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ABSTRA

Defects in DNA repair pathways play a pivotal role in tumor
evolution and resistance to therapy. At the same time, they create
vulnerabilities that render tumors dependent on the remaining
DNA repair processes. This phenomenon is exemplified by the
clinical activity of PARP inhibitors in tumors with homologous
recombination (HR) repair defects, such as tumors with inacti-
vating mutations in BRCAI or BRCA2. However, the develop-
ment of resistance to PARP inhibitors in BRCA-mutant tumors
represents a high unmet clinical need. In this study, we identified
deubiquitinase ubiquitin-specific peptidase-1 (USP1) as a critical
dependency in tumors with BRCA mutations or other forms of
HR deficiency and developed KSQ-4279, the first potent and

Introduction

Genomic instability is a hallmark of many cancers and often
results from defects in DNA damage response (DDR) pathways
(1, 2). Although these defects help drive tumor evolution through
the accumulation of genetic alterations, they also leave tumors
critically dependent on the remaining functional DDR pathways (3).
This presents an opportunity for therapeutic intervention through
synthetic lethality, exemplified by the success of PARP inhibitors in
treating tumors with BRCA1 or BRCA2 mutations. Inactivation of
BRCA1/2 affects the cell’s ability to perform critical genome main-
tenance roles, such as maintaining replication fork stability and
promoting double-strand DNA break (DSB) repair through the
homologous recombination (HR) pathway (4-7). This inactivation
not only promotes tumor evolution but also creates a critical de-
pendency on other DDR pathways, such as the single-strand break
repair pathway, which is exploited by PARP inhibitors (8). However,
it is important to note that not all patients with HR pathway defects
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selective USP1 inhibitor to enter clinical testing. The combination
of KSQ-4279 with a PARP inhibitor was well tolerated and induced
durable tumor regression across several patient-derived PARP-
resistant models. These findings indicate that USP1 inhibitors
represent a promising therapeutic strategy for overcoming PARP
inhibitor resistance in patients with BRCA-mutant/HR-deficient
tumors and support continued testing in clinical trials.

Significance: KSQ-4279 is a potent and selective inhibitor of
USP1 that induces regression of PARP inhibitor-resistant tumors
when dosed in combination with PARP inhibitors, addressing an
unmet clinical need for BRCA-mutant tumors.

respond to PARP inhibitors, and those that do benefit often develop
resistance.

Understanding how different DDR pathway defects create spe-
cific vulnerabilities that can be exploited therapeutically is con-
founded by the complexity and functional redundancy of DNA
repair processes. One approach to decipher such dependencies is to
use CRISPR screens to systematically test the function of all genes in
the genome to identify those that are selectively lethal in tumors
with specific DNA repair defects. The success of this approach is
exemplified by the discovery that tumors with high levels of
microsatellite instability, due to defects in the DNA mismatch repair
pathway, are selectively dependent on WRN helicase (9).

To develop novel first-in-class treatments that exploit vulnera-
bilities in tumor cells, we first performed a genome-wide CRISPR
screen across >500 cancer cell lines to identify which targets to
pursue. These screens revealed that ovarian and breast cancer cell
lines, lineages known to harbor defects in HR (10-12), are often
dependent on the activity of the deubiquitinase (DUB), USP1, and
its heterodimerization partner, USP1-associated factor 1 (UAF1).
USP1 has a well-established role in regulating the Fanconi anemia
(FA) complex and translesion synthesis (TLS), both of which in-
terface with the HR pathway (13, 14)

To determine the therapeutic potential of targeting USP1 in HR-
defective tumors, we undertook a drug discovery campaign to de-
velop a potent, selective inhibitor of USP1 with the necessary drug-
like properties to enable clinical testing. KSQ-4279 is efficacious as a
single agent in HR-defective tumor models, with mechanism of
action studies indicating that KSQ-4279 sensitivity is associated with
the accumulation of single-strand DNA (ssDNA) gaps, replication
fork instability, and cell death. To gain insight into which DDR
pathway(s) influence the sensitivity of cells to KSQ-4279, CRISPR

American Association
for Cancer Research

AAC

AACRJournals.org | 3419


https://crossmark.crossref.org/dialog/?doi=10.1158/0008-5472.CAN-24-0293&domain=pdf&date_stamp=2024-10-11
mailto:awylie@ksqtx.com
http://dx.doi.org/10.1158/0008-5472.CAN-24-0293
https://aacrjournals.org/

Cadzow et al.

