram of total proteins were separated on 6%
or 8% SDS-PAGE and transferred onto PVDF membranes. After an
overnight blocking step in 0.2% Tween20/PBS containing 5% non-fat
dry milk, the membranes were incubated for 2 h with primary anti-
bodies. The following monoclonal antibodies: anti Top2b (1:500,
Santa Cruz), anti HDAC1 (1:1000, Cell Signaling), anti pS1981ATM
(1:1000, Santa Cruz); and polyclonal antibodies: anti Top2a (1:500,
Santa Cruz), anti TDP1 (1:1000, Abcam), anti ATM (1:1000, Cal-
biochem), anti pS2056DNA-PKcs (1:1000, Abcam), anti pS428ATR
(1:1000, Cell Signaling), anti pS296CHK1 (1:1000, Cell Signaling),

anti pT68CHK2 (1:1000, Cell Signaling), and anti RAD51 (1:1000,
Santa Cruz) were used. Appropriated HRP-conjugated anti mouse
or anti rabbit antibodies (1:10000) and the ECL kit (Amersham)
were used for protein detection by autoradiography.
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Fig. 1. HeLa TDP1kd cells show normal proliferation rates and increased sensitivity to ETO. Analyses of TDP1 expression by (A) qRT-PCR and (B) western blot. *Unspecific
band.  (C) Analyses of TDP2 expression by qRT-PCR. (D) HeLa TDP1kd and NS cells show similar proliferation rates. (E) Clonogenic survival of HeLa TDP1kd and NS cells
following treatment with ETO 0, 0.05, 0.1 or 0.5 �g/ml for 20 h. Error bars in (A), (C), and (E) indicate s.e.m. Error bars in (D) indicate s.d.
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Fig. 2. ETO-stabilized Top2� cleavage complexes (Top2�cc) accumulate in HeLa TDP1kd cells. (A) Maximal intensity projections images following DRT assay of HeLa NS and
TDP1kd cells showing Top2�cc and �H2AX nuclear signals in control and ETO 10 �g/ml for 60 min. Scale bar = 20 �m. (B) Top2�cc formation following 1 h treatment with
different dose of ETO in HeLa TDP1kd and NS cells. *p < 0.05 (Student t-test). (C) Kinetics of Top2�cc formation and removal at different recovery times (rec) in HeLa NS and
TDP1kd cells. *p < 0.05 (compared to HeLa NS cells, Student t-test). (D) HeLa TDP1kd cells showed diminished �H2AX signals at the time of maximal accumulation of Top2�cc
compared to NS cells. *p < 0.05 (Student t-test). MIF—median intensity of fluorescence. AU—arbitrary units. Error bars indicate s.e.m.
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Fig. 3. Top2-induced DNA damage signaling in TDP1 depleted cells. (A) Western blot analyses of proximal (pS2056DNA-PKcs, pS1981ATM, pS428ATR) and distal (pS269CHK1
and  pT68CHK2) transducers in HeLa NS and TDP1kd cells following a 2 h treatment with ETO 10 �g/ml. HDAC1 was used as loading control. (B) pS296CHK1 expression levels
are  increased in HeLa TDP1kd respect to NS following 2 h treatment with ETO 10 �g/ml. (C) pS296CHK1 levels are similarly diminished on HeLa NS and TDP1kd cells following
pre-incubation by 30 min  with the ATM inhibitor KU55933 10 �M,  the CHK1 inhibitor TCS2312 3 �M,  or both before the treatment by 2 h with ETO 10 �g/ml. The inhibitors
were  present in the culture during the whole treatment. (D) Levels of �H2AX analyzed by flow cytometry in HeLa NS and TDP1kd cells following 1 h or 2 h treatment with
ETO  10 �g/ml. MIF—median intensity of fluorescence. AU—arbitrary units. *p < 0.05 (Student t-test). Error bars indicate s.e.m.
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.6. DRT assay and immunofluorescence

