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ABSTRACT

Poly(ADP-ribose) polymerases (PARP) attach
poly(ADP-ribose) (PAR) chains to various proteins inc-
luding themselves and chromatin. Topoisomerase |
(Top1) regulates DNA supercoiling and is the target
of camptothecin and indenoisoquinoline anticancer
drugs, as it forms Top1 cleavage complexes
(Top1cc) that are trapped by the drugs. Endogenous
and carcinogenic DNA lesions can also trap Topicc.
Tyrosyl-DNA phosphodiesterase 1 (TDP1), a key
repair enzyme for trapped Topicc, hydrolyzes the
phosphodiester bond between the DNA 3'-end and
the Top1 tyrosyl moiety. Alternative repair pathways
for Topicc involve endonuclease cleavage. However,
it is unknown what determines the choice between
TDP1 and the endonuclease repair pathways. Here
we show that PARP1 plays a critical role in this
process. By generating TDP1 and PARP1 double-
knockout lymphoma chicken DT40 cells, we demon-
strate that TDP1 and PARP1 are epistatic for the
repair of Topicc. The N-terminal domain of TDP1
directly binds the C-terminal domain of PARP1, and
TDP1 is PARylated by PARP1. PARylation stabilizes
TDP1 together with SUMOylation of TDP1. TDP1
PARylation enhances its recruitment to DNA
damage sites without interfering with TDP1 catalytic
activity. TDP1-PARP1 complexes, in turn recruit X-ray
repair cross-complementing protein 1 (XRCC1). This

work identifies PARP1 as a key component driving
the repair of trapped Topicc by TDP1.

INTRODUCTION

Topoisomerase I (Topl) is essential in higher eukaryotes,
as it relaxes positive DNA supercoiling in advance of rep-
lication forks and transcription complexes as well as
negative supercoiling behind such complexes (1).
Supercoiling relaxation requires the production of transi-
ent Topl cleavage complexes (Toplcc), which are Topl-
linked DNA single-strand breaks (SSBs) (2,3). Toplcc
catalytic intermediates can be converted into irreversible
Topl-DNA cleavage complexes by colliding replication
and transcription complexes. These DNA lesions trigger
cell death and account for the antitumor activity of
camptothecin (CPT) and its clinical derivatives irinotecan
and topotecan after the drugs selectively trap Toplcc (3).

A key enzyme for the repair of Toplcc is tyrosyl-DNA
phosphodiesterase 1 (TDP1) (4-9). TDP1 hydrolyzes the
phosphodiester bond between the Topl tyrosyl moiety
and the DNA 3’-end (10,11). The ability of TDPI to
resolve 3’-phosphotyrosyl linkages is consistent with its
role in protecting cells against Topl-induced DNA
lesions. TDP1 is conserved in all eukaryotes and present
in both the nucleus and mitochondria of human, mouse,
chicken and the trypanosome cells (6,12—-15). A homozy-
gous mutation of TDP1 causes spinocerebellar ataxia with
axonal neuropathy 1 (SCANI1), an autosomal recessive
neurodegenerative syndrome (16). Cells from SCANI
patients or TDP1 knockout mice are hypersensitive to
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CPT and accumulate elevated Topl-associated DNA
breaks in response to CPT (7,9,14,17-20). Topl-linked
DNA SSBs can be subsequently transformed into
double-strand breaks (DSB) following collision with the
replication and transcription machineries (21-23). Toplcc
induce the phosphorylation of TDP1 at serine 81 by the
protein kinases ataxia-telangiectasia-mutated kinase
(ATM) and DNA-dependent protein kinase (DNA-PK),
which stabilizes cellular TDP1 and promotes cell survival
(6,24). TDP1 is also endogenously SUMOylated on lysine
111, which enhances its recruitment to DNA damage sites
and the repair of Topl-induced SSB (20).

Poly(ADP-ribose) polymerase-1 (PARPI1) is an ubiqui-
tous chromatin-associated enzyme that binds to DNA
base damages and strand breaks, and catalyzes the nico-
tinamide adenine  dinucleotide (NAD™")-dependent
addition of ADP-ribose polymers (PAR) onto itself and
chromatin proteins including Topl, XRCCI1, Ligase III
and histones (25-28). Protein modifications by PARP1
play a crucial role in DNA damage response by
controlling the cellular localization and biological
activities of DNA repair complexes and by remodeling
chromatin (25,29-31). PARPI interacts with several
proteins involved in SSB repair, base excision repair
and DSB repair (31). PARP1 has been also implicated in
the alternative or backup pathway for nonhomologous
end joining repair (6,32,33). PARPI1 inhibition triggers
the activation of ATM (34).

The involvement of PARPI1 in the repair of Toplcc
stems from several observations: (i) PARPI-deficient
cells are hypersensitive to CPT (23,35); (i) PAR accumu-
lates in CPT-treated cells (36-38); and (iii) PARP inhibi-
tors enhance the activity of CPT and its clinical derivatives
(topotecan and irinotecan) by inhibiting the repair of
Topl-induced DNA lesions (23,36-38), by inhibiting the
release of Topl from stalled replication complexes
(27,39,40) and by inhibiting the restart of replication
forks reversed by Toplcc (8). However, the molecular
mechanisms by which PARPI acts in the repair of
Topl-induced DNA damage have not been fully
elucidated.

