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ABSTRACT

PARP1 mediates poly-ADP-ribosylation of proteins
on chromatin in response to different types of DNA
lesions. PARP inhibitors are used for the treat-
ment of BRCA1/2-deficient breast, ovarian, and
prostate cancer. Loss of DNA replication fork pro-
tection is proposed as one mechanism that con-
tributes to the vulnerability of BRCA1/2-deficient
cells to PARP inhibitors. However, the mechanisms
that regulate PARP1 activity at stressed replica-
tion forks remain poorly understood. Here, we per-
formed proximity proteomics of PARP1 and isola-
tion of proteins on stressed replication forks to map
putative PARP1 regulators. We identified TPX2 as
a direct PARP1-binding protein that regulates the
auto-ADP-ribosylation activity of PARP1. TPX2 in-
teracts with DNA damage response proteins and
promotes homology-directed repair of DNA double-
strand breaks. Moreover, TPX2 mRNA levels are in-
creased in BRCA1/2-mutated breast and prostate
cancers, and high TPX2 expression levels correlate
with the sensitivity of cancer cells to PARP-trapping
inhibitors. We propose that TPX2 confers a mitosis-
independent function in the cellular response to
replication stress by interacting with PARP1.

INTRODUCTION

PARP1 is a member of the PARP family of ADP-
ribosyltransferases and an abundant chromatin-associated
enzyme in human cells that regulates RNA biogenesis and
metabolism as well as chromatin organization and DNA

repair (1,2). As part of the immediate response of cells to
different types of DNA lesions, PARP1 contributes to the
repair of damaged DNA bases, DNA single-strand breaks
(SSBs), and double-strand breaks (DSBs). PARP1 pro-
motes faithful SSB repair by initiating base excision repair
(BER) or non-homologous end joining (NHEJ) in the case
of DNA DSBs (2–4). Binding to damaged DNA activates
the catalytic domain of PARP1 and triggers poly-ADP-
ribosylation (PARylation) of >700 proteins that function in
DNA repair, chromatin remodeling, and RNA metabolism
(5–9). In cells, PARP1 forms a complex with Histone PARy-
lation Factor (HPF1) that directs the activity and speci-
ficity of PARP1 towards serine residues on its substrates
(10–12). Serine-linked ADP-ribosylation was suggested to
be the predominant form of protein ADP-ribosylation in
response to DNA damage, and can be reversed by the hy-
drolase ARH3 (13,14). The ADP-ribosylation of Histone
H3 at serine 10 and auto-modification of PARP1 are major
ADP-ribosylation events after oxidative stress and alkyla-
tion damage (11,13,15).

In addition to initiating DNA repair, PARP1 has been
reported to play a role in the cellular response to repli-
cation stress (16–20). PARP1 binds and gets activated by
replication fork-like structures in vitro (18). In vivo, PARP1
can stabilize stalled replication forks by preventing MRE11-
dependent replication fork degradation (16). In addition to
its role in replication fork protection, PARP1 acts as a sen-
sor of un-ligated Okazaki fragments, thereby ensuring the
proper progression of active replication forks and prevent-
ing ssDNA gaps when canonical Okazaki fragment pro-
cessing is impaired (17,21). Furthermore, PARP1 restrains
replication fork speed to avoid excessive exposure of ssDNA
gaps behind the replication fork (21–24). As PARP1, the
breast cancer susceptibility proteins BRCA1 and BRCA2
also stabilize stalled replication forks. During their canon-
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ical roles in HR, BRCA1 promotes DNA end resection
by CtIP at DSBs, whereas BRCA2 in association with
BRCA1 promotes the replacement of ssDNA-loaded RPA
by RAD51 (25–27). At stalled replication forks, BRCA1/2
counteract fork degradation by the MRE11 nuclease (27–
29). Furthermore, BRCA1/2 can protect replication forks
when forks get susceptible to nucleolytic activity due to
PARP inhibition (30).

Synthetic lethality between PARP inhibitors and
pathogenic germline mutations in BRCA1/2 is exploited
for the treatment of HR-deficient cancers (31–34).
Pathogenic germline mutations in BRCA1/2 are drivers of
breast, ovarian, and prostate cancers (35–38). BRCA1/2
mutations are estimated to be present in 25% of patients
with ovarian cancer and 3% of patients with breast cancer
(39–43). The sensitivity of BRCA-deficient cells to PARP
inhibitors results from a set of traits that leads to the
inability to properly respond to DNA damage and repli-
cation stress. Defective HR and loss of DNA replication
fork protection have been described as mechanisms that
make cells with pathogenic BRCA mutations susceptible
to PARP inhibitors (33,44). Recently, it has been proposed
that the accumulation of ssDNA gaps determines the
PARP inhibitor sensitivity of cells with BRCA deficiency
(21,24). The acquisition of resistance against PARP in-
hibitors and relapse of patients that responded to treatment
remains a major challenge (45,46). Different resistance
mechanisms were reported, including the reconstitution
of BRCA function, loss of proteins that suppress end
resection, restoration of PARylation, prevention of PARP
trapping on DNA, suppression of replication gap exposure,
and re-establishment of replication fork protection against
nuclease-dependent degradation (21,30,44,45,47–56).
However, the regulation of PARP1 after replication stress
and in the repair of replication-dependent DNA damage
remain poorly characterized.

In this study, we set to identify proteins that are in prox-
imity of PARP1 and hence potentially regulate its activity at
stressed replication forks. We mapped the PARP1-proximal
proteome on native chromatin by fusing full-length PARP1
to an engineered ascorbate peroxidase APEX2 (57). To de-
fine which of these proteins play a role with PARP1 at
stressed replication forks, we identified proteins recruited to
stressed and collapsed replication forks. Proteins involved
in DNA repair, RNA biogenesis, and microtubule polymer-
ization were found proximal to PARP1 and stressed repli-
cation forks. We demonstrate that TPX2 binds to PARP1
and proteins involved in DNA damage signaling and re-
pair. During mitosis, TPX2 interacts with Aurora kinase
A and promotes microtubule polymerization (58–61). We
find that TPX2 regulates the ADP-ribosylation activity of
PARP1 in vitro and in vivo. Moreover, TPX2 mRNA levels
are increased in BRCA1/2-mutated breast and prostate can-
cers, and high TPX2 gene expression levels correlate with
the sensitivity of cancer cells to olaparib. Depletion of TPX2
decreases the efficiency of DSB repair through HR and in-
creases genomic instability. We propose that TPX2 confers
a mitosis-independent function in stabilizing stressed repli-
cation forks by interacting with PARP1 and promoting HR
during S-phase.

MATERIALS AND METHODS

Cell culture

U2OS and HEK293T cells were obtained from ATCC
and cultured in D-MEM medium supplemented with 10%
fetal bovine serum, L-glutamine, penicillin, and strepto-
mycin. Cells were routinely tested for mycoplasma infec-
tion with a PCR-based method. For SILAC labeling, cells
were cultured in media containing either L-arginine and L-
lysine, L-arginine [13C6] and L-lysine [2H4] or L-arginine
[13C615N4] and L-lysine [13C6-15N2] (Cambridge Isotope
Laboratories) as described previously (62). All cells were
cultured at 37◦C in a humidified incubator containing 5%
CO2.

Transfection of siRNA and plasmids

Cells were transfected with siRNAs using Lipofectamine
RNAiMAX (Life Technologies) according to the manufac-
turer’s instructions. Plasmid transfections were performed
using the PEI transfection reagent (1 mg/ml, Polysciences,
Polyethylenimine Max (Mw 4000)) in a 1:3 DNA:PEI ratio.

Cell lysis

Cells were scraped off the plates in PBS, collected, and pel-
leted at 250 × g for 5 min. For whole cell extract prepa-
ration, cells were lysed in modified RIPA buffer (50 mM
Tris pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40,
0.1% sodium deoxycholate) supplemented with protease
inhibitors (Complete protease inhibitor cocktail tablets,
Roche Diagnostics), 1 mM sodium orthovanadate, 5 mM �-
glycerophosphate, 5 mM sodium fluoride (all from Sigma).
Lysates were sonicated and cleared by centrifugation at 16
000 × g for 15 min. For nuclear extract preparation, after
collecting cells in PBS, cells were swelled in Buffer A (10
mM KCl, 1.5 mM MgCl2, 10 mM HEPES–KOH pH 7.9.)
for 10 min on ice and dounce-homogenized (30–35× strokes
with pestle B (Kontes)). Nuclei were collected with high-
speed centrifugation at 3200 × g for 15 min at 4◦C. Nuclei
were gently washed with PBS once and then incubated with
Buffer C (420 mM NaCl, 20 mM HEPES–KOH pH 7.9,
20% (v/v) glycerol, 2 mM MgCl2, 0.2 mM EDTA) on the
wheel at 4◦C for an h. Nuclear extracts were collected after
high-speed centrifugation at 16 000 × g for 50 min. Protein
concentrations were estimated using QuickStart Bradford
Protein assay (BioRad).

