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CANCER

USP1 deubiquitinates PARP1 to regulate its trapping

and PARylation activity
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PARP inhibitors (PARPi) represent a game-changing treatment for patients with ovarian cancer with tumors deficient
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for the homologous recombination (HR) pathway treated with platinum (Pt)-based therapy. PARPi exert their
cytotoxic effect by both trapping PARP1 on the damaged DNA and by restraining its enzymatic activity (PARyla-
tion). How PARP1 is recruited and trapped at the DNA damage sites and how resistance to PARPi could be over-
come are still matters of investigation. Here, we described PARP1 as a substrate of the deubiquitinase USP1. At
molecular level, USP1 binds PARP1 to remove its K63-linked polyubiquitination and controls PARP1 chromatin
trapping and PARylation activity, regulating sensitivity to PARPi. In both Pt/PARPi-sensitive and -resistant cells,
USP1/PARP1 combined blockade enhances replicative stress, DNA damage, and cell death. Our work dissected the
biological interaction between USP1 and PARP1 and recommended this axis as a promising and powerful therapeutic
choice for not only sensitive but also chemoresistant patients with ovarian cancer irrespective of their HR status.

INTRODUCTION

Since the first approval of olaparib by the Food and Drug Adminis-
tration (FDA) and the European Medicines Agency (EMA) in 2014
for the treatment of advanced ovarian cancers associated with defec-
tive BReast CAncer gene 1/2 (BRCA1/2), four poly-[adenosine
5’-diphosphate (ADP)-ribose] polymerase inhibitors (PARP1i)
(olaparib, niraparib, rucaparib, and talazoparib) are now currently
used in clinical practice for different types of cancers, showing
impressive and hopeful survival-changing results, in particular for
patients with ovarian cancer (1, 2). Epithelial ovarian cancer (EOC)
is considered a devastating disease with an overall survival rate of
~40%, making it the most lethal gynecologic malignancy (3, 4).
High-grade serous ovarian cancers (HGSOCs), which represent ap-
proximately 70 to 80% of all EOCs, are characterized by marked
genomic instability and molecular alterations associated with in-
creased replicative stress (RS) (4). Almost 50% of HGSOC:s are de-
fective in the homologous recombination (HR) DNA repair pathway
making these HR-deficient (HRD) patients initially highly sensitive
to Pt-based chemotherapy and to PARPi (5). Yet, the development
of progressive Pt/PARPi-resistant relapses, also in HRD patients,
has been consistently reported and profoundly affects on subse-
quent treatments and patients’ survival (6, 7). Pt resistance is a
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strong predictor for PARPI resistance, indicating that they probably
share common mechanisms (7). Elucidating these biologic mecha-
nisms is crucial to find new and effective therapeutic options for
advanced patients with EOC.

In this context, we have recently demonstrated that ubiquitin-
specific protease 1 (USP1) mediates EOC cell response to Pt, point-
ing USP1 as a promising target for anticancer therapies for patients
with EOC (8). USP1 belongs to the family of deubiquitinases
(DUBs) balancing several key ubiquitination processes, in particu-
lar in response to DNA damage. It deubiquitinates the Fanconi Ane-
mia (FA) proteins, FANCD2 and FANCI to regulate the FA pathway
(9, 10). USP1 also plays an important role in regulating translesion
synthesis and replication fork protection events via the deubiquiti-
nation of proliferating cell nuclear antigen (PCNA) (11-13). More-
over, it has been reported that USP1 inhibition is efficacious in
killing BRCA1-deficient cells and in a subset of BRCA1/2 wild-type
(WT) tumors (13, 14). Yet, it is still poorly clarified whether target-
ing USP1 in combination with PARPi could represent a powerful
strategy to treat cancer cells regardless of their BRCA1/2 mutational
status and a novel hopeful therapy option for Pt/PARPj-resistant pa-
tients. Here, we filled this knowledge gap and demonstrated why
and how USP1-PARP1 interaction is a previously undisclosed vul-
nerability to effectively target treatment-resistant EOC.

RESULTS

USP1 inhibition potentiates the efficacy of PARPi
irrespective of HR status

On the basis of the notion that USP1 has a relevant role in replica-
tion fork protection (12, 13, 15), we explored the role of USP1 in RS
and the subsequent activation of DNA repair machinery in the con-
text of the response to chemotherapy in EOC. We used a panel of
seven EOC cell lines as a model of high RS and genomic instability
(16), all harboring mutant p53 but with different BRCA1/2 muta-
tional and HR status (Fig. 1A). USP1 inhibition, using the selective
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Fig. 1. USP1 inhibition increases RS. (A) Table reporting EOC cell lines used. p53 and BRCA1/2 mutational status are indicated according to literature data and HR status
according to experimental analysis using AmoyDx HRD focus panel. (B and C) USP1 inhibitor SJB (500 nM) increases DNA strand breaks as demonstrated by alkaline
comet assay (B) and Western blot (WB) of H2AX phosphorylation (yH2AX) (C). In (B) data are presented as the mean + SD of the percentage of DNA content in the tails
(>50 cells and >30 cells counted/condition for COV-318 and OVCAR-8, respectively; n = 3). Representative images of the comets were reported. (D) Graphs reporting the
percentage of micronuclei (MN) in EOC cells treated or not with SJB (500 nM) for 3 hours. Data are presented as mean =+ SD (>500 cells and >300 cells counted/condition
for COV-318 and OVCAR-8 respectively; n = 3). (E) Graphs reporting fork symmetry in COV-318 and OVCAR-8 cells treated with SJB 500 nM for 3 hours according to the
label scheme reported over the graphs. Data are presented as the mean = SD of CldU/IdU ratio of DNA fibers. Representative images of the fibers were reported under the
graphs (>50 fibers counted/condition, n = 3). (F) WB analysis of replicative stress (RS) markers in COV-318 cells treated with SJB (300 nM) and ATRi (5 uM) (AZD-6378) for
the indicated time points. (G) OVCAR-8 cells were treated or not with SJB 500 nM for 3 hours and 53BP1 nuclear bodies (NBs) were detected by immunofluorescence (IF).
The graph reports the percentage of cells positive for 53BP1 (NBs) (two biological replicates performed in duplicate). (H) Graph reporting fork symmetry in the indicated
OVCAR-8 cells according to the label scheme reported above. Data are presented as the mean + SD of CldU/IdU ratio of DNA fibers. Representative images of the fibers
were reported (>40 fibers counted/condition, n = 3). Two-tailed, unpaired Student’s t test (*P < 0.05, **P < 0.01, and ****P < 0.0001).

inhibitor SJB3-019A (hereafter SJB), induced a marked activation of

stalled replication fork (Fig. 1E) and activation of DNA replication
DNA damage response and of genomic instability as displayed by

checkpoint, biochemically identified by the phosphorylation of the

Comet assay, phosphorylation of H2AX and micronuclei (MN) for-
mation in both BRCA-deficient (HRD) and BRCA-proficient (HRP)
cell lines (Fig. 1, B to D, and fig. S1, A and B). Increased DNA dam-
age and genomic instability were associated with the induction of
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Replication Protein A2, RPA32 and Checkpoint Kinase 1 (CHK1)
proteins and by the autophosphorylation of the Ataxia Telangiecta-
sia And Rad3-Related protein (ATR) (Fig. 1F and fig. S1C). These
biochemical modifications could be prevented by the concomitant
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use of the ATR inhibitor, AZD-6738 (Fig. 1F and fig. S1C) and were
accompanied by increased formation of nuclear foci for single-
stranded DNA as revealed by analyses of 5-bromo-2’-deoxyuridine
(BrdU), RPA32, and TP53-Binding Protein 1 (53BP1) proteins (Fig. 1G
and fig. S1, D and E), overall indicating that USP1 inhibition
activated an ATR-dependent DNA replication checkpoint indepen-
dently of the HR status of EOC cells.