screens were performed in BRCAI-mutant cells. The results of the
screen revealed that the loss of genes involved in ubiquitinating
PCNA reduced the sensitivity of cells to KSQ-4279, whereas several
members of the base-excision repair (BER) pathway, including
PARPI, sensitized cells to KSQ-4279. PARP inhibitors are known to
be active in tumors with HR defects, and we show that KSQ-4279
synergizes with PARP inhibitors when dosed in combination. The
development of resistance to PARP inhibitors in patients with
BRCA-mutant tumors is often correlated with the restoration of the
HR pathway and has become a high unmet clinical need. Using
patient-derived models that reflected this PARP resistance setting,
our studies revealed that the resistance to PARP inhibitors could be
overcome by dosing KSQ-4279 in combination with a PARP in-
hibitor, leading to durable tumor regressions. This data supports the
current clinical testing of KSQ-4279 in combination with PARP
inhibitors.

Materials and Methods

Compounds

KSQ-4279 was discovered and manufactured by KSQ Thera-
peutics, Inc. For in vitro studies, all drug treatments were performed
using 10 mmol/L DMSO stock solutions at a final concentration of
0.1% DMSO or lower. For animal studies, all compounds were
dosed once daily per oral via gavage at a dose volume of 10 mL/kg.
KSQ-4279 was formulated as a 1:1 gentisic acid cocrystal to improve
in vivo exposure, prepared as a suspension in 0.5% weight volume
(hydroxypropyl)methyl cellulose/0.1% volume/volume (v/v) Tween
80 in sterile deionized water and dosed at a final dose range of 10 to
300 mg/kg. Olaparib (developed by AstraZeneca and purchased
from MedKoo Biosciences, cat. #200422) was formulated in 10% v/v
DMSO in 10% weight volume (2-hydroxypropyl)-p-cyclodextrin in
sterile deionized water and dosed at 50 or 100 mg/kg. AZD5305
(developed by AstraZeneca and purchased from MedChemExpress,
cat. #HY-132167) was formulated in 10% DMSO/40% polyethylene
glycol 400/5% Tween 80 in 0.9% NaCl and dosed at 10 mg/kg.

Cancer cell lines and culture

Human parental cell lines were sourced from ATCC, DSMZ,
JCRB, ECACC, and BioIVT. All cell lines were maintained as
monolayers in a vendor-recommended medium, as listed in Sup-
plementary Table S1. Cells were maintained at 37°C in an incubator
supplemented with 5% carbon dioxide. All cell lines were confirmed
to be Mycoplasma negative using the BIOWING Applied Biotech-
nology kit (cat. # BPM50) or the Sigma Lookout Mycoplasma
Testing Kit (cat. #MP0035) and authenticated using short tandem
repeat profiling.

Generation of KO and overexpression cell lines

CAOV3 cells with RAD18 KO were generated by Cas9 ribonu-
cleotide co-nucleofection with sgRNA specifically targeting RAD18
(sgTTACCAGTTCATCTAATATG) using a Lonza 4D-Nucleofector
and SE Solution, Pulse Code CA-137. Cells were cultured for 4 days
prior to confirmation of target KO by immunoblotting. Over-
expression cell lines were generated by cloning cDNA for PCNA wild-
type, PCNAX'®*® mutant, FANCD2 wild-type, or FANCD2 %'}
mutant into a pLenti6 plasmid (Invitrogen) modified to contain a U6
promoter. Lenti-X 293T cells were transfected with standard viral
packaging vectors using TransIT transfection reagent (Mirus Bio).
Viral supernatant was filtered using 0.45-um polyvinylidene

3420 Cancer Res; 84(20) October 15, 2024

difluoride filters (Millipore Sigma). CAOV3 cells were transduced
with virus and selected with 2 pug/mL puromycin.

In vitro CRISPR screens

To identify novel targets, pooled genome-wide CRISPR screens
with seven sgRNAs per gene were performed across >500 cancer cell
lines, following previously published methods (15). Similarly, a
DDR-enriched CRISPR library targeting 1,500 genes and containing
20 guides per gene was screened in UWB1.289 cells in the presence
of drug treatment in which following the antibiotic selection step,
media was removed and replaced with fresh media containing
DMSO or 300 nmol/L KSQ-4279. Cells were then cultured in the
presence of the drug for 14 days before being harvested for genomic
DNA isolation.