Proximity biotinylation with APEX2 and Neutravidin pull-
down

Cells were transiently transfected with a construct express-
ing full-length PARP1 tagged on the N-terminus with
APEX2 (57). After 48 h, cells were pre-treated with 500 �M
biotin phenol (Iris Biochem) for 2 h at 37◦C, followed by a
2-min incubation with 1 mM H2O2 (Sigma-Aldrich) at RT.
Cells were washed with quenching solution (10 mM sodium
azide, 10 mM sodium ascorbate, 5 mM Trolox (all from
Sigma-Aldrich) 3 times and then washed with PBS 3 times.
Cell lysis and nuclei isolation was performed as described
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above. For affinity purification of biotinylated proteins, an
equal amount of differentially SILAC labeled extracts, one
H2O2-treated and the other untreated, were combined be-
fore the IP and incubated with pre-equilibrated NeutrA-
vidin agarose beads (Thermo Scientific) for 2 h at 4◦C on the
wheel. Then the beads were washed once with lysis buffer
(modified RIPA or Buffer C depending on the extract used),
twice with 8 M Urea (Sigma) and 1% SDS in PBS, and
once with 1% SDS in PBS. Bound proteins were eluted in
2 × NuPAGE LDS Sample Buffer (Life Technologies) sup-
plemented with 1 mM DTT and heated at 95◦C for 15 min.
The eluates, after cooling down to RT, were alkylated by
incubating with 5.5 mM chloroacetamide for 30 min in the
dark and then loaded onto 4–12% gradient SDS-PAGE gels.
Proteins were stained using the Colloidal Blue Staining Kit
(Life Technologies) and digested in-gel using trypsin. Pep-
tides were extracted from the gel and desalted on reversed
phase C18 StageTips.

Affinity purification

For GFP affinity purification, differentially SILAC-labeled
extracts were incubated with pre-equilibrated GFP Trap
beads (Chromotek) for 1 h on the wheel at 4◦C followed
by five washes with modified RIPA buffer. During the last
wash, the beads of the control IP and the specific IP were
combined and boiled in 2 × LDS supplemented with 1 mM
DTT (70◦C for 10 min), followed by alkylation and in-gel
digestion. For label-free GFP pull-down, three control and
three specific IPs were performed as described, with two ad-
ditional PBS washes, in the end, followed by on-bead di-
gestion. The stoichiometry of interactions was determined
based on label-free pull-down results, using iBAQ intensi-
ties as described in Smits et al. (63). For endogenous TPX2
affinity purification, pre-equilibrated Dynabeads Protein G
(Invitrogen) were coupled to 4 �g of antibody (TPX2 or
IgG) for 20 min at RT. The whole cellular lysates were added
to the beads and incubated for 2 h at 4◦C on the wheel, fol-
lowed by five washes with modified RIPA buffer. Immuno-
precipitated proteins were eluted as described above, run on
an SDS-PAGE gel, and transferred to a nitrocellulose mem-
brane for Western blotting.

SDS-PAGE and western blotting

Proteins were resolved on 4–12% gradient SDS-PAGE gels
(NuPAGE® Bis–Tris Precast Gels, Life Technologies) and
transferred to nitrocellulose membranes. Membranes were
blocked using 10% skimmed milk solution in PBS supple-
mented with 0.1% Tween-20. Secondary antibodies coupled
to horseradish peroxidase (Jackson ImmunoResearch Lab-
oratories) were used for immunodetection. The detection
was performed with SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Scientific).

Isolation of proteins on nascent DNA (iPOND)

iPOND assays were performed as described (64). Briefly,
cells were treated with 10 uM EdU (Jena Bioscience) for 10
min at 37◦C. Differently labeled SILAC cells were treated

differentially (2 h 2 mM HU treatment, 18 h 2 mM HU
treatment, or mock-treated). Then cells were crosslinked
with 1% formaldehyde for 20 min at RT, neutralized with
0.125 M glycine, and washed twice with PBS. Cells were
scraped off the plates, counted and the same number of cells
from each condition were combined and permeabilized with
0.25% Triton X-100 for 30 min at RT. After several washes
(1× 0.5% BSA in PBS and 1× PBS), a click reaction was ini-
tiated by adding 10 mM sodium ascorbate, 0.1 mM biotin
and 2 mM copper sulfate pentahydrate. The samples were
rotated on the wheel for 2 h at 4◦C, washed 1× 0.5% BSA
in PBS and 1× PBS, and lysed with lysis buffer (1% SDS
in 50 mM Tris–HCl, pH 8.0) supplemented with protease
and phosphatase inhibitors and NEM. After a 15 min in-
cubation on ice, the lysates were sonicated (20 cycles with
30 s on, 90 s off) and clarified by high-speed centrifuga-
tion (16 000 × g, 30 min, 4◦C). Lysates were diluted 1:1 in
PBS and the concentration was estimated using the Quick-
Start Bradford Protein assay. Lysates were incubated with
pre-equilibrated NeutrAvidin agarose beads on the wheel
for 1 h at 4◦C. Then the beads were washed 2 × with lysis
buffer, 1 × with low salt buffer (1% Triton X-100, 20 mM
Tris–HCl, pH 8.0, 2 mM EDTA, 150 mM NaCl), 1 × with
high salt buffer (1% Triton X-100, 20 mM Tris–HCl, pH 8.0,
2 mM EDTA, 500 mM NaCl), 1 × with LiCl buffer (100
mM Tris–HCl, pH 8.0, 500 mM LiCl, 1% Nonidet P-40)
and 2 × with lysis buffer. All washes were performed for 5
min on the wheel at 4◦C. Biotinylated proteins were eluted
in 100 �l 2 × LDS with 1 mM DTT, boiling at 95◦C for
30 min.

MS analysis

Peptide fractions were analyzed on a quadrupole Orbi-
trap mass spectrometer (Q Exactive Plus, Thermo Scien-
tific) equipped with a UHPLC system (EASY-nLC 1000,
Thermo Scientific) as described (65,66). Peptide samples
were loaded onto C18 reversed-phase columns (15 cm
length, 75 �m inner diameter, 1.9 �m bead size) and eluted
with a linear gradient from 8 to 40% acetonitrile containing
0.1% formic acid for 2 h. The mass spectrometer was oper-
ated in data-dependent mode, automatically switching be-
tween MS and MS2 acquisition. Survey full scan MS spec-
tra (m/z 300 – 1700) were acquired in the Orbitrap. The 10
most intense ions were sequentially isolated and fragmented
by higher-energy C-trap dissociation (HCD) (67). An ion
selection threshold of 5000 was used. Peptides with unas-
signed charge states, as well as with charge state less than +2
were excluded from fragmentation. Fragment spectra were
acquired in the Orbitrap mass analyzer.

Peptide identification

Raw data files were analyzed using MaxQuant (develop-
ment version 1.5.2.8) (68). Parent ion and MS2 spectra were
searched against a database containing 92 607 and 96 817
human protein sequences obtained from the UniProtKB re-
leased in May 2016 (for iPOND and TPX2 interactome)
or February 2020 (for PARP1 proximal proteome), respec-
tively, using Andromeda search engine (69). Spectra were
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searched with a mass tolerance of 6 ppm in MS mode, 20
ppm in HCD MS2 mode, strict trypsin specificity, and al-
lowing up to three miscleavages. Cysteine carbamidomethy-
lation was searched as a fixed modification, whereas pro-
tein N-terminal acetylation and methionine oxidation were
searched as variable modifications. The dataset was filtered
based on posterior error probability (PEP) to arrive at a
false discovery rate of below 1% estimated using a target-
decoy approach (70).