PARPI1 knockout cells have less TDP1 activity (23) and
the clinical PARP inhibitor ABT-888 (veliparib) fails to
sensitize TDP1-deficient cells to Topl inhibitors (36,37).
TDPI1 is one of several redundant pathways involved in
the repair of Topl-mediated damage in yeast and human
cells. Yeast cells are sensitized to CPT when both TDP1
and structure-specific endonucleases are inactivated. One
such endonuclease is Rad1-Rad10 (41), an ortholog of the
human XPF-ERCCI1, which has recently been shown to
be involved in Toplcc repair in parallel with TDP1 and
PARPI1 (36). The XPF-related nuclease, MusS81, is also
involved in the repair of Topl lesions in yeast and
human cells (41,42). Lastly, the MRN complex (Mrell/
Rad50/Nbsl) has been suggested as a supplementary
pathway for the repair of Topl-mediated DNA damage
(16,43,44). However, what determines the choice between
the TDP1 and the endonuclease pathways has not been
elucidated.

In the present study, we provide biochemical, cellular,
pharmacological and genetic evidence demonstrating the

physical and functional coupling of PARP1 and TDP1 for
Toplce repair, and their critical function with XRCCI,
suggesting that PARPI is the primary determinant for
Toplcc repair by TDPI.

MATERIALS AND METHODS
Drug, antibodies and expression constructs

The Drug Synthesis and Chemistry Branch, Division of
Cancer Treatment, National Cancer Institute (NCI),
National Institutes of Health (NIH) provided CPT and
Veliparib  (ABT-888). Cycloheximide (CHX) was
purchased from Sigma (St Louis, MO, USA). Rabbit
polyclonal TDP1 (Ab4166) and XRCCIl (AbI838,
mouse monoclonal) were from Abcam (Cambridge, MA,
USA). Mouse polyclonal anti-human TDPI (cat no.
HO00055775-A01) antibody was from AbNova. Mouse
monoclonal anti-Flag (M2) and anti-actin (ACTNOY)
antibodies were from Sigma (St Louis, MO, USA) and
NeoMarkers (Fremont, CA, USA), respectively. The
anti-PAR polymer mouse monoclonal (10H) and rabbit
polyclonal antibodies were from Trevigen (Gaithersburg,
MD, USA). Mouse monoclonal anti-GST antibodies was
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Rabbit polyclonal PARPI antibody and
secondary antibodies: Horseradish peroxidase (HRP)-
conjugated anti-rabbit IgG or anti-mouse IgG were
obtained from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). Human Flag-TDP1 fusion construct were
generated using mammalian expression vectors pCMV-
Tag2 (Stratagene, La Jolla, CA, USA) as described previ-
ously (6). The Flag-tagged N-terminal (1-185 aa) TDPI
truncated construct was generated by polymerase chain
reaction amplification and full-length TDP1 as template
and cloned in mammalian expression vectors pCMV-Tag2
(Stratagene, La Jolla, CA, USA). The green fluorescent
protein (GFP)- tagged TDPI construct was kindly
provided by Dr. Fritz Boege (Institute of Clinical
Chemistry and Laboratory Diagnostics, Heinrich-Heine-
University, Medical School, Diisseldorf, Germany). The
point mutations FLAG-TDPIKI11R and GFP-
TDPIKI111R were constructed using the ‘QuickChange’
protocol (Stratagene, La Jolla, CA, USA). All polymerase
chain reaction—generated constructs were confirmed by
DNA sequencing.

Cell culture, treatment and transfections

Cell cultures were maintained at 37°C with 5% CO, in
Dulbecco’s modified Eagle’s medium containing 10%
fetal calf serum (Life Technologies, Rockville, MD,
USA). The colon carcinoma cell line (HCT116) was
obtained from the Developmental Therapeutics Program
(NCI, NIH), and the isogenic HeLa cells stably trans-
fected with PARPI-shRNA or control-shRNA were
cultured in the presence of 125ug/ml hygromycin B
(Sigma, St Louis, MO, USA) as described previously
(45). Chicken lymphoma DT40 cells were provided by
Dr. Shunichi Takeda, Kyoto University (14,46). DT40
cells were cultured at 37°C with 5% CO, in RPMI-1640
medium  supplemented with 1% chicken serum
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(Invitrogen,  Carlsbad, = CA, USA), 107°M
B-mercaptoethanol, penicillin, streptomycin and 10%
fetal calf serum. For the CHX experiments, cells (60—
70% confluent) were grown in six-well plates and CHX
was added to a final concentration of 100 pg/ml. Plasmid
DNAs were transfected with Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol.

Generation of TDP1—/—; PARP1—/— double-knockout
DT40 cells

TDP1—/— and PARPl—/— DT40 cells have been
described previously (14,46,47). To generate the double-
knockout TDPl—/—;PARP1—/— «cells the PARPI
knockout  constructs  carrying  blasticidin  and

L-histidinol-resistant genes were sequentially transfected
in TDP1—/— cells (46). Gene disruption was confirmed
by Southern blotting and Western blotting analyses.