Biochemical assays reagents and buffers

All chemicals were of reagent grade. Buffers were made with de-
ionized distilled H,O. Enzyme reaction buffer: 50 mmol/L HEPES
(pH 7.8), 0.5 mmol/L EDTA, 0.01% BSA, 1 mmol/L dithiothreitol
and 0.01% Tween 20. Biochemical studies were carried out on pu-
rified USP1/UAFI1 complex, cloned, and coexpressed in SF1 insect
cells according to published protocols (16, 17), with an initial Ni
Affinity column to capture His-Tagged USP1 and modified by in-
cluding a secondary anti-FLAG affinity column to capture FLAG-
tagged UAFI. The two-step affinity column procedure yielded pure,
active USP1/UAF1 complex, herein referred to as Uspl. The fluo-
rescent enzyme substrate ubiquitin-rhodamine (Ub-Rho) was pur-
chased from R&D Systems (catalog #U-555) and made into a
10 mmol/L stock solution in DMSO. KSQ-4279 was prepared in a
10 mmol/L DMSO stock inhibitor solution.

Enzyme activity and inhibition studies

USP1 activity and its inhibition by KSQ-4279 were determined by
monitoring Ub-Rho hydrolysis in a kinetic format (18). In the ab-
sence of an inhibitor, USP1 hydrolyzes Ub-Rho, resulting in the
release of free Rho and a concomitant increase in fluorescence (19).
Assays were carried out in Opti 384F flat black bottom microtiter
plates, read in a paradigm plate reader, with excitation and emission
wavelengths set to 480 and 540 nm, respectively, and the fluores-
cence signal was converted to concentrations of free rhodamine
produced via a rhodamine calibration curve.

Mode of inhibition studies

The mode of inhibition was studied by determining the impact of
KSQ-4279 on the K,;, and V,,.x of USPI1. Briefly, KSQ -4279 was
serially diluted threefold in DMSO and 0.1 pL dispensed into a
microtiter plate using an Echo Dispenser (Beckman Coulter). Next,
10 pL of a 2x stock solution of Uspl was added, and the resulting
enzyme inhibitor mixture was incubated for 30 minutes at room
temperature. The enzymatic reaction was initiated by the addition of
10 pL of Ub-Rho, yielding a final reaction volume of 20 pL. The final
concentrations of Uspl were 12.5 pmol/L, with KSQ-4279 ranging
from 100 to 0.78 nmol/L and Ub-Rho substrate varied from 6,000 to
46.8 nmol/L. The reaction was monitored in a kinetic format, and
the initial rates were determined.

Reversibility of KSQ-4279 studies

To assess the reversibility of KSQ-4279, dissociation kg
experiments were performed using the jump dilution method.
USP1-KSQ-4279 and USP1-KSQ-4279-Ub-Rho substrate complexes
were performed by incubating 50 nmol/L KSQ-4279 with 2.5-
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nmol/L USP1 #+ 5,000-nmol/L Ub-Rhodamine substrate for
30 minutes at room temperature. This was “jump diluted” 300-fold
by diluting 1 pL into 300 pL of 1,500-nmol/L Ub-Rho substrate
solution and determining the recovery of enzymatic activity in a
continuous kinetic manner. In concert, three control reactions were
run: (i) a zero inhibitor experiment to measure the uninhibited rate
by diluting 2.5-nmol/L Uspl 300 fold directly into 1,500-nmol/L
substrate in the absence of inhibitor, (ii) a 100% inhibited control
reaction by diluting 2.5-nmol/L Uspl 300 fold into 1,500-nmol/L
Ub-Rho substrate and 50-nmol/L KSQ-4279, and (iii) a no pre-
incubation inhibitor control whereby 2.5-nmol/L Uspl and 50-
nmol/L KSQ-4279 with no preincubation was diluted 300-fold into
1,500-nmol/L substrate.

Cryo-EM sample preparation

One milligram of UAF1/USP1 and 170.4 ug Ub-PA were com-
bined as follows: glycerol and Ub-PA (protein: Ub-PA = 1:3) added
to UAF1/USP1 sample to a final glycerol concentration of 5%. The
mixture was gently stirred and incubated overnight at 4°C. Next, the
mixture was loaded onto a Superose 6 Increase 10/300 GL column.
The final sample was concentrated to ~3.15 mg/mL in the final
buffer: 50-mmol/L Tris-HCl (pH 8.0), 200-mmol/L NaCl, 5%
glycerol, and 2-mmol/L Tris (2-carboxy-ethyl)-phosphin-HCI. All
cryo-EM samples were applied onto a glow-discharged R1.2/1.3
copper or gold 300-mesh holey carbon grid (Quantifoil) and were
immediately frozen in a liquid ethane-propane mixture using a
Vitrobot Mark IV (Thermo Fisher Scientific) with the settings at
4°C, 747 95% humidity, and 3 to 6 seconds of blot time.