Computational analysis

Processed data from MaxQuant were analyzed in RStu-
dio (version 4.1). For the iPOND experiments, SILAC pro-
tein ratios were log2-transformed and normalized by z-
scoring under a normal distribution assumption (z = (x–
mean)/standard deviation). For the PARP1-proximal pro-
teome non-normalized ratios were used. P-values for the
iPOND experiment and the PARP1-proximal proteome
were assessed using LIMMA (71) and corrected for multiple
hypothesis testing using the FDR method within LIMMA.
For iPOND data, only proteins with an FDR <0.05 and
for PARP1-APEX with an FDR <0.01 were considered
significantly enriched. Gene Ontology (GO) enrichment
analysis was carried out using the R package ViSEAGO
(72). P-values were calculated with a Fisher’s exact test
and adjusted for multiple testing using the FDR method.
KEGG pathway enrichment was done using EnrichR (73).
Protein-protein interactions (PPIs) of 65 overlapping pro-
teins from PARP1-APEX and 18h iPOND were received
from the STRING database with a confidence score >0.7.
The PPI network was visualized with Cytoscape (version
3.8.2) (74). PFAM domain and Reactome pathway analy-
ses of overlapping proteins were received from STRING.
For 558 cell lines, mRNA expression data (CCLE project,
(75)) and drug sensitivity data (PRISM Repurposing Pri-
mary Screen, (76)) were downloaded from the DepMap
portal. Pearson correlation coefficients (PCCs) were cal-
culated for expression values for different genes against
relative cell viability in response to treatment with indi-
cated drugs across the CCLE cell line panel. Statistical
significance of differences in the distribution of PCCs of
different gene sets was assessed using the t-test. z-scored
mRNA expression data (z-score of expression of a given
gene compared to mean expression of all genes in a given
sample) from breast, ovarian and prostate cancer patients
with BRCA1 or BRCA2 mutations as well as BRCA wild-
type were obtained from the cBioPortal (77,78). The sam-
ples were filtered for unique patients. The significance of
changes in expression in BRCA1/2-mutated cancers ver-
sus BRCA1/2 wild-type cancers was assessed by the t-test
using distributions of the z-scored expression values of a
given gene across the samples of two cancer types (i.e.
BRCA1-mutated and wild-type ovarian cancer) and was
adjusted for multiple testing using Benjamini-Hochberg
correction.

Extraction of chromatin-associated proteins

Cells were washed with ice-cold PBS and collected using a
cell scraper. Cells were lysed in fractionation buffer A (10

mM HEPES pH 7.5, 10 mM KCl, 1.5 mM MgCl2, 0.34 M
glucose, 10% glycerol, 1 mM DTT, 0.1% Triton X-100) sup-
plemented with protease and phosphatase inhibitors. Nu-
clei were pelleted by centrifugation at 1300 × g for 5 min and
resuspended in Fractionation buffer B (3 mM EDTA, 0.2
mM EGTA, 1 mM DTT). After incubation, samples were
centrifuged at 1700 × g for 5 min and the chromatin pellet
was dissolved in the modified RIPA buffer containing 450
mM NaCl. Digestion with benzonase nuclease was used to
release chromatin-bound proteins. The lysates were cleared
by centrifugation at 16 000 × g for 10 min.

Cell cycle analysis

Cells were transfected with siRNAs against the proteins of
interest or non-targeting siRNAs. 72 h post-transfection
cells were incubated with 10 �M EdU for 1 h before collec-
tion and fixed in 4% paraformaldehyde solution. Permeabi-
lization of the cells was performed by incubation in 1% BSA
in PBS. Click reaction was performed (Alexa Fluor 647
(Thermo Fisher Scientific), 10 mM (+)-sodium L-ascorbate
and 2 mM copper (II) sulfate pentahydrate in PBS) for 1 h.
Subsequently, cells were incubated for 20 min with 7-AAD
viability staining solution (eBioscience) before analysis by
flow cytometry using a BD LSRFortessa SORP.

Double strand break repair assay

The assay was adapted from Certo et al. (79) U2OS cells
stably transfected with I-Sce-I cut site were cultured in D-
MEM medium supplemented with 10% fetal bovine serum,
L-glutamine, penicillin and streptomycin. Cells were tran-
siently transfected with siRNAs against the proteins of in-
terest. 6 h after siRNA transfection, cells were transfected
with plasmids expressing the GFP donor and I-Sce-I en-
donuclease. 72 h later, the cells were trypsinized, washed 2 ×
with PBS, and measured on the flow cytometer (BD LSR-
Fortessa SORP).

Single cell electrophoresis

A neutral comet assay was performed according to the man-
ufacturer’s protocol (Trevigen). Briefly, cells were embed-
ded in low melting agarose at 37◦C on Comet Slides (Tre-
vigen). Overnight cell lysis at 4◦C was followed by equili-
bration in 1 × Neutral Electrophoresis Buffer for 30 min
at room temperature. Single-cell electrophoresis was per-
formed at 4◦C in 1 × Neutral Electrophoresis buffer for
45 min with a constant 21V. After DNA precipitation with
1 × DNA Precipitation Buffer, Comet Slides were dried
with 70% EtOH at room temperature. To completely dry
the samples, Comet Slides were transferred to 37◦C for 15
min. DNA was stained with SYBR Gold solution for 30
min at room temperature. Images were taken with a Leica
AF7000 microscope using a 20 × air objective and a Flu-
orescein filter. Tail moments of the comets were quantified
using the CometScore (TriTek Corp.) software. At least 50
comets were quantified per condition.

High content microscopy and image analysis

Cells were washed 2 × with PBS, incubated with 0.4% NP-
40 for 40 min on ice, fixed with 4% paraformaldehyde in
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PBS for 15 min, and blocked for 30 min with 5% fetal bovine
serum albumin in PBS–Tween (0.1%) containing penicillin
and streptomycin. Alternatively, after the PBS washes, cells
were incubated with CSK Buffer (10 mM PIPES, 300 mM
sucrose, 100 mM NaCl, 3 mM MgCl2) containing 0.5%
Triton-X, fixed with 4% paraformaldehyde in PBS for 20
min and blocked for 30 min with 3% bovine serum albumin
in PBS. Overnight primary antibody incubation at 4◦C was
followed by 2 × PBS–Tween (0.1%) washes and 1-h incu-
bation with the corresponding secondary antibody coupled
to Alexa Fluor 488 or 568 and Hoechst stain. Cells were
washed 2 × with PBS–Tween and kept at 4◦C in PBS until
imaging. Imaging was performed in the Opera Phenix mi-
croscope using a 40 × water objective for foci imaging and
a 20 × water objective for cell cycle analysis. Image analy-
sis was performed by using Harmony High-Content Imag-
ing and Analysis Software (version 4.4, PerkinElmer). Stan-
dard building blocks have allowed to segment nuclei based
on the Hoechst signal and cells on the edges of the field were
excluded. Mean intensity measurements were performed in
maximum projection and spots were detected by using al-
gorithm B (80).

Site-directed mutagenesis

Q5 site-directed mutagenesis was performed to gener-
ate a siRNA-resistant TPX2 cDNA. TPX2 cDNA in a
pENTR223 vector was used as a template for exponential
amplification. PCR was performed using Q5 polymerase
(NEB) and phosphorylated TPX2 K59A/K60A primers.
The PCR reaction was followed by DpnI digestion at 37◦C
for 1 h. Afterward, DNA was purified by PCR clean-up
columns (Macherey-Nagel). Purified PCR fragments were
treated with Blunt/TA ligase for 15 min at room temper-
ature. Ligated vectors were transformed into chemically
competent DH5a bacteria and plated on Spectinomycin LB
plates. Successful mutagenesis was confirmed by sequenc-
ing.

Proximity ligation assay (PLA)

Proximity ligation assay was performed according to the
manufacturer´s protocol (Duolink®, Sigma-Aldrich). Cells
were fixed with 4% paraformaldehyde in PBS and perme-
abilized with 0.25% Triton-X. Samples were blocked with
Duolink® Blocking Solution for 1 h at 37◦C in a hu-
midity chamber. After removal of the blocking solution,
primary antibodies diluted in Duolink® Antibody Dilu-
ent were added to the coverslips for 2 h at room tem-
perature in a humidity chamber. Coverslips were washed
2× with Washing Buffer A. PLA Plus and Minus probes
were put on in a 1:5 dilution in Duolink® Antibody Dilu-
ent for 1 h at 37◦C in a humidity chamber. Two washes
with Washing Buffer A were followed by ligase treatment
in 1× Ligation Buffer for 30 min at 37◦C in a humidity
chamber. Ligation buffer was tapped off and coverslips were
washed twice with Washing Buffer A. Amplification was
achieved by adding the Polymerase in 1× Amplification
buffer for 100 min at 37◦C in a humidity chamber. After

washing the samples twice with 1× Washing Buffer B and
once with 0.1× Washing Buffer B, coverslips were stained
with Hoechst and mounted using Dako mounting medium.
Images were taken with a Leica SPE microscope using a
60× oil objective. The number of PLA spots per nucleus was
quantified.