In vitro PARylation assays

The in vitro PARylation assay was performed as described
(48). Briefly, purified human PARPI (hPARPI, 1pg)
alone or in the presence of varying concentration
(1.5-3png) of purified human TDP1 (hTDP1) were
incubated with 200 ng of calf thymus DNA previously
treated with DNase I in 100pl solution containing
100mM TrissHCI, pH 8.0, 10mM MgCl,, 1mM
dithiothreitol and 800nM [a-*P] NAD" (100 nCi/nmol).
After incubation at 25°C for 20min, reactions were
stopped with ice-cold acetone (80% v/v) and incubated
for 30min at —20°C. Insoluble material was pelleted by
centrifugation for 20 min at 4°C, washed once with 100%
acetone, once with water-saturated ether and dried. Pellets
were resolubilized in 40pul of 1x Laemmli buffer and
analyzed on 10% sodium dodecyl sulphate-polyacryl-
amide gel -electrophoresis (SDS-PAGE). Gels were
stained with Coomassie Blue, dried and exposed to
Phosphorlmager screens (GE Healthcare, UK).

Ni*" will be the power of Ni NTA-agarose
co-immobilization binding assay

In vitro Ni*'-NTA-Agarose pull-down assays were per-
formed as described (49). Briefly, protein complexes of
hexahistidine-tagged purified hTDP1 (1 ug) were mixed
with purified hPARPI (1 pg) with pre-equilibrated Ni**-
NTA agarose beads (Qiagen Inc, Santa Clarita, CA, USA)
in 100ul of pull-down buffer [SOmM potassium phos-
phate, pH 7.5, 0.5mM dithiothreitol, 1 mM EDTA, with
protease inhibitors (Complete, Roche Diagnostics,
Indianapolis, IN, USA)] in the presence or absence of
calf thymus DNA previously treated with DNase I
(400 ng) with or without NAD™ (400 uM). After incuba-
tion at 25°C for 30 min, protein complexes were further
incubated at 4°C for 1h with gentle shaking. The beads
were pelleted by centrifugation and washed twice with
500 ul of pull-down buffer containing 50 mM imidazole
so that all of the unbound proteins were removed. The
protein samples were eluted from the beads with 100 pl
of pull-down buffer containing 300 mM imidazole and
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were analyzed by 8% SDS-PAGE and detected by
Western blotting with indicated antibodies.

Cell extracts, immunoblotting and immunoprecipitation

Preparation of whole cell extracts, immunoprecipitation
and immunoblotting were carried out as described (6).
Briefly, cells were lysed in 10mM Tris—HCl (pH 8),
150mM NaCl, 0.1% SDS, 1% NP40, 0.5% Na-
deoxycholate supplemented with protease inhibitors
(Complete, Roche Diagnostics, Indianapolis, IN, USA)
and phosphatase inhibitors (Phosphatase Inhibitor
Cocktail 1, Sigma). After thorough mixing and incubation
at 4°C for 2 h, lysates were then centrifuged at 12000g at
4°C for 20min. Supernatants were collected, aliquoted
and stored at —80°C.

For immunoprecipitation, cells were lysed in 50 mM
Tris—HCI, pH 7.4, 300mM NaCl, 0.4% NP40, 10 mM
MgCl,, 0.5mM dithiothreitol with protease and phos-
phatase inhibitors. Cell lysates were pretreated with
Benzonase® nuclease 10 U/pl (Sigma Aldrich, St Louis,
MO, USA) as indicated. Supernatants were obtained by
centrifugation at 15000g at 4°C for 20 min and precleared
with S0l of protein A/G-PLUS-Agarose beads (Santa
Cruz, CA, USA). Three to five milligrams of precleared
lysate was incubated overnight at 4°C with the indicated
antibodies (2-5pg/ml) and 50 ul of protein A/G-PLUS-
Agarose beads. Isolated immunocomplexes were re-
covered by centrifugation, washed three times with lysis
buffer and were subjected to 8% Tris-glycine gels
(Invitrogen). Immunoblotting was done by standard pro-
cedures, and immunoreactivity was detected by
Electrochemiluminescence (ECL) reaction (Amersham).
Densitometry analyses of immunoblots were performed
using Image J software (NIH).

Immunocytochemistry and confocal microscopy

Immunofluorescence staining and confocal microscopy
were performed as described (6). Briefly, cells were
grown and drug treated on chamber slides (Nalge Nunc
International, Naperville, IL, USA). Following 10-min
fixation with 4% paraformaldehyde at room temperature,
primary antibodies against PAR, PARP1 and XRCCI1
were detected with anti-mouse or anti-rabbit IgG second-
ary antibodies labeled with Alexa 488/568 (Invitrogen).
Cells were mounted in anti-fade solution with 4',6-
diamidino-2-phenylindole (DAPI) (Vector Laboratories,
Burlingame, CA, USA) and examined using a laser
scanning confocal microscope (Zeiss LSMS510) with a
63x oil objective. Images were collected and processed
using the Zeiss AIM software and sized in Adobe
Photoshop 7.0.

Oligonucleotides and preparation of DNA substrates

The NI14Y oligonucleotide (5-GATCTAAAAGACT
TY-3'), which contains a 3’-phosphotyrosine (Y) and the
14-mer DNA substrate containing the internally labeled
quencher (TAMRA) and a fluorophore (6-FAM)
attached to the 3-DNA end [5-GATC(TAMRA-T)AAA
AGACTT-FAM] were synthesized by Midland Certified
Reagents Company (Midland, TX, USA). The NI14Y
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oligonucleotide was 5-end labeled using T4 polynucleo-
tide kinase and [y->*P] ATP. Unincorporated radioactive
nucleotides were removed using a mini Quick Spin Oligo
column (Roche Diagnostics, Indianapolis, IN, USA) after
inactivation of the kinase by heating for Smin at 95°C.