The differential retention of topoisomerase II (DRT) assay was
erformed as reported by Agostinho et al. [32] with minor mod-

fications. Briefly, 5 × 105 HeLa TDP1kd or NS cells growing on
overslides were treated with ETO 10 �g/ml for 60 min  or treated
nd allowed to recover in drug-free complete media for 15, 30 or
0 min. Control cultures were treated with DMSO 0.5% for 60 min.
ells were rinsed in cold PBS and then extracted on ice, with gentle
gitation, for 2 min  in PHEM buffer (65 mM Pipes, 30 mM HEPES,
0 mM EGTA, 2 mM Mg2Cl, pH 6.9) supplemented with 350 mM
aCl, 0.5% Triton X-100, and 1 mM PMSF. Cells were then fixed
ith 2% paraformaldehyde in PHEM buffer for 15 min  at room

emperature before immunolabeling. Samples were then blocked
3% BSA, 0.25% Triton X-100 in PBS) for 1 h, followed by incuba-
ion for 2 h with rabbit anti Top2a (1:250, Santa Cruz) or mouse
nti �H2AX (1:500; Upstate; clone JBW301). Secondary Alexa Fluor
88-conjugated anti-rabbit (1:200, Life Technologies) or Texas
ed-conjugated anti-mouse (1:250, Vector Laboratories) antibod-

es were used. Images were acquired using a FluoView FV1000

onfocal microscope (Olympus) equipped with a PlanApo 60X/1.42
bjective lens and processed using FV10-ASW software (Olympus)
r ImageJ (NIH) Software packages. Z-stack images covering the
hole nuclear volume were captured and the total intensity of flu-
orescence quantified using the ImageJ software. Two hundred cells
from each cell line and time point were analyzed. Three to four
independent experiments were performed.

For Rad51 foci formation studies, the fixation and permeabi-
lization process was  performed in 2% paraformaldehyde containing
0.25% Triton X-100 in PBS for 15 min, and continued as mentioned
above. The rabbit anti RAD51 (1:200, Santa Cruz) antibody was
used. The RAD51 foci number per nucleus was  quantified by manual
scoring of at least 300 cells per treatment, from three independent
experiments.

2.7. Flow cytometry

For flow cytometry analysis of �H2AX, cellular suspensions were
fixed with 1% paraformaldehyde in PBS and permeabilized in 0.25%
Triton X-100 in PBS, and then processed for immunolabeling as
specified in Section 2.6. Thirty-thousand cells per sample were
evaluated and the experiments were performed thrice.

2.8. Chromosomal aberrations and mitotic index
Cell lines were plated in 60 mm  dishes, and treated with ETO for
2 h. Cultures were then washed twice with PBS and incubated in
fresh complete media for 20 h. To analyze the participation of A-EJ
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Fig. 4. TDP1 participates in the repair of Top2-mediated DNA DSB. (A) Total DNA breaks analyses of HeLa NS and TDP1kd chromosome spreads following treatments with
different doses of ETO for 2 h. Error bars indicate s.e.m. (B) Mitotic index analyses following the different doses of ETO for 2 h. Error bars indicate s.d. (C) Breakage susceptibility
index  for the different doses of ETO, which reflects both the increased total breaks and the inhibition of the mitotic index. *p < 0.05 (Student t-test).
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epair pathway, cells were pretreated with NU7026 10 �M for 1 h,
oincubated with ETO for 2 h and kept in media containing NU7026
or the remaining culture time (20 h). Colcemid (0.1 �g/ml) was
dded 1.5 h before harvesting, and then, cells were trypsinized and
ollected by centrifugation. Cells were exposed to hypotonic solu-
ion 0.075 M KCl, fixed in methanol:acetic acid (3:1) and stained
ith 10% Giemsa for 4 min. For each treatment, 200 metaphases

ontaining 66 ± 3 chromosomes were analyzed for the induction of
hromosomal aberrations (CA). The gaps were excluded from the
nalysis of CA frequencies.

Aberrations were classified as chromosome and chromatid
reaks, and chromosome and chromatid exchanges. Complete
nd incomplete chromatid exchanges and intrachanges in the
ame configuration were considered as complex exchange con-
gurations. For the quantification of total breaks, chromatid and
hromosome breaks were scored as one break and quadriradial and
riradial chromosome configurations, dicentric and rings chromo-
omes were scored as two breaks. Mitotic index (MI) was  calculated
s the number of metaphases among 1000 nuclei. Breakage sus-
eptibility index for each cell line was estimated as follow: (mean
alue of total breaks in ETO treatment/mean value of total breaks
n control) × (1 − fraction of MI  in ETO treatment/1 − fraction of MI
n control). Two  to 4 independent experiments were performed for
ach end point.