In vitro pull downs

GFP-tagged TPX2 mutants were immobilized on pre-
equilibrated GFP-Trap beads (Chromotek) in Co-IP buffer
(20 mM Tris–HCl pH 7.5, 250 mM NaCl, 0.2% glycerol,
0.2% Triton X-100, and protease inhibitor cocktail) for 1 h
at 4◦C on a rotating wheel. Equimolar PARP1 was added
after one wash with Co-IP buffer and incubated for 2 h at
4◦C on a rotating wheel. The beads were washed 4× with
Co-IP buffer before being dried with a syringe and boiled
in 2× LDS buffer supplemented with 1 mM DTT (95◦C for
10 min). Pull downs were subsequently analyzed by Western
blot.

In vitro PARylation assay

In vitro PARylation assays were performed as described
with the inclusion of recombinant TPX2 protein and Hi-
stone H3 peptide as noted in the figures (81). Recombi-
nant PARP1, HPF1, and TPX2 concentrations were 1 �M
and histone peptides were used at 0.5 �g per reaction. The
PARP reaction buffer contained 50 mM Tris–HCl pH 8.0,
100 mM NaCl, 2 mM MgCl2, activated DNA and 50 �M
NAD+ spiked with 32PNAD+. The modification reaction
was incubated at room temperature for 20 min before the
addition of 1 �M PARP inhibitor olaparib. Reactions were
then analyzed by SDS-PAGE and autoradiography or west-
ern blotting.

List of antibodies used in this study

Protein/PTM Product number Manufacturer Dilution (WB/IF)

GFP sc-9996 Santa Cruz 1:2000

FLAG F1804 Sigma 1:2000

TPX2 (D2R5C) #12245 Cell Signaling 1:1000

PARP1 (46D11) #9532 Cell Signaling 1:1000

PARP1 sc-8007 Santa Cruz
Biotechnology

1:1000

CHD1L (E1I8C) #13460 Cell Signaling 1:1000

Ku70 (D10A7) 4588S Cell Signaling 1:1000

PAR 4335-MC-100 Trevigen 1:1000

pan-ADP-Ribose MABE1016 Merck 1:1000

B-actin A2228 Sigma 1:10 000

Histone H2A
(L88A6)

3636 Cell Signaling 1:1000

p-RPA32 (S4/S8) A300-245A Bethyl 1:1000

Streptavidin-HRP 21130 Thermo Scientific 1:10 000

53BP1 MAB3802 Millipore 1:1000

�H2AX A300-081A-M Bethyl 1:1000/1:400

HPF1 HPA043467 Sigma Aldrich 1:1000/1:500

RPA70 ab176467 Abcam –/1:250
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List of siRNA used in this study

Gene name Sequence 5′-3′

TPX2 1 GAAUGGAACUGGAGGGCUU
AAGCCCUCCAGUUCCAUUC

TPX2 2 AAGGAGAUACUCAAAACAUAG
CUAUGUUUUGAGUAUCUCCUU

TPX2 3 TGACAACACTTACTACAAA
UUUGUAGUAAGUGUUGUCA

Control UGGUUUACAUGUUGUGUGA
UCACACAACAUGUAAACCA

CtIP GCUAAAACAGGAACGAAUC
GAUUCGUUCCUGUUUUAGC

Si control pool D-001820–10 – Horizon Discovery
TPX2 pool L-010571–00 – Horizon Discovery
HPF1 pool L-020849–02 – Horizon Discovery

List of oligos used in this study

Construct Sequence 5′-3′

TPX2 K59A/K60A ggtggcctaTTTCAGGGCAAAACTCCTTTG
tgtaccgtttTTCCCCAGTAACTTATTCTC

TPX2 254only TACCCAACTTTCTTGTACA
GACCTGGCTCACTGAT

RESULTS

Charting the PARP1-proximal proteome

To identify the PARP1-proximal proteome in human os-
teosarcoma (U2OS) cells, we fused full-length PARP1 to
an engineered ascorbate peroxidase APEX2. Proximal pro-
teins were labeled in their native chromatin environment
with biotin and biotinylated proteins were enriched and
subsequently identified by quantitative mass spectrome-
try (MS) (57). Stable isotope labeling with amino acids
in cell culture (SILAC) was used to determine proteins
that were specifically labeled upon a short H2O2 pulse
(1 mM, 2 min), which is required to activate APEX2,
compared to endogenously biotinylated proteins (Figure
1A, Supplementary Table S1). We enriched nuclear and
chromatin-associated proteins in four biologically indepen-
dent experiments to focus on PARP1 regulators in these
compartments (Supplementary Figure S1a). The PARP1
proximal proteome (FDR < 1%) encompassed 585 pro-
teins that function in RNA biogenesis, cell cycle, DNA
replication, and DNA repair (Figure 1B, C, Supplemen-
tary Figure S1b, Table S1). We identified previously re-
ported PARP1 interactors that play a role in DNA dam-
age signaling (ATM, MDC1, NBN, RAD50), chromatin
remodeling (CHD1L, CHD4, SSRP1, UHRF1), homol-
ogous recombination (RPA1, RPA2, BLM, UIMC1) and
non-homologous end joining (53BP1, PRKDC, XRCC5/6,
LIG1/3) (Figure 1B, D, Supplementary Figure S1c, Ta-
ble S1). Additionally, we found a group of proteins in-
volved in RNA processing (FUS, AQR, DIS3) and mi-
tosis (TPX2, AURKA, KIF2C, KIF23) (Figure 1B, Sup-
plementary Figure S1c). We further analyzed the PARP1-
proximal proteome after inhibition of PARP1 with olaparib
to determine which proteins associate with PARP1 in an

ADP-ribosylation-dependent manner (Figure 1E, Supple-
mentary Table S2). We identified 185 proteins that dissoci-
ated from PARP1 in the presence of olaparib. As reported
before, CHD1L was identified in the proximity of PARP1
dependent on ADP-ribosylation (82,83). Moreover, the
proximity of proteins involved in DNA replication (ATR,
MCM2/3/4/6, RNASEH2A/B, and PCNA) was reduced
after inhibition of PARP1 (Figure 1E). On the contrary,
proteins involved in mRNA processing (SRSF1, ALYREF
and THOC1/3), NHEJ (XRCC5/6), mitosis (TPX2), and
BER (APEX1, LIG3) were found proximal to PARP1 in-
dependent of its catalytic activity (Figure 1E). To iden-
tify proteins that potentially regulate PARP1 activity at
stressed replication forks in S-phase, we performed isola-
tion of proteins on nascent DNA (iPOND) (84,85) after
inducing replication stress by nucleotide depletion. To this
end, we treated U2OS cells for a prolonged time (18 h)
with 2 mM hydroxyurea (HU), which leads to replication
fork collapse and double-strand breaks (DSBs) in S-phase
(Supplementary Figure S2a, Table S3) (84,86). We em-
ployed SILAC-based quantitative MS to distinguish pro-
teins that are recruited to unperturbed replication forks
and persistently stalled replication forks (2 mM HU, 18
h). We identified 109 proteins that associated with replica-
tion forks after persistent replication stress (FDR < 5%)
(Supplementary Table S3). DNA repair proteins such as the
BRCA1/BARD1 complex, MRE11, MDC1, FANCI, and
FANCD2 interacted with replication forks after persistent
replication stress (Figure 2A, Supplementary Figure S2b).
As previously reported (87), checkpoint protein MDC1 as-
sociated less with persistently stalled forks (18 h HU) than
with acutely stalled forks (2 h HU) (Supplementary Fig-
ure S2c). In addition, RNA processing proteins such as
THRAP3, DDX27, DDX39B, ADAR, and subunits of the
RNA Pol II complex were identified (Figure 2A, B, Sup-
plementary Figure S2b, c). Notably, several proteins with
mitotic functions such as ANLN, TPX2, KIF22, KIF23,
KIFC1, and KIF2C were recruited to replication forks after
prolonged HU treatment (Figure 2A, B). One of these pro-
teins, Targeting protein for Xklp2 (TPX2), was identified
as PARP1 proximal protein that associated with replication
forks after persistent replication stress (Figures 1B and 2A,
Supplementary Figure S2c). The proximity between TPX2
and PARP1 was independent of the catalytic activity of
PARP1 (Figure 1E). During its canonical role, TPX2 inter-
acts with Aurora kinase A and promotes microtubule poly-
merization in mitosis (58,60,61,88). We confirmed the re-
cruitment of TPX2 to stressed replication forks by iPOND-
Western blot analysis (Figure 2C). As a complementary
approach, we performed Proximity Ligation Assay (PLA)
between TPX2 and single-stranded DNA-binding protein
RPA2. Increased proximity between TPX2 and RPA2 was
observed after 18 h HU treatment (Figure 2D). Similarly,
PARP1 displayed increased proximity to RPA2 after per-
sistent replication stress (Figure 2E).