Then, by generating different USP1 knockout (USP1¥°) EOC
cell lines using the CRISPR-Cas9 technology, we confirmed that also
genetic inhibition of USP1 resulted in the enhancement of RPA32
and CHK1 phosphorylation, accompanied by a stalling of the repli-
cation fork (Fig. 1H and fig. S1, F and G). Stalled replication fork
observed in USP1¥° cells could be prevented by the re-expression of
USP1"T protein but not by the expression of the catalytic inactive
USP1°%® mutant (Fig. 1H), in line with the observation made using
the SJB inhibitor. Yet, phenotypically, the abrogation of USP1 ex-
pression resulted in reduced cell proliferation rather than in in-
creased DNA strand break formation (fig. S1, H and I), as expected
for a chronic rather than acute USP1 inhibition. Overall, these
results demonstrated that, in both HRD and HRP EOC cell lines,
USP1 inhibition induced a high RS accompanied by stalled replica-
tion fork and activation of DNA replication checkpoint.

RS is a key vulnerability of cancer cells that provides a potential
target of antitumor treatment sensitization as for instance demon-
strated by the successful clinical use of PARPi (16). We thus evalu-
ated whether USP1 inhibition could improve the therapeutic benefit
of PARPi in a broad panel of EOC cell lines. To this aim, we first
treated OVCAR-8 USP1° cells with increasing doses of SJB alone
to confirm the specificity of the inhibitor and to choose the dose
able to reduce by 25% cell survival (IC25) avoiding off-target toxici-
ties (fig. S2A). This IC25 dose was then used in combination with
PARPi. Treatment with SJB enhanced the sensitivity to PARPi of
both HRP and HRD cells and significantly reduced niraparib IC50
in all tested EOC cell lines (Fig. 2A and fig. S2B). Similar results
were observed using the USP1-specific inhibitor, KSQ-4279 (KSQ),
which is now being tested in an interventional clinical trial in pa-
tients with advanced solid tumors (NCT05240898). Both SJB and
KSQ increased mono-ubiquitination of FANCD2 and PCNA, two of
the most validated targets of USP1 and also KSQ significantly im-
proved the activity of niraparib in both HRD and HRP EOC models
(fig. S2, C to E). Moreover, fluorescence-activated cell sorting
(FACS) analysis on cells treated with SJB for 16/24/48/72 hours,
showed no significant alterations in cell cycle distribution upon
USP1 pharmacological inhibition (fig. S2F), suggesting that the
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Fig. 2. USP1 inhibition potentiates the efficacy of PARPi in both HRD and HRP EOC cells. (A) Nonlinear regression analysis of cell viability assays in COV-318 and OVCAR-8
cells treated for 16 hours with increasing doses of PARPi, niraparib (Nir.), in combination, or not with SJB (COV-318 200 nM; OVCAR-8 100 nM). (B) Two-dimensional
synergy maps highlighting synergistic and antagonistic dose regions in red and green colors, respectively, as indicated on the right. The darker red boxes represent the
most synergic area. Highest single agent (HSA) scores are reported (HSA score > 10 = synergism; HSA score < —10 = antagonism). (C) Nonlinear regression analysis of cell
viability assays in COV-318 and OVCAR-8 USP1"T and USP1%° cells treated for 72 hours with increasing doses of niraparib. (D) Nonlinear regression analysis of cell viability
assays in OVCAR-8 Pt-sensitive and Pt-res cells treated for 72 hours with increasing doses of niraparib. (E) Nonlinear regression analysis of cell viability assays in OVCAR-8
Pt-res cells treated for 72 hours with increasing doses of niraparib, in combination, or not with SJB (200 nM). In (A) and (C) to (E), data are expressed as percentage of viable
cells with respect to the untreated cells and represent the mean (+SD) of three biological replicates. Fisher’s exact test was used to calculate the global P value reported
in the graphs. The tables below the graphs show the IC50 and the confidence interval (Cl) of each condition.
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effect on cell viability after USP1 inhibition was not due to an altered
distribution of cell cycle phases, and likely not dependent on its role
on PCNA or FANCD?2 proteins activity. We then tested whether
USP1i/PARPi combination treatment was synergic in killing OV-
CAR-8 and COV-318 cells. We used equipotent doses of SJB and
niraparib (IC10:10, IC25:25, and IC50:50 cytotoxic ratio) or an ex-
cess of either agent (IC10:25, IC10:50, and IC25:50 cytotoxic ratio)
for 72 hours and calculated the corresponding highest single agent
(HSA) score. As reported by the synergy maps shown in Fig. 2B, we
observed that USP1 and PARP1 pharmacological inhibition was
strongly synergic in both HRP and HRD cells (Fig. 2B). More im-
portantly, USP1¥C cells treated with PARPi in combination or not
with SJB demonstrated that all tested USP1%° models are more sen-
sitive to the PARPI niraparib, confirming that USP1 inhibition was
synthetic lethal with PARPi, independently on the HR status of the
used models and that SJB had not significant off-target effects in our
models (Fig. 2C and fig. S3, A and B).

Resistance to Pt therapy is strongly predictive of resistance to
PARPi therapy consistent with overlapping biologic mechanisms
(6). We generated several isogenic Pt-resistant (Pt-res) models of
EOC (17-19) that all exhibited cross-resistance to PARPi (Fig. 2D
and fig. S3C). Using these models, we found that the combined
regimen of both USP1 and PARP inhibitors in Pt-res clones signifi-
cantly reduced cell viability respect to the single treatment with
niraparib (Fig. 2E and fig. S3D), emphasizing that USP1/PARP1 axis
could be a powerful option of therapy for both Pt-sensitive and,
more importantly, patients with Pt-res EOC regardless of their
HR status.

USP1 regulates K63-linked PARP1 deubiquitination
The main target of PARPi is PARP1, the founding member of PARP
family (I, 2). Therefore, we tested, by cell viability assay, whether
USP1 inhibition potentiated the efficacy of AZD9574, a PARP1 se-
lective inhibitor (with an 8000-fold selectivity for PARP1 compared
to the other members of the PARP family) (20), indicating that the
observed synergistic effect of USP1i and PARPi is principally medi-
ated by the inhibition of PARP1 (Fig. 3A). Accordingly, in PARP1-
silenced cells, SJB and AZD9574 used alone or in combination had
no effects on cell viability, indicating that USP1i/PARPi-induced cell
death is mediated by PARP1 expression (fig. S4A). Together, these
observations implied that USP1 could increase PARPI activity by
directly and specifically acting on PARP1. Accordingly, we found
that USP1 interacted with PARP1 both when exogenously overex-
pressed and at endogenous level in all tested models (Fig. 3, Band C,
and fig. S4, B and C). We also observed that this interaction oc-
curred preferentially into the nucleus and increased upon USP1 or
PARP1 inhibition (Fig. 3, D and E, and fig.54D). Since PARP1 and
USP1 are DNA binding proteins, we performed coimmunoprecipi-
tation (co-IP) analysis in OVCAR-8 whole lysates treated with ben-
zonase to remove nucleic acid contaminants and we observed that
USP1 and PARPI interact also in absence of DNA, supporting their
direct interaction rather than a DNA bridging event (fig. S4E).
USP1/PARPI1 interaction was observed also in G;-blocked cells,
although with lesser efficiency (fig. S4, F and G), again suggesting
that the synergistic effect observed with their combined inhibition
was not cell cycle specific and likely not linked to the activity of
USP1 on PCNA or FANCD2 proteins.

To map PARP1 domain(s) necessary for its interaction with USP1,
we used different truncated mutants of PARP1 and demonstrated
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that the DNA binding domain (DBD) of PARP1 was necessary for
the interaction with USP1 (Fig. 3, F and G). Accordingly, in silico
docking analysis supported this observation (fig. S4H).