TDP1 activity assays

TDP1 gel-based assays were performed as described
(13,50). Briefly, TDP1 and varying ratio of PARP1 recom-
binant proteins were premixed in the presence of NAD™"
(400 pM) and incubated at 25°C for 30min in 50 mM
Tris-HCI, pH 8.0, 10 uM MgCl,, 100mM NacCl, 100 ng/
pl bovine serum albumin, and DNase I-treated calf
thymus DNA (17 ng/ul). At the beginning of each experi-
ment, 1 volume of TDP1-PARPI1 solution was incubated
with 3 volumes of **P-labeled N14Y substrate at 0°C in ice-
cold buffer containing 1x phosphate buffered saline, pH
7.4, 80mM KCI, 0.01% Tween-20 to achieve a final con-
centration of 1 nM N14Y substrate and SnM TDP1. At the
indicated time points, 10 ul of aliquot was withdrawn and
mixed with equal volume of formamide loading dye [96%
(v/v) formamide, 10mM EDTA, 1% (w/v) xylene cyanol
and 1% (w/v) bromophenol blue] to stop the reactions.
Samples were analyzed by 16% denaturing PAGE gels,
dried and exposed on Phosphorlmager screens. Imaging
and quantification were done using a Typhoon 8600 and
ImageQuant software (GE Healthcare, UK). The resulting
kinetic curves were fit to a single-exponential function,
yielding the rate constant k (s'). The obtained k values
for different samples were then normalized and compared
with each other.

For fluorescence resonance energy transfer (FRET)-
based assays, TDP1 and varying ratio of PARP1 recom-
binant proteins were premixed in the presence of NAD™
(400 uM) and incubated at 25°C for 30 min. At the begin-
ning of each experiment, 1 volume of TDPI-PARPI
solution was mixed with 1 volume of FRET substrate
[5-GATC(TAMRA-T)AAAAGACTT-3’FAM] (51) in
buffer containing 50mM Tris—=HCI (pH 7.5), 80 mM
KCl, 2mM EDTA, 1 mM Dithiothreitol (DTT), DNase
I-treated calf thymus DNA (17 ng/pl) and 40 pg/ml bovine
serum albumin to achieve a final concentration of 50 nM
substrate and 50nM TDPI1. The changes in fluorescein
signal were monitored in real time at 520nm on a
SpectraMax Germini XS microplate reader from
Molecular Devices (Sunnyvale, CA, USA). The resulting
fluorescence spectra were fit to a single-exponential
function, yielding the rate constant k (s™').

Cytotoxicity assays

To measure the sensitivity of cells to CPT, cells from dif-
ferent genotypes were continuously exposed to various
concentrations of the CPT. Two hundred cells were
seeded into 384-well white plate (#6007680 Perkin Elmer
Life Sciences, Waltham, MA, USA) with 40 pl of medium
per well. Plates were incubated at 37°C for 72h. Cell
survival was determined using the ATPlite 1-step kit
(PerkinElmer). Briefly, 40ul of ATPlite solution was
added to each well. After 5min, luminescence was

measured by Envision 2104 Multilabel Reader

(PerkinElmer).

Live cell microscopy and photobleaching experiments

Live cell imaging, micro-irradiation and photobleaching
experiments were carried out as described (6,52) with a
Zeiss LSMS510 confocal laser-scanning microscope
equipped with a 365nm UV laser and 63x/1.4 NA oil ob-
jective (Carl Zeiss Microlmaging, Inc.). Fluorophores
were excited using a 488/514 nm Ar-laser line. The micro-
scope was equipped with a heated environmental chamber
set to 37°C. FRAP analyses were carried out with living
HCTI116 cells grown on chamber cover glass (Nalge Nunc
International, Naperville, 1L, USA). Cells were trans-
fected with GFP fusion proteins and mounted on an in-
cubation chamber filled with medium 24h after
transfection. Cells were pretreated with PARP inhibitor
(ABT888/5 uM for 2 h) as indicated.

For FRAP analysis, a subnuclear spot was bleached for
300 ms at highest intensity of an argon laser line (488 nm
for GFP) adapted to the fluorescent protein of interest.
DNA damage was carried out with a UV laser set to
50% transmission. For imaging, the laser power was
attenuated to 0.1% of the Dbleach intensity.
Subsequently, the recovery of fluorescence in the spot
was monitored at intervals of 5s for ~130s. Relative
fluorescence intensities of the bleached region were cor-
rected for background. To display the FRAP curves, the
fluorescence signal measured in a region of interest
(ROI) was individually normalized to the pre-bleach
signal in the ROI according to the following equation:
ROI = (I; = Ipe)/(To — Ipg) x 100, where I, is the intensity
in the ROI during pre-bleaching, I; is the intensity in the
ROI at time point t and I, is the background signal
determined in a region outside of the cell nucleus.

RESULTS
PARP1 and TDP1 are epistatic for the repair of Toplcc

To determine the functional relationship between PARP1
and TDPI1, we tested the impact of the PARP inhibitor
(veliparib, ABT-888) on TDPIl knockout lymphoma
chicken DT40 cells deficient in 3'-tyrosyl-DNA phospho-
diesterase activity and hypersensitive to CPT (14). Cell
survival assays (Figure 1A) showed supra-additive effect
in wild-type cells treated with CPT and PARP inhibitor
(ABT-888) (veliparib), which is consistent with experi-
ments performed in murine and human cancer cells
(36-38). Notably, ABT-888 failed to enhance the cytotox-
icity of CPT in the TDPI—/— DT40 cells (Figure 1A),
suggesting that TDP1 and PARP are in the same
pathway for the repair of Toplcc.