Canonical mitotic factors co-occupy stressed replication
forks with PARP1

To identify proteins that occupy collapsed replication forks
together with PARP1, we overlapped the PARP1 proximal
proteome with proteins enriched at replication forks after
persistent replication stress (18 h HU treatment). We fo-
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Figure 1. Charting the PARP1-proximal proteome. (A) PARP1 fused via its N-terminus to APEX2 was expressed in SILAC-labelled U2OS cells. Biotiny-
lation of proximal proteins was induced by adding 500 �M biotin phenol for 2 h and 1 mM H2O2 for 2 min. Nuclear biotinylated proteins were enriched
using Neutravidin and analyzed by LC–MS/MS. Un-induced condition without H2O2 served as a control. (B) Ranking plot of PARP1 proximal proteins
based on the mean ratio of n = 4 biologically independent experiments containing a SILAC label switch. Proteins of interest are highlighted and their cor-
responding –log10(FDR) is represented as a color gradient from grey to orange. (C) Bar plot representing the top 10 enriched KEGG pathways of PARP1
proximal proteins with an FDR < 1%. Pathways are ranked based on their odds ratio from EnrichR (73). All represented terms have an adjusted P-value
< 0.01 calculated using Fisher´s exact test with Bonferroni correction. (D) Enrichment of PARP1-proximal proteins contributing to the KEGG pathways
in (C). Data are represented as mean ± standard deviation. Colors indicate the depicted KEGG pathways. Proteins contributing to RNA metabolism
KEGG pathways are displayed in Supplementary Figure S1c. (E) Volcano plot displaying the mean ratio and the corresponding –log10(P-value) of n = 3
biologically independent experiments of PARP1 APEX2 experiments after olaparib or DMSO treatment in HEK293T cells. Proteins that show decreased
proximity to PARP1 after olaparib treatment are depicted in blue, while proteins that show increased proximity after olaparib treatment are shown in red.
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Figure 2. Proteins recruited to persistently stalled replication forks. (A) Volcano plot displaying the results from n = 2 biologically independent SILAC
iPOND experiments after 18 h hydroxyurea (HU) treatment against untreated control. FDR was calculated using limma. Selected proteins with an FDR
< 5% are highlighted. (B) GO term analysis (Molecular Function, Biological Process and Cellular Compartment) of proteins enriched at persistently
stalled replication forks (18 h HU) with an FDR < 5%. P-values were calculated by Fisher´s exact test and corrected for multiple comparisons using
Benjamini–Hochberg correction. (C) Western blot validation of indicated proteins enriched by iPOND after 2 or 18 h hydroxyurea (HU) treatment. (D)
Representative box plot of a proximity ligation assay (PLA) of n = 2 biologically independent experiments between TPX2 and RPA2 after treatment with
DMSO or hydroxyurea (HU) for 2 or 18 h. Individual measurements of the mean PLA intensity per nucleus are plotted and the median indicated in red.
P-values (****P-value < 0.0001) were derived from using one-way-ANOVA with Tukey correction for multiple comparisons. (E) Representative box plot
of a proximity ligation assay (PLA) of n = 2 biologically independent experiments between PARP1 and RPA2 after treatment with DMSO or hydroxyurea
(HU) for 2 or 18 h. Individual measurements of the mean PLA intensity per nucleus are plotted and the median indicated in red. P-values (****P-value <

0.0001) were derived from using one-way-ANOVA with Tukey correction for multiple comparisons.
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cused on the persistent replication stress since in U2OS
cells we observed an increased association of PARP1 with
replication forks only after 18 h treatment with HU (Fig-
ure 2E, Supplementary Figure S2c). The PARP1 proximal
proteome and proteins that were associated with stressed
replication forks displayed a high interphase chromatin
probability (ICP) score (89), confirming that primarily
chromatin-associated proteins were identified (Supplemen-
tary Figure S3b). Our data highlighted 65 proteins in the
PARP1 proximal proteome that were also recruited to repli-
cation forks after persistent replication stress, of which 36
have previously been reported to be ADP-ribosylated (Fig-
ure 3A, B) (7,90,91). Among those proteins were DNA re-
pair factors such as MDC1 and 53BP1, and RNA process-
ing factors such as THRAP3 and DHX9 (Figure 3A, Sup-
plementary Figure S3b). Interestingly, proteins function-
ing in cell cycle regulation and mitosis constituted another
group of proteins that co-occupied stressed replication forks
with PARP1 (Figure 3A, Supplementary Figure S3c). We
observed a similar enrichment of mitotic proteins at repli-
cation forks after HU treatment for 2 h, indicating that
their presence at replication forks is not a consequence of
large cell cycle alterations or slippage of cells into mitosis
(Supplementary Figure S2c). In addition, TPX2 was also
found in the PARP1 proximal proteome in HEK293T cells
(log2(fold change) = 3.037, P-value < 0.01) (Supplementary
Figure S3a, Table S2).

Breast, ovarian, and prostate tumors carrying BRCA1/2
mutations display sensitivity to PARP inhibitors. We hy-
pothesized that HR-deficiency and/or impaired replication
fork protection in these tumors might lead to upregula-
tion of proteins that function in DSB repair and replica-
tion stress tolerance to compensate for incurred genomic
instability. To test this, we extracted gene expression levels
for 65 proteins that were proximal to PARP1 and present
at stressed replication forks, from breast, ovarian, and
prostate cancer samples with wild-type or mutated BRCA1
or BRCA2 from the cBioPortal (78). We observed higher
mRNA expression levels, especially for the mitotic factors
identified at stressed replication forks in breast and prostate
cancer patients with BRCA1/2 mutations compared to the
respective BRCA1/2 wild-type cancers (Figure 3C, Supple-
mentary Figure S3d). Interestingly, lower mRNA expres-
sion levels were evident for ovarian cancers with BRCA1/2
mutations (Figure 3C).

Increased DNA replication stress in cancer cells could
lead to an upregulation of pathways that stabilize replica-
tion forks, and at the same time, might increase the depen-
dency of these cancer cells on PARP1. Thus, we hypothe-
sized that mRNA levels corresponding to proteins that co-
occupy stressed replication forks with PARP1 may serve
as a proxy for the dependency of cancer cells on PARP-
dependent replication fork protection. To test this hypothe-
sis, we extracted mRNA expression levels of the 65 proteins
from 558 cancer cell lines that were treated with PARP in-
hibitors from the DepMap portal (75,76). We found that
increased susceptibility of cancer cell lines to olaparib cor-
related with higher mRNA expression levels of 65 proteins
that co-occupied stressed replication forks with PARP1
(Figure 3D). Interestingly, this trend was significantly more
pronounced for the 65 proteins that co-occupied stressed

replication forks with PARP1 compared to all chromatin-
associated proteins or all PARP1 proximal proteins (Fig-
ure 3E, Supplementary Figure S3e). Significant correla-
tions were apparent for the PARP-trapping inhibitors ola-
parib, niraparib, and talazoparib (Figure 3D). In contrast,
low correlations were evident for the non-trapping PARP
inhibitors iniparib and veliparib, suggesting that PARP-
trapping inhibitors and non-trapping inhibitors display de-
pendencies on distinct protein classes (Figure 3D). The
EGFR inhibitor erlotinib and the protein kinase inhibitor
imatinib showed opposite correlation patterns compared to
the tested PARP inhibitors (Figure 3D).