On the basis of the notion that PARP1 could undergo to
ubiquitin-mediated degradation (21), we tested whether USP1
could act on PARP1 protein stability. Consistently with its DUB role,
USP1 depleted cells had an increased amount of polyubiquitinated
form of PARP1, which was completely abolished after treatment
with the ubiquitin-activating enzyme inhibitor MLN-7243 (fig. S5,
A and B). Moreover, the overexpression of USP1"'" but not of the
inactive form USP1“°® (9) reduced PARP1 polyubiquitination
(Fig. 4A). Nevertheless, by treating USP1"" and USP1¥° cells with
cycloheximide (CHX), we observed that USP1 inhibition did not
decrease PARP1 protein half-life (fig. S5C). Together, these data
suggested that USP1 deubiquitinates PARP1, but it is not involved in
the regulation of its protein stability that, conversely, seems to be
linked to the activity of USP15 in triple-negative breast cancer
model (22). Polyubiquitination could have different outcome on
the modified substrate depending on the type of specific linkage. In
particular, K48 polyubiquitination targets protein substrates to
proteasome degradation, while K63 linkage-specific ubiquitination
regulates a variety of nonproteolytic cellular functions, including
DNA damage repair (fig. S5D) (23). Using specific antibodies that
distinguish between these two different polyubiquitin chains, we
demonstrated that K63 but not the K48-linked polyubiquitination
of PARP1 was regulated by USP1 expression (Fig. 4B and fig. S5E),
supporting the possibility that USP1 regulates PARP1 activity rather
than its stability.

Recent evidences demonstrated that a stepwise SUMOylation-
ubiquitination modification of PARP1 trapped on the DNA was
necessary to remove cytotoxic bound PARPI from chromatin
through the recruitment of the p97 ATPase (24). We thus tested
whether USP1 is a DUB enzyme possibly involved in this pathway.
To this aim, we treated OVCAR-8 cells with SJB and niraparib in
combination or not with the SUMOylation inhibitor ML-792 or
with the ubiquitin-activating enzyme inhibitor MLN-7243. We con-
firmed that USP1 inhibition, alone and better in combination with
niraparib, enhanced PARP1 ubiquitination (Fig. 4C and fig. S5F).
These modifications induced by USP1 inhibition were almost
completely abolished when cells were treated with MLN-7243, con-
firming that USP1 regulates PARP1 polyubiquitination. Yet, the use
of ML-792 (SUMOylation inhibitor) had no/little effects on SJB-
induced PARP1 ubiquitination (Fig. 4C), suggesting that USP1-
mediated deubiquitination of PARP1 is not primarily involved in
the described Protein Inhibitor Of Activated STAT Protein 4 (PIAS4)/
Ring Finger Protein 4 (RNF4)/p97 axis and does not require the
PARP1 SUMOylation step.

Next, using both His-ubiquitin pull down assays and in silico protein
structure analysis, we mapped the USP1-induced deubiquitination
of PARP1 into the region comprising the BRCT and the tryptophane
(W)-, glycine (G)-, arginine (R)-rich domain (WGR domain), which,
together with Zn1/3, binds to DNA, forming interdomain contacts to
link the DNA damage interface to the catalytic domain (CAT) (fig. S5, G
and H) (25). We found that USP1-mediated deubiquitination of PARP1
had biological consequences as demonstrated by overexpression of
PARP1 full length but not of its ABRCT/WGR mutant (which lacks
WGR domain but maintains both DNA binding and CAT domains) in
cells then treated with niraparib, in combination or not with SJB. Cell
viability assay and Western blot analysis showed that, as expected,
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Fig. 3. PARP1 is a target of USP1. (A) Graphs representing cell viability of COV-318 and OVCAR-8 cells after 16 hours of treatment with the specific PARP1 inhibitor AZD-
9574, SJB, or the combination (COV-318: SJB 200 nM and AZD 500 pM; OVCAR-8: SJB 100 nM and AZD 250 pM). Data are expressed as percentage of viable cells with re-
spect to the untreated conditions and represented the mean (+SD). (B and C) Coimmunoprecipitation (co-IP) analysis of exogenous in 293T17 (B) or endogenous in
COV-318 cells (C) interaction between USP1 and PARP1 proteins. (D) Co-IP analysis of endogenous USP1 and PARP1 interaction in OVCAR-8 cells treated or not with SJB
(500 nM) or niraparib (1pM) for 3 hours. (E) Representative confocal microscopy images of endogenous PARP1/USP1 proximity ligation assay (PLA) in OVCAR-8 cells
treated or not with SJB (500 nM) for 3 hours. White dashed boxes highlight the areas magnified in the panels below. The graph on the right report the fluorescence inten-
sity/cells for each condition (>60 cells analyzed per condition, n = 3). (F) Schematic representation of PARP1-truncated mutants used in this work. (G) Co-IP analysis per-
formed in whole lysates of 293T17 cells transfected with FLAG-tagged plasmids for PARP1 described in (F) together with plasmid encoding GFP-tagged USP1
(* = aspecific band). In (B), (C), (D), and (G), input indicates the expression of PARP1 and USP1 in cell lysates. Immunoglobulin G (IgG) represents the control IP using an
unrelated antibody. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or tubulin was used as loading controls. In (A) and (E), two-tailed, unpaired Student’s t test was

used (***P < 0.001 and ****P < 0.0001).

ABRCT/WGR-deleted mutant was more resistant to PARPi and “insen-
sitive” to niraparib-induced DNA trapping, since the lack of WGR
domain presumably disrupted the allosteric communication required
for PARP1 trapping, contributing to PARPi resistance (Fig. 4D and
fig. S5I). Cells expressing the ABRCT/WGR mutant showed unrespon-
siveness also to the PARPi + USP1 inhibitor combination (Fig. 4D),
reinforcing the concept that USP1-mediated deubiquitination of PARP1
has a relevant role in regulating the sensitivity of EOC cells to PARPi.

Nespolo et al., Sci. Adv. 10, eadp6567 (2024) 13 November 2024

USP1 inhibition induces PARP1 trapping

As mentioned above, the Znl, Zn3, and WGR domains of PARP1
are essential to support DNA-dependent PARP1 enzymatic activity,
since they lead, after DNA binding, to a marked conformational
change that facilitates the access of the substrate nicotinamide ade-
nine dinucleotide (NAD™) and activates the CAT (25). Mutations/
alterations in these domains, by disrupting interdomain allosteric
communication, reduced the poly-ADP-ribosylation (PARylation)
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Fig. 4. USP1 regulates PARP1 K63-linked ubiquitination. (A) His-Ubiquitin pull down assay of Flag-PARP1 in 293T17 cells co-transfected with His-tagged ubiquitin,
PARP1, USP1"T, or USP19%, (B) Endogenous PARP1 ubiquitination analysis in OVCAR-8 USP1 WT or KO cells transfected with His-tagged ubiquitin. Whole-cell lysates were
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cipitation. (D) Nonlinear regression analysis of cell viability assay in OVCAR-8 cells transfected with Flag-tagged PARP1 full-length (FL) or ABRCT/WGR deletion mutant and
treated with increasing doses of niraparib together or not with SJB (50 nM). Overexpression was checked by WB analysis. Data and statistical analysis were calculated and
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and ubiquitin in cell lysates. IgG represents the control IP using an unrelated antibody. GAPDH or tubulin was used as loading controls.

activity (25-27). The data collected so far indicated that USP1 is
necessary to regulate PARP1 deubiquitination on its BRCT-WGR.
Consistently, USP1 inhibition, inducing a persistent K63-linked chain
[which predominantly forms an extended conformation (28)] could
prevent the “activation” of the CAT domain due to steric hindrance
of the polyubiquitin chain.

Therefore, we tested whether USP1 inhibition could affect global
PARylation activity of PARP1 and observed that USP1 impairment
resulted in a massive abrogation of PARylation in all tested EOC
cells, in both dose- and time-dependent manner independently on
their BRCA1/2 status (Fig. 5, A and B, and fig. 6, A and B). Of note,
using an enzyme-linked immunosorbent assay (ELISA) kit measur-
ing PARP1 activity on histone proteins, we observed that the amount
of PAR chains deposited by PARP1 was significantly reduced by
both SJB and niraparib treatments with no significant differences
between the two inhibitors (Fig. 5C and fig. S6C). Accordingly, in
USP1%© cells, niraparib had a ~10 fold higher activity in inhibiting
PARylation respect to USP1"" cells (Fig. 5D and fig. $6D). In line
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with the above experiments, we also observed that USP1 inhibition
prevented PARP1 auto-PARylation and that it was regulated by the
overexpression of USP1"T but not of the catalytic inactive form
USP1<% (Fig. 5E and fig. S6E). Together, these data confirmed that
USP1-mediated deubiquitination of PARP1 is fundamental to regu-
late its catalytic activity.