Cryo-EM sample preparation

For cryo-EM grid preparation, purified USP1/UAF1/Ub-VS
sample (0.4 mg/mL concentration) was incubated with 20 umol/L
KSQ-4279 for 1 hour on ice. Aliquots (3.5 mL) of the incubated
sample were applied to freshly glow-discharged (70 seconds, 5 W,
Plasma Cleaner Glow Discharge) 300-mesh Quantifoil R 1.2/1.3
holey carbon Film Au grids (Quantifoil Micro Tools GmbH). Excess
samples were blotted away using filter paper with a blot force of 4,
blot time of 3 to 5 seconds, and wait time of 5 seconds and then
vitrified by plunge freezing into liquid ethane cooled by liquid ni-
trogen using Vitrobot Mark IV (Thermo Fisher Scientific) at 4°C
and with 100% humidity.

Cryo-EM data collection

The grids were clipped and loaded onto a 300-kV Titan Krios
electron microscope (Thermo Fisher Scientific) with an autoloader.
Raw movies were collected at a nominal magnification of 105,000 x
(pixel size of 0.819 A) using a K3 camera (Gatan). Inelastically
scattered electrons were excluded using a GIF Quantum energy filter
(Gatan) with a slit width of 20 eV. The movies were acquired with a
defocus range of —1.1 to —1.8 pum, a dose rate of 14.81 e-/(pix--
seconds), an exposure time of 2.5 seconds, and a total dose of 54.8
e-/A% and fragmented into 50 frames. A final dataset of 8,865 movies
was semi-automatically collected using EPU software (Thermo
Fisher Scientific).

Cryo-EM data processing, model building, and refinement
CryoSPARC V3.2 software package was used for data processing.
Patch motion correction was used to correct beam-induced motion
correction, and patch CTF estimation was used to calculate CTF
parameters, such as defocus and CTF fit resolution. Junk micro-
scopes were discarded by screening parameters, such as CTF fit
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resolution, ice thickness, and motion distance. In total, 2,791,501
particles were auto-picked and subjected to 2D classification. A total
of 691,226 particles with appropriate 2D averages were further
subjected to nonuniform refinement. CTF refinement, local refine-
ment, and postprocessing using DeepEMhancer were performed to
generate a final map with a resolution of 2.9 A determined by the
gold standard Fourier shell correlation using the 0.143 criterion. The
crystal structure of the PDB 7AY2 was used as the initial atomic
model. Coot and CCP-EM were used for model building, refine-
ment, and validation.

The PDB and EMD codes for the KSQ-4279 bound structure is
[PDB ID: 9DI1, EMD-46895] and for the unbound structure is
[PDB ID:9DI2, EMD-46896].

Immunoblot

Cell lysates were prepared in RIPA buffer (Sigma-Aldrich) sup-
plemented with Pierce protease and phosphatase inhibitors
(Thermo Fisher Scientific). The samples were incubated for
30 minutes on ice, and the lysates were cleared by centrifugation.
Protein concentrations were measured using a Pierce Rapid Gold
BCA assay (Thermo Fisher Scientific). Protein samples were diluted
in 4x Laemmli sample buffer (Bio-Rad) and denatured at 95°C for
5 minutes. Denatured samples were run on Tris-HCI or Tris-acetate
gels (Bio-Rad, Thermo Fisher Scientific) and transferred to nitro-
cellulose or polyvinylidene difluoride membranes (Thermo Fisher
Scientific) using an Invitrogen iBlot system. Membranes were
blocked for 1 hour at room temperature in LI-COR Intercept buffer
and incubated overnight at 4°C with primary antibodies diluted in
intercept buffer containing 0.1% Tween-20. The antibodies used are
listed in Supplementary Table S2. The following day, membranes
were washed with TBST and incubated for 1 hour at room tem-
perature with secondary antibodies diluted in intercept buffer
containing 0.1% Tween-20. Membranes were washed with TBST,
and the blots were imaged on an LI-COR-Odyssey CLx.