.9. Sister chromatid exchanges (SCE)

HeLa NS and TDP1kd cells were treated by 2 h with ETO and
hen incubated with 10 �g/ml BrdU for two complete rounds of
eplication (∼44 h). The SCE average was taken from the analysis of
0 metaphases during the second cycle of division in 3 independent
xperiments.

.10. �H2AX detection on micronucleated cells

HeLa TDP1kd or NS cells growing on coverslips were treated
ith ETO for 2 h. The cells were washed and cultured in com-
lete media for an additional 20 or 36 h. Samples were fixed and
ermeabilized in 1% paraformaldehyde containing 0.25% Triton
-100/PBS at room temperature for 20 min. Samples were then

mmunolabeled with anti �H2AX as described in Section 2.6. The
frequency of micronuclei and main nuclei containing �H2AX foci
were determined by analyzing at least 1000 cells per sample. Three
independent experiments have been scored.

3. Results

3.1. TDP1 knockdown human cells are hypersensitive to ETO

Following the selection of stably transfected HeLa cells with a
non-silencing (NS) or a specific shRNAmir sequence against TDP1,
we analyzed the expression of TDP1. As shown in Fig. 1A, the rela-
tive expression levels of TDP1 mRNA was decreased by a 90% in
HeLa TDP1kd compared to HeLa NS. To confirm that this effect
correlates with a reduced protein expression, we analyzed TDP1
protein by western blot. Fig. 1B (and also Supplementary Fig.
S1A) shows that levels of TDP1 protein were also diminished in
HeLa TDP1kd as compared to HeLa NS or the non-transfected cell
line, while other nuclear proteins such as ATM, Top2� and Top2�
remained at similar levels. The analysis of TDP2 mRNA expres-
sion showed small but not significant increase (∼8%) in TDP1kd
compared to NS cells (Fig. 1C). In addition, we evaluated the cel-
lular proliferation rates (Fig. 1D) of both HeLa NS and TDP1kd.
We found that both cell lines have similar rates of prolifera-
tion.

To determine whether the knockdown of human TDP1 results
in an increased sensitivity to ETO, we performed the colony for-
mation assay (Fig. 1E). The IC50 values of HeLa NS cells exposed
to ETO were in the range of wild-type HeLa cells reported pre-
viously in the literature [33]. The analysis of the IC50 showed
that TDP1kd cells are 1.7 times hypersensitive to ETO com-
pared to NS (p = 0.0386). In comparison, the IC50 of the Top1
inhibitor camptothecin (CPT) was 2.2 times higher in TDP1kd
(p = 0.0252, Supplementary Fig. S1B).

3.2. Lack of TDP1 induces accumulation of ETO-stabilized
Top2˛cc and alters its removal kinetics
The main activity of Top2� is to relax supercoiled double
stranded DNA by cleaving the backbone of DNA and forming a
transient tyrosyl-DNA cleavage complex intermediate, which is sta-
bilized by Top2 poisons.
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Fig. 5. TDP1 is involved in both C-NHEJ and A-EJ repair events of Top2-mediated DNA DSB. (A) Increased total DNA breaks induced by ETO 1 �g/ml for 2 h in TDP1 depleted
cells  pre-treated or not with the DNA-PKcs inhibitor NU7026 10 �M by 1 h. NU7026 was present in the media during the whole culture time. (B) TDP1 depleted cells showed
increased frequencies of misrepair events (chromatid and chromosome exchanges) in the presence or not of NU7026. (C) Mitotic index analyses of TDP1kd and NS cells
pre-treated or not with NU7026 and treated with ETO 1 �g/ml for 2 h. *p < 0.05 (Student t-test). Error bars indicate s.e.m.
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Top2 denaturation/degradation has been reported to be
ecessary for the repair of stabilized Top2cc [12], although
roteasome-independent processing has also been reported [34].
e decided to examine by the DRT assay whether TDP1 might par-

icipate in the removal of ETO-stabilized Top2�cc in a chromatin
ontext in HeLa NS and TDP1kd cells (Fig. 2A). It is relevant to note
hat an extensive degradation of Top2� adducts might interfere
ith the antibody detection.