PARPI catalyses auto-PARylation to lead its release from DNA
and allow DNA repair and replication to proceed (2). In line with
this notion, we found that SJB treatment induced not only USP1 but
also PARP1 trapping in both dose- and time-dependent manner
(Fig. 5F and fig. S6, F to H). To support the involvement of USP1 in
PARP1 trapping and check whether USP1 inhibition impairs also
the recruitment of PARP1 to DNA damage sites, we performed laser
microirradiation on OVCAR-8 cells transfected with green fluores-
cent protein (GFP)-tagged PARPI. As expected, we found that
GFP-PARP1 quickly localized to DNA lesions, but its recruitment
was not affected by SJB treatment (Fig. 5, G and H, and movies S1
and S2). Conversely, we observed that, 4 min after laser-induced
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PARP1 interaction (J) and PARP1 polyubiquitination (L) on chromatin of OVCAR-8 cells treated with SJB (500 nM) for 3 hours. (* = aspecific band). (K) Representative confo-
cal microscopy images of endogenous PARP1 and ubiquitin (Ubi) PLA in OVCAR-8 cells overexpressing His-ubiquitin and treated or not with SJB (500 nM, 3 hours). White
dashed boxes highlight the magnified areas. The graphs on the right report the fluorescence intensity/cells for each condition (>100 cells analyzed, n = 3). (M) WB analy-
sis of PARP1 expression on whole lysates and chromatin fractions of OVCAR-8 overexpressing Flag-PARP1 FL or ABRCT/WGR mutant and treated as in (J). In (C) and (K),
two-tailed, unpaired Student’s t test was used (*P < 0.05 and ****P < 0.0001)

DNA damage, USP1 inhibition kept a persistent PARP1 localization ~ co-IP on chromatin fraction, chromatin immunoprecipitation
on the lesions respect to the untreated cells (Fig. 5 and movies S1 ~ (ChIP) assay and in silico docking analysis, we confirmed this hy-
and S2), indicating that USP1 did not affect PARP1 recruitment to  pothesis (Fig. 5] and fig. $6, I and J). Moreover, in USP1¥° cells, we
the site of damage but regulated PARP1 trapping on damaged DNA. found that PARP1 increased in the chromatin fraction with a

All the data described above supported the possibility that USP1/  smeared banding pattern respect to the USP1IWT cells (fig. S6K). Ac-
PARP1 interaction occurred preferentially on DNA and that USP1  cordingly, proximity ligation assay (PLA) and co-IP analysis con-
inhibition prolonged PARP1 presence on the damaged DNA. Using  firmed that the increment of PARP1 polyubiquitination after USP1
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inhibition occurred preferentially in the nucleus and specifically
on chromatin-bound PARP1 (Fig. 5, K and L, and fig. S6L). More-
over, the ABRCT/WGR-deleted mutant, insensitive to USP1 regula-
tion (Fig. 4D and fig. S5I), was more bound on chromatin respect
to PARP1 full-length protein and its trapping was not affected by
SJB treatment (Fig. 5M), suggesting that USP1-mediated deu-
biquitination of PARP1 may regulate its attachment/detachment
balance on DNA.

PARPi exerts their cytotoxic effects mainly by trapping PARP1
on DNA (29). Yet, using three different PARPI, specifically olaparib,
veliparib, and talazoparib alone or in combination with USP1 in-
hibitor, we observed that SJB treatment not only strengthened the
killing efficacy of all PARPi used but also boosted their trapping ca-
pacity and DNA damage activation, irrespective of their trapping
potency (fig. S7, A and B).

Data collected so far indicated that USP1 inhibition, like PARPi
treatment, could induce USP1 and PARP1 trapping on DNA spe-
cifically at the replication fork, thus explaining why it induced
stalled replication fork and activation of replication stress (Fig. 1).
To verify this possibility, we used iPOND (isolation of proteins on
native DNA) and SIRF (single-cell assay for in situ protein interac-
tion with nascent DNA replication forks) analyses and demonstrat-
ed the presence of both USP1 and PARP1 on nascent DNA in basal
condition and their enrichment upon SJB treatment, in line with the
observed stalled replication fork (Fig. 6, A to C and fig. S7C). More-
over, detecting the proximity of PARP1 and USP1 to phosphorylat-
ed H2AX (yH2AX) by PLA after SJB treatment, we confirmed that
they both localize at the sites of DNA damage, likely as a conse-
quence of fork collapse (Fig. 6D and fig. S7, D to F).

It has been observed that PARPi binding to the CAT of PARP1
causes its reversible inhibition (30). This observation has been con-
firmed in our EOC models treated with niraparib for 3 hours and
then released in PARPi-free medium. After niraparib withdrawal,
chromatin-bound PARP1 was almost completely removed and its
PARylation activity restored (fig. S7G). Conversely, when niraparib
was used in combination with the USP1 inhibitor, we observed not
only that the combined regimen boosted PARP1 and USP1 trapping
on DNA, but, importantly, that SJB prevented the reversible effect of
niraparib keeping PARP1 trapped on DNA damage sites even after
PARPi replacement, resulting in the activation of RS and DNA dam-
age (Fig. 6, E to H, and fig. S7TH). Overall, the data collected here
indicated that USP1 activity is necessary to deubiquitinate PARP1 at
the site of DNA damage thereby modulating PARP1 dynamic activ-
ity necessary for the repair of damaged DNA (Fig. 6I).

USP1 inhibitor strengthens the efficacy of PARPi in
Pt/PARPi-resistant in vivo models

To further investigate whether our in vitro findings translated to a
clinically relevant context, we first tested the efficacy of USP1/
PARP1I inhibitors combination in six primary cultures isolated from
the ascites of four EOC with HGSOC (fig. S8A and table S1). The
treatment with USP1 inhibitor effectively increased the efficacy of
PARPI in all tested models among which we also included primary
cultures from PARPi-relapsed patients (Fig. 7A).

To the best of our knowledge, SJB inhibitor has never been used
in mouse models. We thus first tested its tolerability in vivo in
C57Bl/6 mice. Mice treated with SJB used alone or in combination
with PARPi showed no sign of suffering and blood tests revealed
that it was not toxic and neither increased niraparib hematological
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toxicity (fig. S8B), supporting the feasibility of using this therapeutic
regimen in vivo.

Pt- and PARPi-resistant tumors represent the most clinically rea-
sonable EOC diseases to test the usefulness of USP1/PARPi combi-
nation. We thus evaluated the effect of SJB treatment in combination
with niraparib in CRISPR-Cas9-modified murine model of HG-
SOC, ID8 double knockout (KO) for the Tumor Protein P53 (TP53)
and the Phosphatase and tensin homolog (PTEN) genes (ID8
p53_/_/PTEN— =) (31, 32), which displayed increased resistance to
both Pt and PARPi treatments respect to ID8 TP53 KO cells (fig. S8,
Cand D). Also, in this model, USP1 inhibition significantly resensi-
tized PTEN KO cells to niraparib treatment, recapitulating what ob-
served in human-derived cell lines (Fig. 7B).

We next assessed the intraperitoneal (i.p.) growth and spread-
ing of ID8 p53~'"/PTEN ™'~ in female C57B1/6 mice treated with
niraparib in combination with USP1 inhibitors, SJB or KSQ following
the schemes reported in Fig. 7C. These cells displayed a very aggres-
sive behavior when injected i.p. in mice, inducing the formation of
huge volume of hemorrhagic ascites and high tumor deposits on
abdominal organs, in particular on peritoneal wall and diaphragm
surface (fig. S8E) (32). In this scenario, we demonstrated that mice
treated with the combination of USP1 and PARP inhibitors presented
lower amount of ascites with a reduced number of tumor cells
(Fig. 7D and fig. S8F). Moreover, histopathological analyses strongly
pointed out that SJB/KSQ-niraparib combined regimen limited the
metastatic dissemination of ID8 p53~'~/PTEN~"" cells (Fig. 7E and
fig. S8G).