Clonogenic assays

Cells were seeded in six-well dishes in media conditions as listed
in Supplementary Table S1 and incubated overnight. The following
day, KSQ-4279 and/or olaparib (SelleckChem) were added at
specified concentrations. After 7 days of drug treatment, the media
was removed, and fresh media containing the drug was added. On
day 14, media was removed, and cells were fixed with 4% parafor-
maldehyde for 15 minutes. Cells were washed with water and
stained with 0.1% crystal violet in a 10% (v/v) ethanol in dH,O
solution for 20 minutes. Plates were washed with water, dried
overnight at room temperature, and imaged on an LI-COR Odyssey
CLx. Crystal violet was extracted using 10% acetic acid, and ab-
sorbance was read using a BioTek Cytation 5 plate reader.

Cleaved caspase-3 staining

MDA-MB-436 cells were seeded in DMEM (Gibco), supple-
mented with 10% FBS, and incubated overnight. The following day,
0.1% DMSO or 300 nmol/L KSQ-4279 was added to the culture. At
the indicated time points, the cells were collected, washed, and
resuspended in 100 pL of PBS. A measure of 10 pL of diluted Fixable
Viability Dye eFluor 780 (1:200 in PBS; eBioscience) was added to
each sample, and the cells were incubated on ice for 20 minutes.
Cells were washed with PBS, resuspended in 100 pL of fixation
buffer (BioLegend), and incubated for 15 minutes at room tem-
perature. Cells were washed with PBS, resuspended in 100 pL of cold
methanol, and stored at —80°C. Upon collection of all samples, the
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cells were washed with cell staining buffer (BioLegend), resuspended in
100 pL cell staining buffer containing anti-cleaved caspase-3 antibody
(1:5, BD Biosciences, #559341), and incubated on ice for 20 minutes.
The cells were washed and resuspended in 100 pL of cell staining
buffer. Samples were acquired using an LSR Fortessa X-20 (BD Bio-
sciences) and data were analyzed using FlowJo (v.10.8, BD
Biosciences).

DNA fiber assays

Cells were incubated with 50 umol/L 5-iodo-2'-deoxyuridine
(IdU) and 150 pmol/L 5-chloro-2’-deoxyuridine (CldU) sequen-
tially in the presence of the drug, as indicated. Cells were collected
and resuspended in PBS at a concentration of 10° cells/mL. Cell
suspension (2.5 uL) was spotted on a positively charged micro-
scope slide (Globe Scientific, #1358 W) and lysed with 7.5 mL of
spreading buffer (0.5% SDS, 200 mmol/L Tris-HCI (pH 7.4), and
50 mmol/L ethylenediaminetetraacetic acid) for 8 minutes at room
temperature. Individual DNA fibers were released and spread by
tilting the slide at an angle of 45°. After air drying, the fibers were
fixed in methanol:acetic acid (3:1) at room temperature for
3 minutes. After air drying, fibers were rehydrated in PBS, dena-
tured with 2.5 mol/L HCI for 30 minutes, washed with PBS, and
blocked with blocking buffer (3% BSA and 0.1% Triton in PBS) for
1 hour. Next, the slides were incubated for 2.5 hours with primary
antibodies (IdU: 1:100, mouse monoclonal anti-BrdU, Becton
Dickinson 347580; CldU: 1:100, rat monoclonal anti-BrdU, Abcam
6326) diluted in blocking buffer, washed several times in PBS, and
incubated with secondary antibodies (IdU: 1:200, goat antimouse,
Alexa 488; CldU: 1:200, goat antirat, Alexa 594) in blocking buffer
for 1 hour. After washing and air drying, the slides were mounted
with Prolong (Invitrogen, P36930), and DNA fibers were imaged
under a 63x oil immersion lens on a DeltaVision Elite Widefield
Deconvolution microscope.

S1 nuclease fiber assay

Cells were incubated with 300nmol/L KSQ-4279 or an equivalent
concentration of DMSO for 6 hours, followed by 50-umol/L IdU
and 150-pmol/L CldU sequentially in the presence of the drug or
DMSO. Cells were then permeabilized with CSK (cytoskeletal)
buffer (100 mmol/L NaCl, 10 mmol/L MOPS (3-(N-morpholino)
propane sulfonic acid), 3 mmol/L MgCl, (pH 7.2), 300 mmol/L
sucrose, and 0.5% Triton X-100) at room temperature for 8 minutes
and treated with S1 nuclease (20 U/mL) in S1 buffer (30 mmol/L
sodium acetate (pH 4.6), 10-mmol/L zinc acetate, 5% glycerol, and
50 mmol/L NaCl) for 30 minutes at 37°C. The cells were collected by
scraping, pelleted, and resuspended in 100 to 500 uL of PBS. The cell
suspension was spotted on a positively charged slide, lysed, and
processed as described in the “DNA fiber assay” section.