To further establish the functional genetic relationship
between TDP1 and PARPI1, we generated PARP1-TDPI
double-knockout DT40 cells (referred to as TDPI—/
—;PARPI—/— cells). PARPI disruption in the TDPI—/
—;PARPI—/— cells was confirmed by western blotting
(Figure 1B). The double-knockout TDPI/—/—;PARPI—/
— cells were hypersensitive to CPT, similar to the
TDP1—/— or PARPI—/—  single-mutant  cells
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assays. Error bars represent SD (1> 3); where not visible, error bars are smaller than the symbols.

(Figure 1C). Recent studies show that CtIP S322/—/—
mutant is deficient in interacting with BRCAIl and
confers hypersensitivity to CPT (44,53,54). The double
mutant TDP1—/—;CtIP S332/—/— DT40 cells (14)
showed greater than additive sensitivity to CPT
compared with TDP1—/— or PARPI—/— single-mutant
or TDPl1-/—; PARPl—/— double-mutant cells
(Figure 1C), indicating that CtIP and TDP1 are in differ-
ent pathways. This contrasts with PARP1 and TDPI,
which we found to be epistatic for Toplcc repair
(Figure 1C).

Next, we took advantage of the fact that DT40 cells only
express PARPI and not PARP2 (46,47), and compared the
CPT sensitivity of PARP1—/— DT40 cells stably comple-
mented either with human PARPI (PARP1—/—; hPARPI1)
or PARP2 (PARP1—/—; hPARP2) (46,47). PARP2 failed
to rescue the CPT sensitivity under condition where PARP1
did (Figure 1D), indicating that PARP1 is the preferential
regulator of TDPI.

The N-terminus domain of TDP1 binds the C-terminal
domain of PARP1

To test whether PARP1 directly interacts with TDP1, we
performed binding assays with purified recombinant
PARPI1 and TDPI1. Figure 2A shows that His-tag-TDP1
pulls down PARPI1 both in the absence and presence of

PARylating activity induced by DNA plus NAD"
(Figure 2A, Lanes El, E2 and E3). PARPI alone was
not retained by the Ni*'-NTA-agarose beads either
in the presence or absence of DNA plus NAD"
(Figure 2A, Lanes E4 and 5), indicating the direct
binding between TDP1 and PARPI1.

To determine the interacting domains between PARPI
and TDPI, we performed pull-down experiments in cells
transfected with the FLAG-TDP1 and Glutathione
S-transferase (GST)-tagged PARP constructs shown in
Figure 2B and D. The FLAG-tagged-N-terminal domain
of TDP1 (1-185 aa) was sufficient to pull-down endogenous
PARP1 (Figure 2C), indicating that the catalytic domain of
TDP1 is not required for the interaction of TDP1 with
PARPI1. To identify the PARP1 domain(s) interacting
with TDP1, we used the GST-tagged fragments of PARP1
corresponding to different domains of PARPI1 (55)
(Figure 2D). In these cellular experiments, GST-tagged
full-length PARP1 pulled down endogenous TDPI
(Figure 2E), confirming the association between the two
proteins shown by in vitro binding assays (Figure 1A).
GST-pull-down experiments with truncated PARPI1 con-
structs showed that TDP1 bound the C-terminal domain
of PARPI1, within amino acids 524-1014 of PARPI
(Figure 2C). We also observed a weak binding of TDPI
with the BRCT domain of PARPI (384-524 aa)
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antibody and the immune complexes were probed with anti-PARPI antibody. Blots were subsequently stripped and probed with anti-Flag antibody.
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immune complexes were detected by western blotting after 4-20% SDS-PAGE with anti-TDP1 antibody. Lower panel shows TDPI input corres-
ponding to one-tenth of the lysates.



(Figure 2E), an important domain for protein—protein inter-
actions (55). Thus, the N-terminal domain (NTD) of TDP1
binds with the C-terminal end of PARPI.

TDP1 is PARylated but not inactivated by PARP1

PARPI itself is the main PAR acceptor (90% of PAR is
found on PARPI) (48). Because PARP1 also PARylates
other chromatin-associated proteins (25,56), we tested
whether TDP1 could be PARylated by PARP1. We
incubated purified PARPI activated by DNase I-treated
DNA and [*?P]-NAD" in the presence of increasing con-
centration of purified TDP1 and looked for radiolabeled
PARylated protein products by SDS-PAGE and autoradi-
ography. As expected, PARP1 was auto-PARylated
(Figure 3A, Lane 1). TDP1 was also radiolabeled as
indicated by the appearance of a labeled band with a mo-
lecular weight corresponding to TDPI1, the intensity of
which increased with increasing TDP1 (Figure 3A,
compare Lanes 2 and 3). These experiments demonstrate
that TDP1 not only binds to PARPI1 but is also a sub-
strate of PARPI.