Similar results were obtained in nonobese diabetic severe com-
bined immunodeficient gamma (NSG) mice injecting i.p. a patient-
derived xenograft model (PDX#OV218.3) established in our
laboratory from a patient with BRCA1-mutated HGSOC with ac-
quired Pt/PARPi resistance according to her clinical history (Fig. 7F,
fig. S9A, and table S1). Macroscopic measure of tumor spreading
clearly revealed that the cotreatment with both SJB and niraparib
led to a significant reduction, relative to single-agent therapies, in
the amount of tumor masses and in the number of tumor cells in
ascitic fluids (Fig. 7G and fig. S9B). Tumor infiltration of the organs
in the peritoneal cavity and the number of metastases were also sig-
nificantly reduced in combo-treated mice (Fig. 7, H and I, and
tig. S9C). Last, in accordance with the in vitro data, USP1 inhibition
alone, and better in combination with PARP], activated the replica-
tion stress pathway and increased the presence of DNA damage in
vivo (Fig. 7, J and K, and fig. S9D).

Together, these data supported the importance to restrain USP1/
PARPI axis to not only improve response to chemotherapy and
overcome resistance but also lessen the associated tumor aggressive-
ness and invasion capabilities.

DISCUSSION

PARPi have drastically transformed the management of patients
with EOC, especially for those harboring defects in genes involved
in HR pathway. Unfortunately, despite the initial exciting respon-
siveness to PARPI, increasing numbers of patients experience dis-
ease progression due to the development of resistance. In this
context, combination strategies involving PARPi are currently tested
in multiple clinical trials to enhance efficacy and overcome resis-
tance through synergistic activity. In this scenario, different groups
have suggested also USP1 as a potential therapeutic target to
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presented as the mean =+ SD of the percentage of positive cells for each field (>280 cells/field counted in each condition). Representative images were reported in (K). Two-tailed,
unpaired Student’s t test was used (*P < 0.05, **P < 0.01, **P < 0.001, and ****P < 0.0001).
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increase PARPi response but only in a subset of Pt-sensitive and
BRCA1/2-deficient tumors (13, 14, 33).

In our work, we clearly demonstrated that USP1 inhibition/abro-
gation potentiates the response against PARPi irrespective of HR
status and also in EOC recurrent resistant disease, which is current-
ly uncurable. Our in vitro and in vivo data pointed the extreme ef-
ficacy of the combination of USP1/PARP1 inhibitors that might
merit to be tested in future clinical trials in particular for patients
with Pt/PARPi-resistant EOC who, until now, do not have valid
therapeutic opportunities. Resistance to PARPi could depend on
multiple causes, first of all, on restoration of HR DNA repair path-
way, for instance, by BRCA1/2 mutation reversion (34). The fact that
USP1i improves PARPi activity in both HRP and HRD models and
in ovarian cancer models that become resistant to Pt and PARPi
suggests that in these settings, the combination treatment we pro-
pose here could have promising clinical applications.

From a molecular point of view, similarly to what observed in
other cancer models (22, 35), we identified PARP1 as a key substrate
of USP1. We demonstrated that USP1 binds to the DBD of PARP1
to promote the removal of K63-linked polyubiquitin chains from its
BRCT-WGR domain, and regulate its enzymatic activity rather than
its protein stability. Accordingly, loss of PARP1 deubiquitination
due to USP1 inhibition could induce in the BRCT-WGR domain of
PARPI, a steric hindrance of the persistent polyubiquitin chains
that could prevent the “activation” of the CAT domain retaining, in
turn, PARPI trapped on chromatin, impairing its PARylation activ-
ity and inducing cell death (Fig. 6I). While this manuscript was in
preparation, others demonstrated that USP1 regulates PARPI sta-
bility in cholangiocarcinoma cells (35). Therefore, it would be inter-
esting to understand whether this activity of USP1 on PARP1, not
observed in ovarian cancer (this manuscript) or in triple-negative
breast cancer (which is known to be genetically more similar to
high-grade ovarian cancer) (22), is dependent on the cancer model
tested or on some USP1 posttranslational modification (e.g., acety-
lation) associated with the progression of different tumor types.

Acquired PARPi resistance has been linked to point mutations in
PARP1 that decrease the trapping ability of PARPi (27). Our obser-
vations that USP1 contributed to the trapping of PARP1 on the
damage lesions and that USP1i prolonged the presence of PARP1 at
the damage sites suggested that USP1 inhibitors could also be active
in the presence of decreased trapping abilities of PARPI. This possi-
bility is in line with our provided evidences on the fact that USP1i
increased the sensitivity to different PARPI, irrespective of their
trapping potency and in multiple PARPi-sensitive and PARPi-
resistant models. Yet, whether USP1i could restore the sensitivity to
PARPi in cells with acquired PARP1 mutations (e.g., PARP1®?1€) s
something that should be proved in future works.

Recently, Lord’s group described a new molecular cascade medi-
ated by PIAS4/RNF4/p97 axis essential for the removal of trapped
PARP1 from DNA (24). Our data suggest that USP1 is not involved
in this stepwise mechanism, even if these differentially mediated
posttranslational modifications could cooperate to regulate PARP1
activity and, in turn, influence the cellular response to PARPi. Fur-
ther analysis will be useful to elucidate this point.

Both USP1 and PARP1 are involved in replication fork protec-
tion (12, 13, 15, 36, 37). We demonstrated that USP1/PARP1 inter-
action occurs preferentially and specifically on the replication
fork, where USP1-mediated PARP1 deubiquitination seems to
be necessary for its full activity in DNA damages repair. Laser
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microirradiation results suggested that USP1-mediated K63-
linked deubiquitination on PARP1 was not important to drive
PARP1 to the DNA damage site but only to regulate its dynamic
attachment/detachment on the lesions (Fig. 6I). The identification
of the lysine residue in the BRCT-WGR domains involved in
USP1-mediated deubiquitination, together with structural and
crystallography analyses, could help, in the future, to better clarify
this point. Moreover, we have not defined here which are the ubiq-
uitin ligases involved in PARP1 K63-linked ubiquitination. Yet, it
has been shown that the E3 ubiquitin ligase, Rad18, is involved in
the regulation of stalled replication forks by monoubiquitinating
PCNA (38) and several reports disclosed the importance of USP1/
Rad18/PCNA axis in fork protection during RS and in cell sensi-
tivity after USP1 inhibitors treatment (13, 14). Accordingly,
RAD18 was identified as a novel gene important for cell survival
after PARPi (29). Thus, it would be worth in the future to verify
whether Rad18 could be the E3 ligase involved in PARP1 K63-
linked ubiquitination that balance USP1-mediated regulation of
PARP1 trapping and activity.

In conclusion, our work elucidates a previously unknown mech-
anism of USP1 in the regulation of DNA damage repair and RS by
targeting PARP1 to coordinate its DNA trapping and PARylation
activity. This USP1/PARP1 axis could explain the synergistic activity
of USP1 and PARP1 inhibitors when used in combination and could
be an encouraging new therapeutic choice for patients with Pt/
PARPi-resistant EOC regardless their HRD status.

MATERIALS AND METHODS

Human samples

Biospecimens were obtained from patients who gave their informed
consent, under protocols approved on 7 October 2019 by the Ethics
Committee (OutCoME protocol, CRO-2019-53 approval CEUR
2019-Sper-084). Patients’ data were pseudonymized and collected in
a prospective database. Patient-derived primary cells were obtained
from ascites of patients with EOC collected at Centro di Riferimento
Oncologico of Aviano (CRO; table S1). First, primary tumor cells
were separated from ascitic fluid by centrifugation at 1200 rpm for
10 min. Then, if necessary, red blood cells were removed from the
pellet by applying the lysis buffer (lysing buffer, BD Bioscience) for
5 min at 37°C and recentrifuged at 1200 rpm for 5 min. Primary
cells were plated in 150-cm? flasks and maintained in OCMI medi-
um [M199 medium + F12-HAM’s medium supplemented with in-
sulin (20 pg/ml), hydrocortisone (500 ng/ml), epidermal growth
factor (EGF) (10 ng/pl), 2% fetal bovine serum (FBS), 1% penicillin/
streptomycin, cholera toxin (25 ng/ml), and 2% ascitic liquid].