TPX2 interacts with DNA repair factors and PARP1

To decipher the interaction partners of TPX2, we tran-
siently expressed GFP-tagged TPX2 in U2OS cells and
identified co-immunoprecipitated proteins by MS using
label-free quantification (LFQ). We confirmed that the
pan-nuclear localization of endogenous TPX2 was mir-
rored by the exogenously expressed GFP-TPX2 (Supple-
mentary Figure S4a). PARP1, PARP2, and CHD1L co-
immunoprecipitated with TPX2 demonstrating that TPX2
is not only in proximity but also interacts with PARP1 (Fig-
ure 4A). We identified several additional DNA damage re-
sponse proteins, including MDC1, 53BP1, LIG3, TOP2A
and XRCC5/6 as TPX2 interaction partners (Figure 4A,
Supplementary Table S4). Additionally, core histones and
components of the replication machinery such as RFC2,
RFC5 and RPA1 associated with TPX2 (Figure 4A). The
interaction of GFP-TPX2 and endogenous PARP1 was
confirmed with SILAC-based co-IP-MS and Western blot-
ting (Supplementary Figure S4b, c). Further analysis of the
LFQ-based co-IP data revealed that the interaction part-
ners of TPX2 with the highest stoichiometry were histones
and PARP1/2 (Figure 4B) (63). Proteins interacting with
TPX2 were involved in cell cycle progression and DNA re-
pair pathways such as homology-directed repair, nucleotide
excision repair (NER), and base excision repair (BER) (Fig-
ure 4C). We confirmed the proximity of endogenous TPX2
and PARP1 in the nucleus by PLAs (Figure 4D). Notably,
the proximity of TPX2 and PARP1 was particularly in-
creased after persistent replication stress (18 h HU), sug-
gesting a shared role at persistently stalled replication forks
(Figure 4D). Furthermore, the interactions between en-
dogenous TPX2 with PARP1, CHD1L and XRCC6 were
validated by co-IP followed by Western blotting (Figure
4E). To map the interaction surface on TPX2 that binds to
PARP1, we generated deletion mutants based on previous
interaction studies between TPX2 and AURKA (59,61).
The unstructured N-terminus of TPX2 mediates the inter-
action with AURKA, while the centre is predicted to facil-
itate the binding to importins and the more structured C-
terminus is predicted to form alpha-helical repeats (Figure
4F) (61,92). We found that the N-terminal part of TPX2 (1–
254 amino acids) was crucial and sufficient for the binding
of recombinant PARP1 to recombinant TPX2 in vitro, sug-
gesting a direct interaction (Figure 4G, Supplementary Fig-
ure S4e). SILAC-based co-IP-MS of the N-terminal dele-
tion mutant or full-length TPX2 in U2OS cells revealed that
the N-terminus of TPX2 mediates protein-protein interac-
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Figure 3. Canonical mitotic factors co-occupy stressed replication forks with PARP1. (A) Venn diagram displaying PARP1 proximal proteins that are
present at persistently stalled replication forks. Interactions of the 65 proteins from the overlap were mapped in a STRING network using Cytoscape
with a 0.7 confidence score cutoff. Mitotic (blue nodes), DNA repair (purple nodes) and RNA processing (orange nodes) clusters are highlighted. (B)
Number of ADP-ribosylated PARP1 proximal proteins that co-occupy stressed replication forks together with PARP1 based on ADP-ribosylome from
Hendriks, Buch-Larsen et al. (8). (C) Heatmap of mean z-scored mRNA expression levels in breast, ovarian and prostate cancers extracted from cBioPortal.
Multiple t-tests between BRCA1/2-negative and positive cancers were performed to test significance, *adjusted P-value <0.1. P-values were adjusted using
Benjamini-Hochberg correction. Number of patients contributing to the mean expression levels is depicted below each column. (D) Heatmap of Pearson
correlation coefficient (PCC) between mRNA expression level and sensitivity to indicated drugs based on 558 cancer cell lines from the DepMap portal.
Negative correlation indicates reduced cell viability for higher expression levels (blue color). (E) Boxplot displaying the Pearson correlation coefficient
between mRNA levels and olaparib sensitivity of indicated data sets. Centers of boxplots indicate the median, limits the 25th–75th percentile, whiskers the
10th–90th percentile and dots depict outliers. P-values (**P < 0.001, ***P < 0.0001) were derived using t-test with Benjamini-Hochberg correction for
multiple comparisons.
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Figure 4. TPX2 interacts with PARP1 and DNA repair factors (A) Volcano plot displaying n = 3 biologically independent experiments of LFQ-based
interactome of a GFP-tagged TPX2 against a GFP control. The P-values were calculated by a two-sample t-test and adjusted for multiple comparisons
using the Benjamini-Hochberg correction. Dotted lines indicate fold change >2, <–2 and 5% FDR. (B) Relative stoichiometry of the LFQ-based TPX2
interactions. Intensity-based absolute quantification (IBAQ) values for each interactor were normalized to the control IBAQ value. Data are represented
as mean ± standard deviation. (C) Reactome pathways of TPX2 interacting proteins with log2 fold change >2 and FDR <5%. Terms are sorted by
their adjusted P-value calculated using two-sided Fisher´s exact test with Benjamini–Hochberg correction. (D) Proximity ligation assay (PLA) between
endogenous PARP1 and TPX2. The grey dots represent the individual values of the mean PLA intensity per nucleus; the red line indicates the median.
P-values (****P-value < 0.0001) were derived using one-way-ANOVA with Tukey correction for multiple comparisons. (E) Western blot validation of
indicated TPX2 interactors using an antibody against endogenous TPX2 or an IgG control for immunoprecipitation. (F) Schematics of full-length TPX2
and mutants used for pull down experiments. Numbers indicate the respective amino acid positions. Dark shaded regions indicate interaction domain with
Aurora A and Importin. (G) Western blot analysis of an in vitro pull down between recombinant PARP1 and His-GFP-tagged TPX2 full-length protein
and its mutants. Blue dots indicate presence of a protein in the respective condition.
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tion with multiple DNA repair proteins such as PARP1,
LIG3, TOP2A and XRCC5/6 (Supplementary Figure S4d).
Taken together, our data suggest that PARP1 and TPX2 di-
rectly interact via the unstructured N-terminal region (1–
254) of TPX2.

TPX2 promotes ADP-ribosylation of PARP1

Based on the finding that TPX2 interacts with PARP1,
we tested whether TPX2 regulates the enzymatic activ-
ity of PARP1. We depleted TPX2 in U2OS cells using
siRNA and monitored changes in the H2O2-induced nu-
clear ADP-ribosylation (Figure 5A). Loss of TPX2 led
to significantly increased nuclear ADP-ribosylation in re-
sponse to H2O2, which persisted after 1 h recovery from
oxidative stress (Figure 5A). On the contrary, the knock-
down of TPX2 using three individual siRNAs prevented the
excessive auto-ADP-ribosylation of PARP1 in response to
H2O2 (Figure 5B). Conversely, overexpression of TPX2 re-
sulted in hyper-ADP-ribosylation of PARP1 in response to
oxidative stress (Supplementary Figure S5a). PARP1 has
recently been reported to participate in a backup path-
way to process un-ligated Okazaki fragments together with
XRCC1 and LIG3 (17). Since we identified the interac-
tion of TPX2 with PARP1, XRCC1 and LIG3 (Figure
4A), we further explored the possibility that TPX2 regu-
lates PARP1 during Okazaki fragment ligation. As previ-
ously reported (17), PARG inhibition led to the sponta-
neous accumulation of nuclear ADP-ribosylation specifi-
cally in S-phase cells (Supplementary Figure S5b). Simi-
lar to the H2O2 treatment, we found significantly increased
nuclear ADP-ribosylation in TPX2 knockdown cells af-
ter PARG inhibition (Figure 5C). Moreover, we observed
endogenous auto-modification of PARP1, likely resulting
from PARP1 activity during Okazaki fragment processing,
which was lost upon TPX2 knockdown (Figure 5D). To
test whether TPX2 directly stimulates the catalytic activ-
ity of PARP1, we performed in vitro ADP-ribosylation as-
says using recombinant PARP1 and TPX2. We observed
in vitro ADP-ribosylation activity of purified PARP1 in
the presence of DNA and NAD+ (Figure 5E). The addi-
tion of full-length TPX2 promoted PARP1′s auto-ADP-
ribosylation activity, while the N-terminal deletion mutant
of TPX2, which lacks the PARP1 binding site, failed to stim-
ulate PARP1 (Figure 5E, Supplementary Figure S5c). In
contrast to the observed hypo-auto-modification of PARP1
after TPX2 knockdown, loss of the PARP1 regulator HPF1
leads to hyper-auto-modification of PARP1 and a shift to-
wards serine histone ADP-ribosylation (10–13). As previ-
ously reported, recombinant HPF1 promoted the ADP-
ribosylation of an H3 peptide in vitro (Supplementary Fig-
ure S5d), while the knockdown of HPF1 led to hyper-ADP-
ribosylated PARP1 in vivo (Supplementary Figure S5e). We
observed that the addition of recombinant TPX2 reversed
the HPF1-dependent switch towards H3 ADP-ribosylation
(Supplementary Figure S5d). These findings suggest that
TPX2 competes with HPF1 for PARP1 binding to pro-
mote auto-modification of PARP1 while preventing ADP-
ribosylation of H3. In support of this, we observed a signif-
icantly increased PLA signal between PARP1 and HPF1 in
TPX2 knockdown cells (Figure 5F, G) as well as increased

interaction of PARP1 and TPX2 in HPF1 knockdown cells
(Figure 5H, I).