The cells were analyzed 1 h post-treatment with different ETO
oses (Fig. 2B) or following different recovery times in drug-free
omplete media (Fig. 2C). As seen in Fig. 2B and C (and also in Sup-
lementary Fig. S1C), HeLa TDP1kd accumulated higher amounts of
TO-stabilized Top2�cc during the 60 min  exposure time. This phe-
omenon was not observed after 30 min  exposure, when Top2�cc

evels were similar in both cell lines (data not shown). The
requency distribution of the Top2�cc intensity of fluorescence
rom NS and TDP1kd cells are represented in Supplementary Fig.
2A and B, respectively. The increased accumulation of Top2�cc
orrelated with diminished amounts of �H2AX signals (Fig. 2D) in
eLa TDP1kd cells compared to NS. In addition, HeLa TDP1kd had
n altered kinetics of removal of Top2�cc as compared to NS. This
as evidenced by a slower removal rate at initial recovery times in

DP1kd (25% more signals), though returning to similar rates of NS
t 60 min  of recovery (Fig. 2C).

.3. Late, but not early DSB signaling response, is altered in
uman cells lacking TDP1

To determine whether TDP1 knockdown cells differ in the sig-
aling steps following ETO-induced DNA DSB formation, HeLa NS
nd TDP1kd cells were treated for 2 h with ETO and analyzed by
estern blot for the activation of several DNA damage response

roteins. As shown in Fig. 3A, the activation of pS1981ATM,

S2056DNA-PKcs, and the distal transducer pT68CHK2 occurred
t similar levels, showing no apparent differences in both cell lines.
o detectable activation of pS428ATR was evidenced in both cell

ines. However, TDP1kd cells showed an increased activation of
pS296CHK1 (Fig. 3A and B). CHK1 is phosphorylated at multiple
sites in response to DNA damage by the kinases ATM/ATR, includ-
ing Ser317 and Ser345, then resulting in the autophosphorylation
of Ser296, which has been associated to the kinase activity of the
enzyme and the induction of a G2/M checkpoint [35,36]. TDP1 has
been previously shown to physically interact with ATM [37,38]. This
prompted us to investigate whether the absence of TDP1 may  influ-
ence the kinase activity of ATM on the phosphorylation levels of
CHK1 following Top2-mediated DNA damage. In order to determine
whether CHK1 activation in response to ETO is dependent on ATM,
we pre-incubated both cell lines with KU55933, a known inhibitor
of ATM kinase activity. On the other hand, to analyze a direct
involvement of ATM on the phosphorylation of Ser296 of CHK1,
we pre-incubated both cell lines with TCS2312, a known inhibitor
of the CHK1 kinase activity, to prevent its autophosphorylation.
Fig. 3C shows that ETO-induced CHK1 activation is dependent on
ATM, however, the different response shown in TDP1kd cells is not.

In order to check whether the increased phosphorylation of
CHK1 in TDP1kd cells would be associated to increased DNA dam-
age signaling, we evaluated the induction of �H2AX. As shown in
Fig. 3D, and in contrast to a shorter exposure, a 2 h treatment with
ETO resulted in an increased accumulation of �H2AX in TDP1kd
cells compared with NS.

These results suggest that late, but not early Top2-induced DSB
signaling, is altered in TDP1kd cells, as a result of increased DSB
formation.

3.4. TDP1 knockdown impairs the repair of Top2-induced DNA
DSB

To test whether TDP1 participates in the repair of ETO-mediated
DNA DSB, we  analyzed the induction of structural chromosome
aberrations on HeLa TDP1kd and NS cells following treatment with