Mice

Animal experimentation was reviewed and approved by CRO Insti-
tutional Organism for Animal Wellbeing and by the Italian Ministry
of Health (aut. n0.1261/2015-PR, released to G.B. and aut. no.
655/2023 released to M.So.). Female C57BL/6 or NSG (3/4 weeks
old) were acquired from Charles River Laboratories and maintained
in the animal facility of CRO in standard conditions.

C57Bl/6 and NSG mice were injected intraperitoneally with 2 X
10° ID8 P53/~ PTEN ™'~ or PDX (PDX#0V218.3), respectively. In
each experiment, mice were randomly divided into four groups
(four mice per group for C57Bl/6 and five mice per group for NSG)
and treated by i.p. injection with SJB (20 mg/kg) or by oral gavage of
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KSQ (30 mg/kg) in combination or not with niraparib (30 mg/kg)
by oral gavage according to the scheme reported in figures. Ascitic
fluids, tumor masses, and abdominal tissues were collected for anal-
ysis of tumor dissemination. Formalin-fixed tissues were then dehy-
drated in ethanol and xylene before paraffin embedding and then
stained with hematoxylin and eosin.

Cell cultures

OVCAR-8 cells were purchased from National Cancer Institute De-
velopmental Therapeutics Program Tumor Repository; KURAMOCHI
(JCRB0098) and OVSAHO (JCRB1046) cells were obtained from the
Japanese Collection of Research Bioresources Cell Bank; COV-362
(07071910) and COV-318 (07081903) were from European Collec-
tion of Authenticated Cell Cultures; and TOV-112D (CRL-11731)
and NIH:OVCAR-3 (HTB-161) were from American Type Culture
Collection. All OC cell lines were maintained in RPMI-1640 medium
(Gibco, no. 61870) containing 10% heat-inactivated FBS (Gibco,
no. A5256701) and 1% penicillin/streptomycin. COV-318 are main-
tained in Dulbecco’s Modified Eagle Medium (DMEM; Gibco, no.
61965) complete medium. Cisplatin-resistant (PT-res) EOC cells
and USP1 KO cells establishment was described previously (8, 17).
Human embryonic kidney (HEK) 293/T17 cells (ATC, CRL-11268)
that have been used for overexpression strategies were grown in
DMEM high-glucose complete medium. ID8 P53~ PTEN ™~ mu-
rine cells were provided by I. McNeish (Hammersmith Hospital,
London) and grown in DMEM high-glucose complete medium
added with ITS [insulin (5 pg/ml), transferrin (5 pg/ml), and sodi-
um selenite (5 ng/ml)]. All cell lines were grown in standard condi-
tions at 37°C and 5% CO,. All cell lines were routinely authenticated
in our laboratory using the Cell ID TM System (Promega) protocol
and using the PowerPlex 16 HS System to identify DNA short tan-
dem repeat profiles. HR status of EOC cells used was verified using
the AmoyDx HRD Focus panel (AmoyDx Diagnostics) according
to the manufacturer’s protocol.

Growth curves

OVCAR-8 and COV-318 USP1"" and USP1¥° cells were seeded in
12-well plates (50,000 and 30,000 cells per well, respectively). Viable
cells were counted daily in triplicate for 7 days by the trypan-blue
dye exclusion method.

Compounds and drug treatments

Dose-response curves were performed essentially as previously de-
scribed (8). In brief, EOC cells were seeded in 96-well culture plates
and, when necessary, transfected with overexpressing vectors as in-
dicated. The day after seeding (or 72 hours after transfection), cells
were treated with USP1 inhibitor SJB (MedChemExpress, no. HY-
80012) or KSQ (Selleckchem, no. E1214) and/or with different PAR-
Pi: niraparib (Selleckchem, no. S2741), olaparib (Selleckchem, no.
§1060), veliparib (Selleckchem, no. S1004), talazoparib (Selleck-
chem, no. S7048), and AZD-9574 (Selleckchem, no. E2147) as in-
dicated. Cell viability was analyzed with the CellTiter 96 AQueous
cell proliferation assay (MTS) (Promega, no. G358C) following
the manufacturer’s instructions. To evaluate PARP1 protein sta-
bility, OVCAR-8 USP1"" and USP1¥© cells were treated with
CHX (Sigma-Aldrich, no. C4859, 30 pg/ml) for 4, 8, and 16 hours
as indicated. SUMOylation and ubiquitination were analyzed us-
ing specific inhibitors, 1 pM ML-792 (MedChemExpress, no. HY-
108702) and 1 pM MLN7243 (Selleckchem, no. S8341), respectively.
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ATR-mediated DNA replication checkpoint was analyzed using the
specific ATR inhibitor AZD-6738 (ceralasertib) 5 pM (Selleckchem,
no. S7693).

Synergy measurements

The synergism of the USP1i/PARPi combined treatment was calcu-
lated using the HSA metric by the online tool SynergyFinder
(39, 40). For HSA, a combination of drug X and drug Y is classified
as synergistic if the effect of the combination is larger than the effect
of either drug X alone or drug Y alone. HSA score larger than 10
indicates that the interaction between two drugs is likely to be syn-
ergistic. To calculate HSA score in our model, OVCAR8 and COV-
318 cells were seeded in 96-well culture plates and treated with
equipotent doses of SJB and niraparib (IC10:10, IC25:25, and
IC50:50 cytotoxic ratio) or an excess of either agent (IC10:25,
IC10:50, and IC25:50 cytotoxic ratio) for 72 hours. Cell viability was
measured through MTS assay as indicated above.

Plasmids, vectors and transductions

pEGFP-C1 USP1"T plasmid was provided by R. Bernards; pEGFP-
C1 USP1 mutant C90S was generated ad described (8). pCMV-
PARP1-3xFlag-WT was from T. Muir (provided from Addgene
no. 111575). PARP1 deletion mutants 1-340, 1-530, 1-660, CAT, and
ABRCT-WGR were generated using a QuickChange XL site-
directed mutagenesis kit (Agilent, no. 200516). Human GFP-tagged
PARP1 was provided from OriGene (no. RG207085). pCI-His-hUbi
was from Astar Winoto (provided from Addgene no. 31815). Plas-
mids were transfected in HEK293/T17 or OVCAR-8 cells using
FuGENE HD Transfection Reagent (Promega) according to the
manufacturer’s indications. COV-318 PARP1-silenced cells were
generated through lentiviral transduction particles purchased from
Sigma-Aldrich (clone ID: TRCN0000007928). Seventy-two hours
after transduction, cells were selected with puromycin (1.5 pg/ml)
for stable silencing.