PRPA (Ser33) immunofluorescence assay

Cells were seeded on coverslips in a six-well plate in the re-
spective media conditions and incubated overnight. The following
day, compounds were added, and cells were incubated as indicated.
Following treatment, cells were washed with PBS and preextracted
with 0.5% Triton X-100 in PBS for 5 minutes on ice. Cells were then
fixed with 4% paraformaldehyde for 15 minutes at room tempera-
ture. The fixed cells were incubated with primary antibodies against
pRPA $33 (1:250 NB100-544) at 37°C for 1 hour. The cells were
washed and incubated with secondary Abs (1:250 Alexa Fluor 488
goat anti-rabbit IgG) for 1 hour at room temperature. After
washing, the coverslips were mounted onto glass slides using a
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Vectashield mounting medium containing 4’,6-diamidino-2-phe-
nylindole (DAPI; Vector Laboratories). Images were taken under a
60x oil immersion lens on a DeltaVision Elite Widefield Decon-
volution microscope for analysis.

PARylation assay

Cells were seeded on coverslips in a six-well plate using the re-
spective media conditions and incubated overnight. The following
day, 10-umol/L PARGi (Sigma-Aldrich SML1781) was added to
either KSQ-4279 or hydroxyurea (Sigma-Aldrich H8627), and cells
were incubated for an additional 30 minutes. After treatment, cells
were washed with PBS, fixed with 4% formaldehyde in PBS for
10 minutes at room temperature, and subsequently permeabilized
by a 5-minute incubation in ice-cold methanol/acetone solution (1:1).
After blocking the cells with 10% fetal calf serum for 30 minutes,
coverslips were incubated with an anti-PAR polyclonal antibody (1:
250 Trevigen 4336-BPC-100) at 37°C for 1 hour. After washing with
PBS, cells were incubated with Alexa Fluor 488 goat antirabbit anti-
body (1:200) for 1 hour at room temperature. After washing, the
coverslips were mounted onto glass slides using Vectashield mount-
ing medium with DAPI (Vector Laboratories). Images were taken
under a 60x oil immersion lens on a DeltaVision Elite Widefield
Deconvolution microscope for analysis.

Animal studies

Mice were housed in ventilated cage systems in pathogen-free
animal facilities. Animal rooms were maintained under a 14/10 or
12-hour light-dark cycle, with temperature and humidity ranges
maintained within the recommended guidelines. Mice were allowed
to acclimatize for at least 72 hours prior to study enrollment, with
access to food and water ad libitum. All procedures involving the
care and use of animals were performed with approval from and
under the guidance of the Institutional Animal Care and Use
Committee or the relevant animal ethics committee.

Subcutaneous tumor models

Four-to-seven-week-old female BALB/c nude or Athymic Nude-
Foxn1™ mice were purchased from Beijing Anikeeper Biotech Co.,
Ltd., or Envigo, respectively. Tumor fragments from stock mice
were harvested and approximately 2-to-5-mm fragments were in-
jected subcutaneously into the left or right flank of mice for tumor
development. Once tumors reached at least 100-mm’ mice were
randomized by tumor volume and body weight into cohorts for
treatment initiation. Tumors were measured at least twice weekly
using a manual caliper, and tumor volume (mm?) was calculated
using the following formula: V = 0.5 x (a x b?) in which a and b
are the long and short diameters of the tumor, respectively. Body
weight was measured at least twice per week and the mice were
monitored daily for clinical signs of toxicity. Changes in body
weight compared with pretreatment body weight (day 0) were cal-
culated using the following formula: (BW Day X/BW Day 0 X
100)—100.

Orthotopic ovarian tumor models

Human tumor ascites or pleural effusions were collected from
patients, and luciferase-tagged patient-derived xenograft (PDX)
models were generated by the Dana-Farber Cancer Institute, as
previously described (20). Seven-week-old female NOD/SCID
IL2Ry™" mice were purchased from The Jackson Laboratory, and
approximately 5 x 10° luciferized PDX tumor cells prepared in PBS
were injected intraperitoneally into the abdomen for tumor
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development. Mice were imaged, and once bioluminescence reached
between 3 and 5 x 10° (photons/seconds/cm?/sr) were randomized
into cohorts for treatment initiation. Serial imaging was performed
weekly using bioluminescence to assess disease burden, and body
weights were recorded twice weekly.