Next we tested the biochemical impact of TDPI
PARylation. Using gel-based assays with recombinant
proteins (13,57), we measured TDPI activity as the con-
version of a 3'-tyrosyl-DNA nucleopeptide substrate
(14-Y) to a product with a 3'-phosphate (14-P)
(11,14,19) (Figure 3B). Addition of PARP1 and NAD"
had no impact on TDPI activity (Figure 3C). These
results were confirmed in FRET-based TDPI1 assays
using a 14-mer oligonucleotide with an internally labeled
quencher (TAMRA) and a fluorophore (fluorescein)
attached to the 3’-end of the DNA substrate (Figure
3D). Cleavage of the 3'-fluorescein by TDP1 abolishes
FRET, giving rise to fluorescence that can be detected in
real time. Addition of PARP1 under PARylation condi-
tions had no detectable impact on TDPI1 catalytic activity
(Figure 3E). Together, these results demonstrate that,
contrary to other enzymes [including Topl (28)], TDP1
remains active despite its PARylation.

PARylation and SUMOylation both recruit TDP1 to
DNA damage sites

To test whether PAR polymers affect TDP1 accumulation
at DNA damage sites, we generated DNA damage using
UV laser micro-irradiation and measured the recruitment
of GFP-tagged wild-type TDP1 (GFP-TDP1™") under
live cells microscopy by photobleaching (FRAP) analysis
(6,52,58). We previously used a similar approach to show
that TDPI1 is recruited at laser-induced DNA damage
sites, depending on its phosphorylation at Ser81 by
ATM and DNA-PK (6). Recruitment kinetics of GFP-
TDP1IVT in the presence of ABT-888 (Figure 4A and B)
was determined under conditions that blocked
PARylation (Figure 5) (47). The fluorescence recovery of
TDPI1 (GFP-TDP1WT) was significantly reduced (43-56%
versus 80-95%) in the presence of ABT-888 (Figure 4A
and B), demonstrating that PARylation promotes TDPI
recruitment to DNA damage sites.

A recent study showed that TDP1-SUMOylation at
lysine 111 also enhances its accumulation at DNA
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damage sites (20). To characterize the impact of
SUMUOylation versus PARylation on the recruitment of
TDP1 at laser-induced DNA damage, we compared the
fluorescence recovery of the SUMOylation mutant TDP1
(GFP-TDP1X!""R) with wild-type TDP1 (GFP-TDP1VT)
in the presence and absence of PARP inhibitor. In the
absence of ABT-888, the fluorescence recovery of the
GFP-TDPIX!R was defective (50-60% at 1min) and
reached a maximum intensity (55-70% at 1.5min)
compared with the rapid fluorescence recovery of wild-
type TDP1 (75-86% in 1 min with a maximum intensity
of 80-95% within 1.5min; Figure 4A and B). The defi-
ciency in the recruitment of GFP-TDP1®'""R at DNA
damage sites confirms the results of El-Khamisy and
coworkers (20). ABT-888 further reduced the recruitment
of GFP-TDP1*'"'® {0 the levels of the GFP-TDPI™" +
ABT-888 (Figure 4A and B). Moreover, the TDP1X!!!R
mutant retains PARP1 interaction (Supplementary
Figure S1). Taken together, these results indicate that
SUMOylation and PARylation both promote the recruit-
ment of TDPI to laser-induced DNA damage sites.

PARP1-TDP1 complexes recruit XRCC1 to
Toplcc-induced damage sites

Because TDP1 is component of XRCCI complexes
(6,59,60), we investigated the potential involvement of
PARPI in the formation of TDPI-XRCCI1 complexes in
cells treated with CPT. Co-immunoprecipitation experi-
ments with endogenous PARP1 (Figure 5A) confirmed
the results obtained with recombinant and tagged
proteins (see Figures 1 and 2). PARP1 co-immunopre-
cipitated endogenous TDP1 both in the absence and
presence of CPT or PARP inhibitor (Figure 5A). To de-
termine the involvement of XRCCI, we immunopre-
cipitated ectopic FLAG-TDPI1 in cells treated with or
without CPT or/and ABT-888. XRCCl was readily
found in the immunoprecipitates in the absence of drug
treatment (Figure 5B, second lane). Under these condi-
tions, limited PAR signal was observed with the most
prominent band ~100kDa, consistent with endogenous
PARylation of PARP1. CPT markedly enhanced
PARylation measured by western blotting (Figure 5A
and B, third lanes, top panels) and by confocal immuno-
fluorescence microscopy (Figure 5D) (36). As expected,
ABT-888 abrogated CPT-induced PARylation in the
FLAG-TDPI co-immunoprecipitation  experiments
(Figure 5B, top panel) as well as in the immunofluores-
cence experiments (Figure 5D), consistent with the potent
activity of ABT-888 as PARP catalytic inhibitor (36,47).
The PARPI-TDPI interactions, both in the case of ex-
ogenous FLAG-TDPl and endogenous TDP1 were
not affected by inhibiting PARylation with ABT-888
(Figure 5A and B, fourth lanes). The persistent co-
immunoprecipitation of FLAG-TDPI1 in the presence
of Benzonase® nuclease indicated that the formation
of TDPI-PARPI-XRCC1 complexes was not
mediated by DNA (Figure 5D). These results, together
with the binding experiments (see Figure 2),
demonstrate that PARP1 and TDP1 associate in stable
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Figure 3. TDP1 is PARylated but not inactivated by PARP1. (A) ADP-ribosylation of TDPI. Purified hPARP1 (1 pg, Lanes 1-3) was incubated
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trations as indicated). Reactions were performed at 0°C for the indicated times. (D) Schematic representation of the FRET-based TDP1 assay using a
14-mer single-stranded substrate with an internally labeled quencher (TAMRA) and a fluorophore (fluorescein) attached to the 3'-DNA-end.
Hydrolysis of the 3’-phosphodiester bond by TDPI releases the free fluorescein, which was measured in real time at 520nm. (E) TDPI activity
measured by FRET-based assays plotted as a function of PARP1/TDPI ratio.

complexes independently of DNA and PARP enzymatic
activation.