Preparation of cell lysates, immunoblotting,

and immunoprecipitation

Cells were lysed in cold RIPA buffer [150 mM NaCl, 50 mM tris-
HCI (pH 8), 0.1% SDS, 1% Igepal, and 0.5% NP-40] added with pro-
tease inhibitors cocktail (Roche), phosphatase inhibitors (1 mM
Na3;VO, and 10 nM NaF) and 1 mM dithiothreitol. To evaluate
PARylation levels, by Western blot analysis Poly(ADP-ribose) glyco-
hydrolase (PARG) inhibitor ADP-HPD dihydrate ammonium salt
(no. 118415, Sigma-Aldrich) was added to RIPA lysis buffer comple-
mented with protease inhibitors listed before. To obtain chromatin
fractions, residual pellets after lysis were resuspended in SDS 1%
and sonicated. Proteins’ quantification was performed by Bradford
colorimetric assay (Bio-Rad, no. 5000006). Proteins were separated
by 4 to 20% SDS-polyacrylamide gel electrophoresis (Criterion Pre-
cast gels, Bio-Rad) and blotted on nitrocellulose membrane (GE
Healthcare). Immunoprecipitations were performed using cell ly-
sates or chromatin fractions diluted in HNTG bulfter, with the addi-
tion of the indicated primaryantibody (anti-Flag M2, Sigma-Aldrich,
no. F3165; anti PARP1, Cell Signaling Technology, no. 9532). After
overnight rotation at 4°C, the immunocomplexes were precipitated
adding protein G or protein A (GE Healthcare, no. 17061801 and
no. 17528001) agarose conjugates for an additional 1 hour and
30 min at 4°C, then washed in HNTG buffer and resuspended in 3x
Laemmli sample buffer. Membranes were blotted overnight at 4°C
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with primary antibodies. The following primary antibodies were
used: USP1 (no. HPA028440, 1:1000) and Flag M2 (no. F3165,
1:500) from Sigma-Aldrich; PARP1 (sc-8007, 1:1000), tubulin (sc-
9104, 1:400), fibrillarin (sc-25397, 1:500), and CHK1 (sc-8408,
1:500) from Santa Cruz Biotechnology; ubiquitin (no. 3936, 1:1000),
pCHKI1 $345 (no. 2341, 1:800), RPA32 (no. 2208, 1:1000), H3 (no.
4499, 1:500), and ATR (no. 2790, 1:500) from Cell Signaling Tech-
nology; YH2AX (no. 05-636, 1:1000), Ub-K63 (no. 05-1308, 1:1000),
Ub-K48 (no. 05-1307, 1:1000), and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; no. CB1001, 1:1000) from Millipore;
pRPA32 S33 (no. A300-246A, 1:1000) from Bethyl Lab; RAD51
(no. PA5-27195, 1:1000) from Invitrogen; PAR (no. 4335-MC,
1:1000) from R&D; and pATR T1989 (no. GTX128145, 1:500)
from GeneTex. Horseradish peroxidase-conjugated (Bethyl Lab)
or Alexa-conjugated (Invitrogen) secondary antibodies were used
for detection.

Benzonase treatment

Benzonase treatment was performed according to the protocol pub-
lished by Cattoglio et al. (41) to evaluate DNA contribution in
USP1-PARP1 interaction. In brief, cells were seeded in 150-mm cul-
ture dishes and treated or not with 500 nM SJB for 3 hours. Cells
were washed twice and harvested with ice-cold phosphate-buffered
saline (PBS) 1x added of protease inhibitors, centrifuged, and the
pellet were fast-frozen and stored at —80°C. The pellet was resus-
pended in freshly prepared cell lysis buffer with protease inhibitors
and rotated for 8 min, then centrifuged obtaining the cytoplasmic
fraction. The insoluble part was further resuspended and sonicated;
the samples were then equally split in two parts, one to be left un-
treated and one to digest with 500 U of benzonase (no. E1014,
Sigma-Aldrich), rotating 4 hours at 4°C. Samples were spun and the
supernatant quantified by Bradford assay, then used to immunopre-
cipitate the protein of interest.

Ubiquitin pulldown

Ubiquitin pulldown was performed on cell lysates using Ub-affinity
beads (Cytoskeleton, UBAO1-beads) according to the manufactur-
er’s instructions. In brief, 20 pl of beads suspension was added to
600 pg of cell lysates carried out in 50% RIPA buffer and incubated
on a rotating platform at 4°C for 2 hours. Beads were washed three
times with 50% RIPA buffer, then resuspended in 2X nonreducing
SDS sample buffer and 1 pl of B-mercaptoethanol.

Isolation of proteins from nascent chromatin (iPOND) assay

The iPOND assays was performed essentially as described (42). In
brief, about 9 to 10 x 10” proliferating OVCAR-8 cells were pulse
labeled with 10 pM EdU (Thermo Fisher Scientific, no. A10044) for
10 min, then lysed with ice-cold nuclei extraction buffer [20 mM
Hepes (pH 7.2), 50 mM NaCl, 3 mM MgCl2, 300 mM sucrose, and
0.5% IGEPAL CA630] and nuclei were harvested. The suspension
was centrifuged and the pellet resuspended with ice-cold click reac-
tion mix to conjugate biotin-azide (no. B10184, Thermo Fisher
Scientific) to EdU-labeled DNA. Click reaction mix was composed
by biotin-azide (or dimethyl sulfoxide as “no-click” control), sodi-
um ascorbate (no. A4034, Sigma-Aldrich), and copper sulfate (no.
209198, Sigma-Aldrich) added in this order to cold PBS. Samples
were rotated at 4°C for 1 hour, then centrifuged and washed with
ice-cold PBS: If the click reactions have been successful, the pellet
should be slightly blue. After washing, samples were resuspended in
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lysis buffer and sonicated twice for 3 s at 10% amplitude, then
12 times for 10 s at 10% amplitude. Pulldown samples underwent to
streptavidine capture adding 100 pl of streptavidine-agarose beads
(Sigma-Aldrich, no. 69203-3) in B2 buffer [150 mM NaCl, 2 mM
EDTA, 50 mM tris-HCI (pH 8.0), and 0.5% IGEPAL CA630] to each
sample and rotating them overnight at 4°C. Proteins were resolved
on SDS-PAGE and detected by Western blotting.

Chromatin immunoprecipitation assay

OVCAR-8 cells (~1 x 10 for each treatment condition) were treated
for 3 hours with SJB, then cross-linked with 1% formaldehyde for
10 min and chromatin was prepared via MNase enzymatic digestion
according to the protocol. ChIP was performed using SimpleChIP
Enzymatic Chromatin IP kit (Magnetic Beads) no. 9003 from Cell
Signaling Technology, using PARP1 primary antibody (anti PARP1,
Cell Signaling Technology). Protein G magnetic beads (30 pl) were
added to each sample and rotated for 2 hours at 4°C, then washed
four times. Binding was analyzed by Western blot.

Immunofluorescence

Cells were seeded on coverslips and treated with SJB as indicated in
the figure legends. Cells were fixed in 4% paraformaldehyde (PFA)
for 20 min, permeabilized with 0.5% Triton X-100 for 10 min and
blocked in 1% bovine serum albumin (BSA) for 1 hour. Slides were
incubated overnight at 4°C in humid chamber with primary anti-
bodies in 1% BSA: yH2AX (Millipore, 1:500) and 53BP1 (Novus
Biologicals, 1:50). Alexa Fluor secondary antibodies (1:200) and
TO-PRO-3 iodide (Invitrogen) (1:500) were incubated 1 hour at
room temperature, then coverslips were placed on slides with
MOWIOL with DABCO 2.5% and images were acquired through
the TCS-SP8 Confocal Systems (Leica Microsystems) interfaced
with the Leica Confocal Software (version 3.5.5.19976) or the Leica
Application Suite software (version 6.1.1).

BrdU foci immunostaining

Cells were seeded on coverslips at low confluence and treated with
10 pM BrdU (Roche, no. 1170376) combined with SJB for 3 hours.
Following fixation in methanol for 10 min, slides were rehydrated in
PBS and then DNA denatured in 2 mol/liter HCI for 1 hour at
37°C. Acid was neutralized with 0.1 M borate buffer (pH 8.5),
changing buffer twice. Slides were incubated 1 hour at room tem-
perature with anti-BrdU primary antibody (BrdU labeling and
detection kit, Roche) diluted 1:10 in PBS with 0.1% BSA. Alexa
Fluor488 anti-mouse secondary antibody was incubated at room
temperature for 1 hour. Final images were acquired as described in
the Immunofluorescence section.

RPA32 foci immunostaining

Cells were seeded on coverslips and the day after they were treated
with SJB for 1 hour. The slides were processed according to the pro-
tocol described (43). In brief, slides were incubated first with extrac-
tion buffer 1 [10 mM PIPES (pH 7.0), 100 mM NaCl, 300 mM
sucrose, 3 mM MgCl2, 1 mM EGTA, and 0.5% Triton X-100] and
then with extraction buffer 2 [10 mM tris-HCI (pH 7.5), 10 mM
NaCl, 3 mM MgCl2, 1% Tween 40, and 0.5% sodium deoxycholate],
both for 10 min. Cells were fixed in PFA 4% for 20 min, permeabi-
lized with Triton X-100 0.5% for 10 min and blocked in BSA 5% for
20 min. RPA32 primary antibody (Cell Signaling no. 2208, 1:500)
was incubated in BSA 1% overnight at 4°C and detected with Alexa
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Fluor secondary antibody. Final images were acquired as described
in the Immunofluorescence section.