IHC evaluation of mouse tumors

Freshly collected tumor tissues were placed in 10% neutral
buffered formalin and fixed for 24 hours at room temperature.
The tumor tissues were then trimmed to 3 to 5 mm. After rinsing
with running water, the tissues were transferred to a vacuum
tissue processor (HistoCore PEARL, Leica) for dehydration and
then embedded into formalin-fixed, paraffin-embedded tissue
blocks using a tissue embedding center (EG1150, Leica). For slide
preparation, formalin-fixed, paraffin-embedded blocks were sec-
tioned at a thickness of 4 pm using a manual rotary microtome
(HistoCore MULTICUT, Leica). IHC staining was performed
using the following antibodies: Ubiquityl-PCNA Lys164, Clone
D5C7P (Cell Signaling, 13439). All stained sections were scanned
with a panoramic digital slide scanner (3DHISTECH, Pannoram
ic SCAN) with high-resolution pictures generated for whole
sections. All images were analyzed using the HALO platform, and
the intensity of IHC staining was scored at four levels: 0 (nega-
tive), 1 (weak staining), 2 (medium staining), and 3 (strong
staining). The percentage of tumor cells at different intensity
levels was evaluated and an overall H-score was generated using
the following formula: H-score = (% cells at 0) x 0 + (% cells at
1) X 1 + (% cells at 2) x 2 + (% cells at 3) x 3.

LC/MS-MS determination of KSQ-4279

The plasma and tumor concentrations of KSQ-4279 were de-
termined using qualified LC/MS-MS method. Briefly, plasma
samples were protein precipitated with acetonitrile containing
dexamethasone, the internal standard, vortex-mixed, and centri-
fuged. Tumors were weighed and homogenized (at 4°C in a wet
ice-containing water bath) with water at a tissue weight (g) to
water volume (mL) ratio of 1:10 before analysis. An aliquot of the
supernatant was diluted and injected into a Shimadzu liquid
chromatography system. Analytes were separated by a
Phenomene X Kinete X 50 x 2.1 mm, 5um C18 100 A column,
with a gradient mobile phase consisting of a mixture of 5% ace-
tonitrile in water with 0.1% formic acid and 95% acetonitrile in
water with 0.1% formic acid. Analytes were detected using an API
5500 (Applied Biosystems) mass spectrometer operated in posi-
tive turbo ion spray mode with selective reaction monitoring of
KSQ-4279 and the internal standard.

Statistical analysis

Statistical analyses in the DNA fiber assay, S1 nuclease assay, and
immunofluorescence assays were performed using a two-tailed
Mann-Whitney test. Statistical analyses were performed using
Microsoft Excel and GraphPad Prism software (version 9.0). In all
cases, NS indicates no significance, P > 0.01; *, P < 0.05; **, P < 0.01;
P < 0.001; and ****, P < 0.0001.

Data availability

The data generated in this study are available upon reasonable
request and should be made directly to datasharingrequest@
ksqtx.com.
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Results

Specific subsets of cancer cell lines are dependent on the
USP1/UAF1 deubiquitinase complex

To identify novel therapeutic targets that exploit key vulnerabil-
ities associated with tumor growth and survival, we performed full
genome, CRISPR/Cas9 screens across >500 cancer cell lines to
generate a database that provided a comprehensive insight into the
genetic dependency profile of each cell line. Mining this dataset for
novel targets that are selectively essential and share a putative bio-
marker, rather than exhibiting broad cytotoxicity, led to the iden-
tification of USP1 and its heterodimerization partner UAFI
(Fig. 1A; Supplementary Fig. S1; Supplementary Table S3). The
USP1/UAF1 complex is a key regulator of the TLS and FA path-
ways, both of which play key roles in DNA repair processes (21-23).
Profiling of USP1/UAF1 dependent cell lines for putative bio-
markers revealed there was an enrichment of ovarian and breast
cancer lineages. High-grade serous ovarian cancer and triple-
negative breast cancer (TNBC) are often characterized by alter-
ations in the HR pathway, including mutations in BRCAI and
BRCA?2 (24-26), raising the possibility of a synthetic lethal rela-
tionship between USP1/UAFI loss and the presence of BRCA
mutations or HR pathway alterations. HR-deficient basal-like
breast cancer samples have significantly higher expression levels of
USP1 than other breast cancer subtypes, and USP1 expression was
also enriched in BRCAl-mutant ovarian cancers that were resis-
tant to platinum agents (27). The same studies have also shown
that USP1 is required for the stabilization of replication forks in
BRCA1-deficient tumors (21). Clinically, approximately 25% of
patients with high-grade serous ovarian cancer and 10% to 20% of
patients with TNBC have mutations in either BRCAI or BRCA2,
with the frequency of patients with a broader defect in the HR
pathway rising to over 50% of ovarian cancer and almost 25% of
patients with breast cancer (11, 28, 29). The enrichment of these
cancer cell line lineages in the USP1 dependency subset and the
reported role of USP1 in BRCA1-deficient cells indicate that de-
fects in HR may create a dependency on pathways that are regu-
lated by USP1 and may thus represent a promising target for
therapeutic intervention.