The immunoprecipitation experiments also revealed that
ABT-888 inhibited XRCC1 pull-down by FLAG-TDPI1
(Figure 5B, fourth lane), indicating that PARylation
promotes the binding of TDPI to XRCCI. Further

evidence for PARylation-mediated XRCC1 recruitment to
the PARPI-TDP1 complexes was obtained from confocal
microscopy experiments (Figure 5E), which showed that
ABT-888 abrogated CPT-induced XRCC1 foci. To
further test this conclusion, we examined the ability of
TDP1 to pull-down XRCCI in PARPI1-knockdown cells.
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Figure 4. TDP1 recruitment to DNA damage sites is determined by PARPI activity in addition to TDP1 SUMOylation. (A) Representative images
showing the recruitment of wild-type TDP1 (GFP-TDP1%VT) or SUMOylation mutant TDP1 (GFP-TDP1¥!!''®) transiently expressed in HCT116
cells in response to laser-induced DNA damage. Cells expressing the ectopic proteins were kept untreated or pretreated for 2h with the PARP
inhibitor (ABT-888, 5 uM) and were analyzed by micro-irradiation with live cell microscopy and photobleaching (FRAP analysis). A subnuclear spot
indicated by a circle was bleached (BLH) for 300 ms and photographed at regular intervals of 5s thereafter. Successive images taken for ~130s after
bleaching illustrate fluorescence return into the bleached areas. (B) Quantitation of FRAP data (n = 5) showing mean curves. Error bars represent

the standard error of the mean.

Using isogenic HeLa cells stably transfected with PARP1-
shRNA (45), we found that knockdown of PARPI
abrogated the association of FLAG-TDP1 with XRCCI
both in the presence and absence of CPT (Figure 5C). If
PARPI-TDPI1 complexes are required to recruit XRCCI1
to the sites of Toplcc-induced DNA damage, then XRCCI
should also fail to assemble into foci in cells lacking
PARPI. Accordingly, PARPI1-knockdown cells failed to
generate XRCC1 foci after CPT treatment (Figure SF).
To determine whether TDP1 facilitates CPT-induced
nuclear XRCCI foci formation, we tested cells lacking
TDP1 (TDP1—/— MEFs cells) by immunofluorescence
microscopy. CPT treatment induced nuclear XRCCI1
foci (Figure 6A and B) both in TDPI1 proficient and defi-
cient cells. However, a significant reduction in the number

of XRCCI1 foci was observed in the TDP1—/— cells
(Figure 6B). This effect was not due to reduced expression
of XRCCI in TDP1—/— cells (Figure 6C, bottom panel).
XRCCl1 interaction with GST-PARP1 was also reduced in
the TDPI—/— cells treated with CPT (Figure 6C,
upper panel). Taken together, these results suggest that
not only PARP activity but also PARP1-TDP1 complexes
facilitate XRCC1 recruitment at Toplcc-induced DNA
lesions.

PARPI1 activity stabilizes TDP1

Because TDP1 has a relatively short half-life in the
absence of DNA damage (6,24), we tested whether
PARPI inactivation  affected  TDPI stability.
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TDPI1 antibody. Migration of protein molecular weight markers (kDa) is indicated at right. Aliquots (10%) of the input show the level of indicated
proteins before immunoprecipitation. (E) CPT-induced XRCC1 foci are abrogated by ABT-888. Representative immunofluorescence microscopy
image of HCT116 cells treated with CPT (1 uM for 3 h) alone or with ABT-888 (5uM for 3h). Focal accumulation of PAR-polymers and XRCClI
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foci formation. (A) Representative immunofluorescence microscopy
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Experiments performed with the protein synthesis inhibi-
tor CHX in cells treated with or without CPT in the
presence or absence of ABT-888 (6) (Figure 7A and B)
showed that the extended half-life of TDPI1 in CPT-
treated cells (6,24) was abolished by co-treatment with
ABT-888. Independent experiments in the PARPI-
knockdown cells (Figure 7C and D) confirmed the
accelerated disappearance of TDPl in PARPI-
knockdown cells. These data indicate that PARPI stabil-
izes TDPI in response to Toplcc-induced damage.
CPT-induced Toplcc activate ATM, which in turn
phosphorylates TDP1 at S81 leading to TDP1 accumula-
tion at Toplcc-induced YH2AX (6). We investigated the
impact of PARP inhibitor on TDP1-S81 phosphorylation.
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As reported (6), CPT treatment increased pS81-TDPI1
(Figure 7E). Notably, ABT-888 abrogated the total
TDP1 accumulation while increasing pS81-TDP1 levels
(Figure 7E). However, ABT-888 markedly increased the
accumulation of Toplcc-induced DSBs as measured by
YH2AX, indicating PARP inhibition clearly increased
CPT-induced DSBs (Figure 7E).