Proximity ligation assay (PLA)

A Duolink in situ PLA kit (Sigma-Aldrich) was used to perform the
assay following the indicated protocol. In brief, cells, seeded on
coverslips, were treated as indicated in the figure legends. Cells
were then fixed in PFA 4%, permeabilized in Triton X-100 0.5% for
10 min and blocked in blocking buffer. Primary antibodies (anti-
PARP1, no. 436400 from Invitrogen, 1:50, or from Cell Signaling,
1:50; anti-USP1, no. 8033 from Cell Signaling, 1:100; anti-ubiquitin,
Santa Cruz Biotechnology, 1:50; and anti-yH2AX, Millipore, 1:500)
were incubated overnight at 4°C. For PLA-negative controls only
one primary antibody was incubated. PLUS (Merck, no. DUO92002)
and MINUS (Merck, no. DU092004) PLA probes diluted in anti-
body diluent were incubated for 1 hour at 37°C; ligation and ampli-
fication steps (Merck, no. DU092014) were conducted at 37°C for
30 and 100 min, respectively. In all wash steps, PLA wash buffers A
and B (Merck, no. DUO82049) were used. Before mounting with
Mowiol, slides were incubated for 30 min with TO-PRO-3 iodide
(Invitrogen) (1:500) in 0.01X wash buffer B. Final images were ac-
quired as described in the Immunofluorescence section. Total cell
fluorescence intensity (CTCF) for each cell in different treatment
conditions were measured using Image]J program and calculated us-
ing the formula: CTCF = integrated density — (area of selected cell
x mean fluorescence of background readings).

In situ analysis of protein interactions at DNA replication
forks (SIRF)

SIRF assay was performed in accordance to the protocol described
(44). OVCAR-8 cells, seeded on coverslips, were pulsed with 125 pM
EdU, and then treated or not with SJB for 3 hours. Cells were then
fixed in PFA 2% for 15 min and permeabilized with Triton X-100
0.25% for 15 min. Click reaction was performed directly on slides
with 30 pl of fresh click reaction cocktail: 20 pM biotin-azide, 200 mM
sodium ascorbate, and 4 mM copper sulfate added in this order to
PBS. Slides were incubated for 1 hour at room temperature, followed
by blocking in PLA blocking buffer. For the following steps, PLA
protocol and reagents were used: the same primary antibodies and
the same reagents concentrations and incubation timing were used.
Final images were acquired as described in the Immunofluores-
cence section.

DNA fiber assay

The protocol described in Schwab and Niedzwiedz was used for
DNA fiber assay (45). OVCAR-8 and COV-318 cells, EOC USP1""
or USP1X cells, and OVCARS USP1*? overexpressing USP1"'" or
USP1% were seeded at low confluence and labeled according to
the schemes reported in the figures: Cells were incubated first with
25 uM IdU (no. 17125, Sigma- Aldrich) for 20 min, then with 250 pM
CldU (no. C6891, Sigma-Aldrich) for 20 min, or together with SJB
treatment for 3 hours. Then, cells were collected in cold PBS and
counted to have a final concentration of 300,000 cells/ml. Cells were
spotted on glass slides and lysed with fiber lysis solution (50 mM
EDTA and 0.5% SDS in 200 mM tris-HCI, pH 7.5). Slides were then
tilted to allow the fibers to spread. Fibers were fixed for 10 min in
methanol/acetic acid, denatured in HCI 2.5 M for 1 hour, and then
blocked in BSA 5% for 1 hour. Anti-BrdU (mouse) (no. 347580, BD
Bioscience) and anti-BrdU (rat) (no. ab6326, Abcam) primary
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antibodies were incubated overnight at 4°C, while Alexa Fluor 568
and Alexa Fluor 488 secondary antibodies were incubated 1 hour at
room temperature. Final images were acquired as described in the
Immunofluorescence section. We measured the length of about
100 fibers for each condition.

Comet assay

Comet Assay Kit (R&D, no. 4250-050-K) was used following alka-
line protocol according to the manufacturer’s indications. OVCAR-
8 and COV-318 cells or EOC USP1V" or USP1¥© cells were seeded
60-mm dishes and, the day after, treated or not with SJB for 3 hours.
After treatment (or after 24 hours from seeding for USP1VT and
USP1¥© cells), cells were collected and counted to have a suspension
with a final concentration of 4 x 10° cells/ml in PBS. Cell suspension
(50 pl) was added to 500 pl of LM agarose and then 50 pl of this mix
were spread onto a prewarmed slide. Cells were lysed and DNA de-
natured according to the protocol. DNA was labeled for the detec-
tion with Midori Green DNA stain (Nippon Genetics, no. MG04)
1:1500 in TE buffer for 30 min at room temperature. Images were
acquired through Leica TCS confocal, and Comet fluorescence in-
tensity was measured with Image] software.

HT chemiluminescent PARP/apoptosis assay

The PARP/Apoptosis Chemiluminescent Assay is ideal for measur-
ing PARP activity. This ELISA assay (R&D, no. 4685-096-K) detects
semiquantitatively the amount of PAR chains deposited onto im-
mobilized histone proteins in a 96-well format and was performed
following provider’s indications. Cell lysates of COV-318 cells treat-
ed with SJB or niraparib as indicated or of EOC USP1WT or USP1XC
were used as samples. After rehydration of histone-coated plate,
samples, standards, and controls were distributed. Ribosylation re-
action was activated by the addition of PARP substrate cocktail. Af-
ter primary and secondary antibody incubation, chemiluminescent
signal detection was performed adding PeroxyGlow A + B solution
and reading it through Infinite M1000 Tecan microplate reader.

Laser microirradiation

Laser-induced DNA damage was exploited to evaluate PARP1 re-
cruitment on the lesion site. OVCAR-8 cells were seeded in glass-
bottom dishes and transfected with GFP-tagged PARP1 vector.
Forty-eight hours after transfection, cells were presensitized with
10 pM BrdU for 24 hours and then treated or not with 500 nM SJB
for 3 hours. DNA damage was induced using a 405-nm laser at max-
imum power (100% laser power). Cells were recorded every 2 s for
2 min; after 8 s, a single region of interest (0.47 pm width) was
bleached; and then the cells were monitored for 4 min more acquir-
ing images every 5 s. Temperature, CO; concentration, and humid-
ity are controlled using OKOlab incubator. Time-lapse movies were
recorded using a Confocal Spinning Disk microscope (Olympus)
equipped with IX83 inverted microscope provided with an IXON
897 Ultra camera (Andor), using a 60X UPlanSApo 1.35-numerical
aperture objective. The system is driven by the Olympus CellSens
Dimension 1.18 software (Build 16686). The data collected were
analyzed through Fiji software.

Flow cytometry (FACS analysis)

To evaluate cell cycle distribution, OVCAR-8 cells were seeded in
60-mm tissue culture plates and, when indicated, starved for
72 hours in serum-free medium. Cells were harvested at the indicated
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time points, washed with PBS, fixed in ice-cold 70% ethanol, and
stored at —20°C overnight. The fixed cells were washed twice with
ice-cold PBS and the resuspended in propidium iodide (50 pg/ml)
(Invitrogen, no. P3566) supplemented with RNAse (200 pg/ml) in
PBS. Stained cells were subjected to flow cytometry analysis using
FACs LSFortessa (BD Bioscience). Distribution of cells in Gy, S,
and G,/M phases of the cell cycle was calculated using the Mod-
Fit software.

In silico structural analysis

Crystal structures of PAPR1 (4AV1) (46) and USP1 (7ZH3) (47)
were retrieved from Protein Data Bank. Full-length PARP1 was re-
trieved from Alphafold (48) and polyubiquitin chain was built on
AlphaFold-Multimer (49). Protein-protein docking were performed
in HADDOCK (50) and visualized in Chimera (51).

Statistical analysis

Statistical analysis was performed using GraphPad PRISM (version
9, GraphPad, Inc.) software using the most appropriate test, as spec-
ified in each figure. When two datasets were compared, significance
was determined by a two-tailed Students ¢ test. Difference was con-
sidered significant at P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001,
and ****P < 0.0001).
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Other Supplementary Material for this manuscript includes the following:
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