different doses of ETO (Table S1 and Supplementary Fig. S1D).
Fig. 4A shows that the level of total chromosome breaks per cell
induced by ETO 1 �g/ml was  significantly increased in HeLa TDP1kd
compared to NS. However, there was no difference in those induced
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Fig. 6. TDP1 does not alter the HR repair outcome in response to the Top2-induced DNA damage. (A) Rad51 foci formation is increased in HeLa TDP1kd cells in response to
ETO.  (B) Top2-mediated DSB increased the levels of sister chromatid exchanges (SCE) at a similar extent in both HeLa NS and TDP1kd cells. *p < 0.05 (Student t-test). Error
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y ETO 2.5 �g/ml. The analysis of the MI  (Fig. 4B) showed that while
oth cell lines treated with ETO 1 �g/ml exhibit similar number
f mitotic cells, ETO 2.5 �g/ml reduced significantly the amount
f mitotic cells in HeLa TDP1kd compared to NS. Fig. 4C shows
he breakage susceptibility index for both cell lines, which mirrors
hat HeLa TDP1kd accumulates more DNA DSB than NS following
xposure to ETO.

Together, these results suggest that TDP1 promotes genome sta-
ility by participating in the repair of Top2-induced DNA DSB.

.5. TDP1 participates in the repair by C-NHEJ and A-EJ of
op2-mediated DNA damage

In order to evaluate the role of TDP1 in the repair of Top2-
ediated DSB, we analyzed chromosome spreads from HeLa

DP1kd or NS cells following treatment with ETO in the presence
r not of the inhibitor of DNA-PKcs, NU7026 (Table S2). As shown

n Fig. 5A (also in Fig. 4A), total chromosome breaks per cell were
igher in HeLa TDP1kd than NS cells in response to ETO 1 �g/ml.
imilarly, an increased accumulation of chromatid and chromo-
ome exchanges (Fig. 5B) resulting from misrepair events, were
hown in HeLa TDP1kd cell line compared to NS. As this dose of
TO is not expected to produce amounts of DSB that can exceed the
epair ability of the canonical NHEJ (C-NHEJ), these results argues
hat TDP1 participates in this repair pathway.

It is known that either when key components of the C-NHEJ are
acking or when it is overwhelmed by high amounts of DSB, the
ctivity of an alternative end joining (A-EJ) pathway is stimulated
39]. As shown in Fig. 5A, the total breaks per cell induced by ETO
re still higher in TDP1kd than NS cells when pre-incubated with
U7026. Notice that NU7026 had a slight, although not statisti-

ally significant effect on the MI  of TDP1kd cell line (Fig. 5C). TDP1
ight also contribute to the A-EJ pathway. Therefore, we argued

hat whether TDP1 contributes to A-EJ, the chromatid and chro-
osome exchanges per cell in TDP1 depleted cells pre-incubated
ith NU7026 (TDP1kd, NU7026/ETO treatment) should exceed
hose found on either NS cells pre-incubated with NU7026 (NS,
U7026/ETO treatment) or cells just lacking TDP1 (TDP1kd, ETO

reatment). Thus, the results shown in Fig. 5B also suggest a role of
DP1 in the A-EJ.
Overall, our results support an involvement of TDP1 in both the
C-NHEJ and A-EJ process of DSB repair.

3.6. Lack of TDP1 does not affect the HR repair rates of
Top2-mediated DSB

To test the participation of TDP1 in the ETO-induced DSB repair
by HR, we scored in HeLa TDP1kd and NS the formation of Rad51
nuclear foci 3 h after a 2 h treatment with ETO. As shown in Fig. 6A,
ETO-induced Rad51 foci formation is mildly, although significantly
increased in HeLa TDP1kd cell line.

In order to determine whether the increased number of Rad51
nuclear foci induced by ETO results in an increased number of HR
events, we  analyzed the induction of sister chromatid exchanges
(SCE). SCE represent the cytological manifestation of an ended
Rad51-dependent HR process. As depicted in Fig. 6B, ETO induced
an increase in SCE in both cell lines but at similar levels. Therefore,
the increased number of Rad51 foci in HeLa TDP1kd may  reflect
abortive HR repair events.

Together, our results demonstrate that in the absence of TDP1
the HR repair rates of Top2-mediated DNA DSB are not altered.