DISCUSSION

The present study reveals new regulatory mechanisms
linking TDP1 and PARPI1. Using biochemical assays, we
show that PARPI directly binds TDP1, and PARylates
TDP1 without blocking its catalytic activity. PARPI
forms molecular complexes with TDP1 independently of
DNA damage and PARylation. Yet, PARylation stabil-
izes TDP1 in response to Toplcc-induced DNA damage
and promotes the recruitment of both TDP1 and XRCCl1
at Toplcc-induced DNA damage sites. Moreover, genetic
evidence indicates that PARP1 and TDP1 are epistatic for
the repair of Toplcc, in parallel with the endonuclease
pathway (see Figure 8). The epistatic relationship
between PARP1 and TDP1 was suggested in an earlier
study (36), and has independently been confirmed in a
parallel study released while our manuscript was under
revision (61). The same study also confirms the import-
ance of TDPI1 for the repair of base damage induced by
monofunctional alkylating agents (14).

DNA repair pathways for Toplcc consist in a molecular
network of factors that carry out the detection, excision of
the 3’-phosphotyrosyl linkage between Topl and DNA
and subsequent repair of the damage (23,3,4,6). PARPI
is activated by Topl-mediated DNA breaks (35-38), and
PARylation at DNA lesions likely recruits DNA repair
complexes while releasing PARPI from DNA to facilitate
DNA repair (25,62). Thus, it is plausible that TDPI
detects Topl-mediated DNA damage through PARPI,
as PARPI and TDP1 complexes are readily detectable in
cells even in the absence of DNA damage (see Figure 5).
Consistent with this conclusion, our data indicate that
PARP activation is essential for the recruitment of
TDP1 at DNA damage sites (see Figure 4). TDP1 has
been associated with XRCCI repair complexes (59),
which also include PARPI, polynucleotide kinase 3'-phos-
phatase and ligase IIT (17,23,60). PARylation-dependent
XRCCI1 recruitment has been established at H,O, or
laser-induced DNA lesions (63,64). Our data further
indicate that XRCCI acts downstream from TDPI1-
PARPI in the case of Toplcc-induced DNA damage.
PARPI-TDP1 complexes promote the recruitment of
XRCC1 at CPT-induced Toplcc (see Figure 6), and sta-
bilize TDP1 in cells treated with CPT (see Figure 7).

The regulation of TDPI activity involves the NTD of
TDPI (see scheme in Figure 2B), which is phosphorylated
at serine 81 by ATM and/or DNA-PK, resulting in stabil-
ization TDP1, enhanced DNA repair (6) and interaction
with ligase III (24). In addition, TDP1 SUMOylation at
lysine 111 promotes the repair of Toplcc- and radiation-
induced DNA lesions, and TDP1 accumulation at sites of
DNA damage (20). The present study demonstrates that
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Protein levels were determined by western blotting.

the NTD of TDP1 (1-185 aa) directly binds the C-
terminal catalytic domain of PARP1 (residues 525-1014)
(see schemes in Figures 2B and 8). Yet, contrary to other
DNA repair enzymes (62) and to Topl (28), PARPI
binding and PARylation do not block the catalytic
activity of TDP1 (see Figure 3), which is consistent with
the fact that the NTD fragment of TDPI1 (spanning
residues 1-148) is not required for phosphodiesterase
activity (10). The fact that ABT-888 (veliparib) fails to
abrogate PARPI-TDPI interaction (Figure 5A and B)
and that TDP1 directly binds PARP1 (see Figures 2 and
5) indicate that PARPI and TDPI associate in stable
complexes independently of PARP activation and DNA
(Figure 5C). Further studies are warranted to elucidate
how the three TDPI regulatory mechanisms,

PARylation, SUMOylation and S81 phosphorylation are
interrelated to regulate the repair of Topl-induced DNA
lesions.

Finally, the present study provides new insights into the
mechanism of action of PARP inhibitors in combination
with Topl inhibitors. PARP1 appears to act as a molecu-
lar switch between TDPI1 and the endonuclease pathway
for the repair of Toplcc. As shown in Figure 8 (36),
Toplce are excised by two main pathways: TDP1 that
‘unhooks’ Toplcc from the 3’-end of the DNA (11,65)
and nucleases that cleave Toplcc-containing 3'-flaps
including XPF-ERCC1 (36,41), Mus81-Emel (42),
Mrel1-Rad50-Nibrin (66) and CtIP (44,53,54). The fact
that the double-mutant TDP1—/—;CtIP S332/—/— shows
greater than additive hypersensitivity to CPT (14),
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black node. (2) PARP coupling with TDP1 stimulates (open arrow) the
excision of Topl-DNA covalent complexes by the phosphodiesterase
activity of TDPI (jigsaw line) (3). The parallel pathway for Topl-
DNA complex removal involves various endonucleases (4) including
XPF-ERCCI, CtIP and Mrell. Graphical symbols for molecular inter-
actions are derived from Kohn’s MIM conventions (68).

whereas the TDP1—/—;PARP1—/— double-mutant cells
behave like single mutants (see Figure 1) indicates that
PARPI1 and TDPI are epistatic, and therefore the tight
coupling of TDP1 and PARP for Toplcc repair (36).
This conclusion suggests that the combination of PARP
and Topl inhibitors should be most beneficial in endo-
nuclease-deficient cancer cells, such as ERCCI-deficient
(36) or Mrel l1-deficient tumors (67). Because PARP1 can
affect Toplcc by other mechanisms beside TDPI,
including destabilization of Toplcc (27,28), release of
Topl stalled replication complexes (39) and restart of rep-
lication forks reversed by Toplcc (8,40), and because
PARPI affects many other cellular processes besides
Topl (25), TDPI inhibitors could potentially serve as
more specific alternative to PARP inhibitors for synergis-
tic combination with Topl inhibitors in cancer
chemotherapy.
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