TPX2 opposes replication stress and promotes DSB repair via
HR

Differential ADP-ribosylation levels in TPX2 knockdown
cells in response to H2O2 treatment and interaction of
TPX2 with BER proteins led us to investigate whether
TPX2 regulates the repair of oxidative stress-induced SSBs.
We observed increased �H2AX formation and increased
retention of XRCC1 on chromatin in TPX2 knockdown
cells after treatment with H2O2, suggesting that regulation
of PARP1 by TPX2 is required for efficient BER (Fig-
ure 6A, B). Since we observed the recruitment of TPX2
alongside PARP1 to persistently stalled replication forks,
we further tested whether TPX2 is required for the repair
of replication-dependent DNA damage. Indeed, we found
increased �H2AX and pRPA2 (Ser4/8) levels in TPX2
knockdown cells after treatment with HU and ATRi/HU,
particularly in a population of cells that had been syn-
chronized in G1 and subsequently released into S-phase in
the presence of the respective inhibitors (Figure 6C, Sup-
plementary Figure S6a). Accordingly, TPX2 knockdown
cells displayed increased sensitivity to persistent HU treat-
ment compared to wild-type cells (Figure 6D). Moreover,
we found increased replication-dependent DSB formation
after loss of TPX2 and treatment with the topoisomerase 1
inhibitor camptothecin (CPT) by neutral comet assay (Sup-
plementary Figure S6b, c). DSBs persisted in TPX2 knock-
down cells after 6 h of recovery from CPT, while control
cells completed DNA repair (Supplementary Figure S6a,
b). The interaction of TPX2 with HR proteins and the ob-
servation that TPX2 mRNA levels are upregulated in breast
and prostate cancers with BRCA1/2 mutations (Supple-
mentary Figure S3d), suggested a role of TPX2 in the repair
of DSBs arising from collapsed replication forks by HR. To
test whether TPX2 promotes HR, we monitored the effi-
ciency of I-SceI-induced DSB repair through HR by flow
cytometry (79). Knockdown of TPX2 led to a significant
decrease in HR efficiency (Supplementary Figure S6d). Col-
lectively, these findings suggest that in addition to its canon-
ical function in mitosis, TPX2 regulates PARP1 activity in
response to oxidative stress and during perturbed S-phase.

DISCUSSION

PARP inhibitors are used for the treatment of breast, ovar-
ian, and prostate cancers (33,34). Part of the vulnerabil-
ity to PARP inhibitors can be accounted to PARP trap-
ping at stalled replication forks and subsequent lack of fork
protection in BRCA-deficient cells (30,93,94). Moreover,
single-strand DNA gap exposure has been proposed as a
determining trait of BRCAness and can contribute to the
prediction of sensitivity or resistance to PARP inhibitors
(21). However, the mechanisms that regulate PARP1 ac-
tivity in response to replication stress and during repli-
cation gap suppression remain poorly characterized. We
investigated which proteins co-occupy stressed replication
forks together with PARP1 and thus regulate its activity
in response to replication stress. We employed quantita-
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Figure 5. TPX2 modulates PARP1 activity in vitro and in vivo. (A) Representative boxplot of n = 2 biologically independent experiments displaying the
mean ADP-ribosylation per nucleus after a TPX2 (blue) or a control knockdown (grey) for 24 h. Cells were treated with 2 mM H2O2 for 10 min ± addition
of 1 �M Olaparib and ±1 h recovery. The centres of the boxplots indicate the median, limits the 25th–75th percentile, whiskers the 10th–90th percentile,
and dots indicate outliers. ****P-value < 0.0001, one-way ANOVA with Tukey correction for multiple comparisons. (B) ADP-ribosylation western blot
after TPX2 knockdown in U2OS cells with three individual siRNAs after 2 mM H2O2 for 10 min. Control cells were pre-treated for 1 h with 1 �M
olaparib. (C) Representative boxplot of n = 2 biologically independent experiments displaying the mean ADP-ribosylation per nucleus after a TPX2 (blue)
or a non-targeting control knockdown (grey) for 24 h. Cells were treated with 10 mM PARGi for 1 h ± addition of 1 �M Olaparib. The centres of the
boxplots indicate the median, limits the 25th–75th percentile, whiskers the 10th–90th percentile, and dots indicate outliers. ****P-value < 0.0001, one-
way ANOVA with Tukey correction for multiple comparisons. (D) Western blot displaying endogenous auto-ADP-ribosylation of PARP1 after TPX2 or
control knockdown. (E) Representative Western blot of n = 2 biologically independent experiments of the in vitro ADP-ribosylation assay with purified
PARP1 and TPX2 proteins (full-length and �N mutant). Staining with an antibody against poly-ADP-ribosylation (left) and Ponceau staining (right). (F)
Representative images of a proximity ligation assay (PLA) between endogenous HPF1 and PARP1 after knockdown of TPX2 or a control knockdown.
PLA signal is displayed in red; Hoechst33342 staining is shown in blue. (G) Quantification of a PLA between HPF1 and PARP1 after TPX2 (turquoise)
or control knockdown (grey). Individual values of the mean PLA intensity per nucleus are shown; the red line indicates the median. Antibody leave-out
controls are shown in black. ****P-value < 0.0001, one-way ANOVA with Tukey correction for multiple comparisons. (H) Representative Western blot of
the co-immunoprecipitation (IP) of GFP-tagged TPX2 after either a control knockdown or HPF1 knockdown. Inputs are shown on the left, GFP-IP on
the right. * indicates the residual PARP1 staining after re-probing with the GFP antibody, while **indicates the specific HPF1 band. (I) Bar plot showing
the mean ± SD derived from n = 2 biologically independent experiments of the GFP-TPX2 co-IP after HPF1 (blue) or control knockdown (grey). *P-value
< 0.05, student´s t-test.
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Figure 6. TPX2 promotes HR and opposes S phase specific DSBs (A) Immunofluorescence analysis of �H2AX in control (grey) or TPX2 (turquoise)
knockdown U2OS cells after treatment with 2 mM H2O2 for 10 min with or without 1 h recovery. Representative box plot of n = 2 biologically independent
experiments displaying the quantification of the mean �H2AX intensity per nucleus. Center of boxplots indicate the median, limits the 25th–75th percentile,
whiskers the 10th–90th percentile and dots indicate outliers. ****P-value < 0.0001, one-way ANOVA with Tukey correction for multiple comparisons. (B)
Immunofluorescence analysis of chromatin-bound XRCC1 (under pre-extraction conditions) in control (grey) or TPX2 (turquoise) knockdown U2OS cells
after treatment with 2 mM H2O2 for 10 min with or without 1 h recovery. Representative box plot of n = 2 biologically independent experiments displaying
the quantification of the mean �H2AX intensity per nucleus. Center of boxplots indicate the median, limits the 25th–75th percentile, whiskers the 10th–90th
percentile and dots indicate outliers. ****P-value < 0.0001, one-way ANOVA with Tukey correction for multiple comparisons. (C) Immunofluorescence
analysis of �H2AX in U2OS cells after treatment with 3 mM HU for 2 h in the presence or absence of ATR inhibitor (4 �M, 1 h). S phase synchronized
cells were pre-treated for 18 h with 200 �M L-mimosine and subsequently released into S phase. Asynchronous or S phase synchronized cells were stained
48 h after indicated knockdowns. Boxplot displaying the quantification of the mean �H2AX intensity per nucleus. Center of boxplots indicate the median,
limits the 25th–75th percentile, whiskers the 10th–90th percentile and dots indicate outliers. ****P-value < 0.0001, one-way ANOVA with Tukey correction
for multiple comparisons. (D) Representative cell titer blue assay of n = 3 biologically independent experiments, displaying the viability of U2OS cells after
control (grey) or TPX2 (blue) knockdown in response to a titration of hydroxyurea (HU). **P-value < 0.01,* P-value < 0.05, two-way ANOVA with Sidak
correction for multiple comparisons.
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tive MS to map the PARP1 proximal proteome on na-
tive chromatin. Furthermore, we identified proteins that
display proximity to PARP1 in a PAR-dependent man-
ner, among which were DNA replication factors such as
members of the MCM and the RNaseH2 complexes. VCP
and components of the proteasome, which have been re-
ported to remove trapped PARP1 from chromatin after
MMS treatment (95) were also proximal to PARP1 in a
PAR-dependent manner. Among 109 proteins that were re-
cruited to persistently stalled replication forks, we found
core replication fork protection proteins such as MDC1,
FANCD2 and the BRCA1/BARD1 complex in line with a
previous study conducted in HEK293T cells (87). We iden-
tified additional DNA repair proteins (RAD18, MRE11,
PARP1 and RECQL) in U2OS cells, while we did not
find the cell cycle checkpoint proteins ATR, ATRIP, and
ETAA1. Of note, ETAA1 is known to be expressed at very
low levels in U2OS cells (96). The observed differences in
stressed replisome proteome in U2OS and HEK293T cells
are thus likely due to cell line-specific protein expression lev-
els and recruitment patterns as well as technical differences
such as the amount of input protein material. We found
that 65 of the PARP1 proximal proteins occupied persis-
tently stressed replication forks in U2OS cells, suggesting
that they play a role in the cellular response to replication
stress together with PARP1. Notably, high mRNA expres-
sion levels of PARP1 proximal proteins that are recruited
to stressed replication forks correlated with the sensitivity
of cancer cells to PARP-trapping inhibitors but not to non-
trapping inhibitors. These findings suggest that not only
the lack of PARP1 activity but also replication stress in-
duced by PARP trapping contributes to cancer cell sensitiv-
ity. Moreover, cancer cells that are sensitive to non-trapping
inhibitors and cells that are sensitive to PARP-trapping in-
hibitors seem to display dependencies on distinct groups of
proteins.