3.7. TDP1 promotes genome stability following Top2-mediated
DNA DSB formation

To check whether genome instability following Top2-mediated
DNA DSB is stimulated by TDP1 knockdown, we analyzed the
presence of micronuclei (MN) containing �H2AX signals and cells
harboring �H2AX signals in their main nuclei in HeLa TDP1kd
and NS cells at different times following a 2 h treatment with
ETO 2.5 �g/ml. As shown in Fig. 7A, ETO increased similarly the
percentage of cells with MN showing �H2AX signals at 20 h post-
treatment in both cell lines. However, at the same time, the
frequency of cells showing �H2AX positive staining signals in the
main nucleus was also increased but was significantly higher in
HeLa TDP1kd compared to NS cells (Fig. 7B).
The analyses at 36 h post-treatment (Fig. 7C) still showed
increased frequencies of cells with MN  containing �H2AX signals,
being significantly higher in HeLa TDP1kd compared to NS cells.
However, at this time point, just the ETO-treated TDP1kd cells
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Fig. 7. TDP1 depletion causes genome instability following Top2-mediated DNA damage in HeLa cells. (A) Similar levels of micronuclei (MN) containing �H2AX signals are
found  in HeLa TDP1kd and NS cells 20 h after a 2 h treatment with ETO 2.5 �g/ml. (B) At the same time, a significant increase in the levels of nuclei containing �H2AX foci is
found  in HeLa TDP1kd cells. (C) At 36 h post-treatment, the levels of MN �H2AX+ raised in TDP1kd cells compared to NS. (D) While nucleus containing �H2AX foci diminished
in  both cell lines at this time, an increased number of them remained in TDP1kd cells. (E) Representative images of MN  containing �H2AX+ signals (white arrows) and a
nucleus  containing �H2AX foci in HeLa TDP1kd cells at 36 h post-treatment with ETO. *p < 0.05 (Student t-test). Error bars indicate s.e.m.
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etained significantly increased amounts of nucleus with �H2AX
ignals compared to NS cells (Fig. 7D and E). This may  be due to

 higher number of TDP1kd cells that remained arrested by a G2
heckpoint.

Overall, our data show that in response to ETO-induced DNA
SB, TDP1 depletion diminish the DNA repair efficiency impacting
n the maintenance of the genome integrity.

. Discussion

The removal of abortive Top2�cc is a fundamental task to avoid
he collision of the replication fork and the transcriptional machin-
ry [34], which may  result in the generation of persistent DNA DSB.
hese lesions are the main responsible for cytotoxicity induced by
everal chemotherapeutic agents that acts as Top2 poisons [40,41].

TDP1 is a DNA repair enzyme which has been demonstrated
o hydrolyze several covalent adducts from DNA, including dead-
nd complexes Top1-DNA. The role of TDP1 in the removal of
op1 cleavage complexes has been reported from yeast to humans
24,42]; however, its activity in the removal of Top2cc is still
nresolved. Biochemical studies using different double stranded
ligonucleotide substrates and TDP1 partially purified failed to
etect a 5′ tyrosyl-phosphodiesterase activity [25,43,44]. Con-
ersely, 5′ tyrosyl-double stranded oligonucleotide substrates with
-base overhangs, similar to those resulting from Top2 cleav-
ge, were efficiently processed by human recombinant TDP1 [22].
herefore, the kind of substrate and/or the origin of the enzyme
eem to affect the activity of TDP1. Moreover, human SCAN1
utant lymphoblastoid cell lines, TDP1 knock out mice and embry-

nic fibroblasts did not show hypersensitivity to ETO [21,24,45].
owever, overexpression of TDP1 in human cells diminished the
NA damage induced by ETO [28]. A more difficult interpretation
an be made from data derived from chicken TDP1−/− DT40 cell
ines, where hypersensitivity to ETO was shown [22,29] although
pposed results were also reported [27].