Among the proteins that co-occupy stressed replica-
tion forks together with PARP1, we identified a clus-
ter of proteins with previously described mitotic func-
tions. While the identified mitotic proteins have not
been found in a previous HU-based iPOND study in
HEK293T cells (87), nascent chromatin capture proteomics
in HeLa cells after HU treatment confirms the associa-
tion of members of the mitotic cluster (TPX2, KIF22,
KIF23, KIF2C and ANLN) to stalled replication forks
(97).

One protein of the mitotic cluster, TPX2, associates with
AURKA during mitosis and promotes microtubule nucle-
ation and stability (60,61,88,98). The previously reported
increased �H2AX foci formation upon � -irradiation in
TPX2 knockdown cells and the presence of TPX2 in � -
irradiation-induced repair foci suggested a role of TPX2
as a DNA damage response protein (98). Expression lev-
els of TPX2 are increased in a variety of cancers (99–102)
and we found that TPX2 gene expression levels are elevated
in breast and ovarian cancers with pathogenic BRCA mu-
tations compared to BRCA wild-type cancers. In line with
the idea that cancer cells with pathogenic BRCA mutations
depend on TPX2, knockdown of TPX2 has been reported
to lead to HR defects and reduced viability of BRCA2-
deficient cancer cells (103).

Our data demonstrate that TPX2 interacts with PARP1,
histones, DNA replication, and DNA repair proteins, pro-
viding further evidence that TPX2 functions as a genome
stability factor also outside of mitosis. We found that
TPX2 associates with PARP1 independent of its ADP-
ribosylation activity, and that interaction is increased af-
ter persistent replication stress, suggesting TPX2’s func-
tion in opposing replication stress. Further biochemical
characterization revealed that TPX2 directly interacts with
PARP1 via its unstructured N-terminal domain. In addi-
tion, we found that the N-terminus of TPX2 is crucial to
promote the auto-ADP-ribosylation activity of PARP1 in
vitro, suggesting that binding of TPX2 is required to pro-
mote the auto-modification of PARP1 in vivo. Notably,
TPX2-dependent regulation of PARP1 is important for
efficient BER since hypo-auto-modification of PARP1 in
TPX2 knockdown cells in response to H2O2 is accompa-
nied by reduced SSB repair efficiency and increased chro-
matin retention of XRCC1. We propose that TPX2 and
HPF1 compete for PARP1 binding, thereby fine-tuning the
catalytic activity and the downstream targets of PARP1.
Accordingly, we found an increased association of HPF1
and PARP1 in TPX2 knockdown cells accompanied by
hypo-modification of PARP1 and an increased association
of TPX2 and PARP1 in HPF1 knockdown cells accompa-
nied by hyper-modification of PARP1. While TPX2 knock-
down led to reduced auto-ADP-ribosylation of PARP1,
we observed an increase in total nuclear ADP-ribosylation
upon oxidative stress. This might be a consequence of
a stronger association of PARP1 and HPF1 that results
in increased HPF1-dependent serine ADP-ribosylation of
histones and other proteins. Taken together, these find-
ings suggest that TPX2 promotes auto-ADP-ribosylation
of PARP1 while inhibiting HPF1-dependent targeting to-
wards serine residues. Thus, we propose that TPX2 consti-
tutes an additional switch to HPF1 that fine-tunes the cat-
alytic activity and substrate specificity of PARP1. HPF1-
dependent auto-modification of PARP1 on Ser499, Ser507
and Ser519 has been described as a mechanism to reduce
PARP1 trapping on chromatin, thus increasing PARP in-
hibitor tolerance (15). Since TPX2 and HPF1 displayed op-
posite regulatory effects on PARP1, TPX2 might instead in-
crease PARP1 trapping on chromatin. Notably, overexpres-
sion of TPX2 led to increased PARP1 activity and thus to
increased PARP trapping potential, providing an explana-
tion for why high TPX2 mRNA levels in cancer cells corre-
late with increased sensitivity to PARP trapping inhibitors.

Previous MS-based studies identified multiple ADP-
ribosylation sites on TPX2 after treatment of human cells
with H2O2 and MMS . The ADP-ribosylation sites are lo-
cated within or very proximal to the N-terminus of TPX2,
thus supporting our finding that this region mediates the in-
teraction with PARP1. The finding that TPX2 and PARP1
interact constitutively, in the absence of ADP-ribosylation
on TPX2, suggests a DNA damage-independent function of
the TPX2-PARP1 interaction. During replication, PARP1
acts as a sensor of un-ligated Okazaki fragments and pro-
motes their ligation in a LIG3-XRCC1-dependent man-
ner, distinct from the canonical LIG1-dependent pathway
(17). In this study, we identified LIG3 and XRCC1 as in-
teraction partners of TPX2. In the presence of PARG in-
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hibitors, we observed increased nuclear ADP-ribosylation
levels in TPX2 knockdown cells in S-phase, suggesting de-
fects during lagging strand synthesis (17). Similar to the
auto-modification of PARP1 in TPX2 knockdown cells in
response to H2O2, we found decreased endogenous auto-
modification of PARP1 after TPX2 depletion. Our data
suggest that TPX2-dependent regulation of PARP1 is im-
portant for faithful non-canonical Okazaki fragment pro-
cessing. Strikingly, loss of BRCA1/2 leads to exposure of
replication gaps due to aberrant lagging strand synthe-
sis, which is suppressed by the PARP1–LIG3–XRCC1 axis
(21). Therefore, the dependency of BRCA-deficient cells
on TPX2 might result from its role in PARP1 regulation
during replication gap suppression. Moreover, TPX2 func-
tions in a distinct fork protection pathway from BRCA1,
by counteracting 53BP1-dependent fork degradation (104).
In line with these findings, we observed that TPX2 protects
cells against S-phase specific DNA damage and that loss of
TPX2 results in significantly reduced HR-dependent DNA
DSB repair and sensitivity to HU. Since PARP1 binds di-
rectly to the N-terminal domain of TPX2, which also serves
as the interaction surface for AURKA, the role of TPX2 in
PARP1 regulation is likely independent of the associated ki-
nase.
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