Here we show that TDP1 knockdown in human proliferating
ells confers hypersensitivity to ETO. Moreover, the lack of TDP1
esulted in an accumulation of ETO-stabilized Top2�cc, which were
hen efficiently removed by TDP1-independent mechanisms. In
his regard, the recently discovered 5′-tyrosyl phosphodiesterase
ctivity of the TDP2 enzyme has been reported in human cells
44,46], although other endonucleases have also been implicated
n removing covalently bound Top2 [47]. Structural data suggest
hat TDP2 may  require unfolding or proteolytic processing of Top2
o access the DNA substrate [48]. Biochemical data suggested that
DP1 cannot remove full-length Top1 from DNA, requiring a previ-
us denaturation or proteolytic degradation [25,43,49]. However,
he ability of TDP1 to remove Top2�cc remains controversial.
he current view of the DNA end processing following abortive
op2cc formation assume that sumoylation and/or ubiquitination-
ependent proteolysis is required to remove a Top2-peptide bound

rom 5′ DNA termini [50]. It is interesting to note that even though
roteasome inhibition is carried out previous to Top2 poisoning,

 significant higher amount of �H2AX signals are still developed
t short exposure times (data not shown) [12,51], suggesting that
roteolysis-independent mechanisms may  also co-exist. Moreover,

 recent report [34] showed that after exposure to low dose of
TO, similar to doses used in our study, the development of DSB
ignals were insensitive to proteasome inhibition. This study also
etermined that under low dose treatments with ETO, Top2� is
he major responsible for the induction of replication-dependent

SB. Our data showed an increased accumulation of Top2�cc in
DP1kd cells, which combined with a diminished appearance of
H2AX signals, suggest an involvement of TDP1 in the removal of
op2�cc.
earch 781 (2015) 37–48

It has been shown that TDP1 interacts with several DDR factors
[37,52]. In response to Top1 poisons, ATM and DNA-PKcs phospho-
rylate TDP1 on Ser81, which confers more stability to the molecule,
enabling its association with XRCC1 and potentiating its mobiliza-
tion to DNA damaged sites [37]. Since the depletion of TDP1 might
also impact in the DNA DSB damage signaling, we  analyzed the acti-
vation of several DDR proteins up- and downstream the induction
of �H2AX. Our data show that neither the activation of proximal
transducers, nor the induction of the distal transducer CHK2 is
altered by depletion of TDP1. Interestingly, an increased accumula-
tion of pS296CHK1 in response to ETO was  shown in TDP1 depleted
cells. No regulatory effect of TDP1 depletion was found to modu-
late direct- or indirectly the phosphorylation of CHK1. Instead, a
time-dependent increased accumulation of �H2AX was found to
correlate with the increased phosphorylation on Ser296 of CHK1.

Here we  show that depletion of TDP1 alters the DSB repair abil-
ity following Top2-mediated DNA DSB. While the ETO-induced HR
repair rates did not seem to be altered by the depletion of TDP1,
the evidenced increase of chromatid and chromosome breaks and
exchanges after treatment with ETO supports a role of TDP1 in the
C-NHEJ pathway.

Early work showed that following IR, an impaired DNA-PKcs
activity stimulates a slow A-EJ form of DSB repair [53]. Here we
show that inhibiting DNA-PKcs activity on TDP1 depleted cells lead
to a higher incidence of misrepair events in response to ETO, which
should not be expected unless TDP1 may  also have a role in the
A-EJ. Interestingly, it has recently been reported a direct interac-
tion of the regulatory N-terminal domain of TDP1 with the catalytic
domain of PARP-1, resulting in the PARylation and stabilization of
TDP1 in response to Top1cc-induced DNA damage; and the recruit-
ment of TDP1 and XRCC1 to the damaged sites [54]. In addition,
other evidence showed that phosphorylation of TDP1 on Ser81
promotes the interaction of TDP1 with Ligase III� [55]. As there
is evidence that PARP-1, XRCC1 and Ligase III� proteins have a role
on A-EJ [56], it is likely that a platform for TDP1 activity in this
pathway may  also be mounted in response to Top2-mediated DNA
damage.

Regardless of which DSB repair pathways are impaired by TDP1
depletion, here we  show that genome stability is compromised as
evidenced by the increase of micronuclei containing �H2AX signals
following Top2-induced DSB.

In summary, our results show that in human proliferating cells
TDP1 participates in the removal of Top2�cc, though its activity
may  be replaced by alternative mechanisms. However, its deple-
tion impairs the repair ability of Top2-induced DSB by disturbing
both C-NHEJ and A-EJ; and thus, promoting genomic instability but
also hypersensitivity. Further studies should determine whether
combined therapies of Top2 poisons with chemical inhibitors of
TDP1 may  result in any advantage for cancer treatment.
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