Discovery of KSQ-4279, a potent and selective USP1 inhibitor

The development of potent, selective inhibitors that target DUBs,
such as USP1, has proven to be challenging because of the conserved
nature of the catalytic pocket across the DUB family, with no DUB
inhibitors currently approved for therapeutic use (30). To develop a
USP1 inhibitor with the necessary selectivity and drug-like prop-
erties for clinical testing, a comprehensive medicinal chemistry
campaign was launched, which ultimately led to the identification of
KSQ-4279 (Fig. 1B).

KSQ-4279 potently inhibits the DUB activity of USP1 with an
affinity of 2 nmol/L (Fig. 1C) and demonstrates excellent selectivity
for USP1 when tested across a panel of 43 DUBs (Fig. 1D). Enzyme
kinetic studies demonstrate reversible binding (Supplementary Fig.
S2) and show a clear decrease in V. (Fig. 1C), eliminating a
simple competitive inhibition mechanism. Secondary plots of V.
Ky, and Vi, /Ky, all decrease in a hyperbolic manner (Supple-
mentary Fig. S2), with an excellent global fit to a mixed linear
inhibition mechanism. The kinetic data indicate that KSQ-4279
binds to an allosteric pocket with a moderately tighter affinity (~3-
fold) in the presence of the ubiquitin-rho substrate than
USP1 alone.
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A, USP1 dependency profile using a CRISPR knockout screen across >500 cell
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lines. B, Chemical structure of KSQ-4279. C, KSQ-4279 binding affinity was

determined by measuring the initial rate dependence of USP1 with Ub-Rho substrate as a function of fixed increasing concentrations of KSQ-4279. Solid lines are
simulated from the mixed linear inhibition model global fit parameters: Viax 1.24 (0.04) nmol/L minutes™ (ke = 0.82 seconds™), K, = 1,038 (90) nmol/L, K. =
6.9 (+3) nmol/L, and Kj, = 2.3 (+0.3) nmol/L. Points averaged from N = 4 determinations. Error bars, SD. D, Selectivity assessment of KSQ-4279 was established by
testing a panel of deubiquitinases using a ubiquitin-rhodamine biochemical assay using 1-umol/L KSQ-4279. E, Cryo-EM structure of the KSQ-4279 inhibited USP1-
UAF1-ubiquitin complex. USP1, UAF1, and ubiquitin are rendered as cyan, blue, and green ribbons, respectively. KSQ-4279 is depicted as a yellow stick. F, KSQ-4279
shown inside a semitransparent molecular surface as it is cradled by the palm and thumb subdomains of USP1. G, USP1-apo (brown) is rendered as a ribbon
superposed on the USP1/KSQ-4279 ribbon structure (light blue). KSQ-4279 is depicted as a blue molecular surface.

The cryo-EM structure of the USP1-UAF1-ubiquitin complex in
both the KSQ-4279-bound (PDB ID: 9DI1) and unbound (PDB ID:
9DI2) states was determined at a resolution of 2.6 A (Fig. 1E-G;
Supplementary Figs. S3 and S4). Cryo-EM structures revealed that
KSQ-4279 binds to an allosteric pocket in the hydrophobic core of
USP1 that, notably, is not present in the unbound USP1 structure,
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indicating that KSQ-4279 binds through an induced-fit mechanism.
This region is not conserved across other DUBs and likely explains
why KSQ-4279 is highly selective for USPI, relative to other family
members. Comparison of the bound and unbound structures indi-
cates that KSQ-4279 displaces and disorders the B2 strand running
from GIn160 to Thr176, with the p1 strand segment from Thr89 to
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Glu75 undergoing similar perturbations up to Cys90, which serves
as the key catalytic cysteine required for deubiquitination of sub-
strates. This indicates a molecular inhibition mechanism whereby
KSQ-4279 binds to the hydrophobic core of USP1, leading to
conformational changes that result in the misalignment of Cys90,
thus preventing the catalytic removal of ubiquitin from the
substrate.

Cellular and in vivo activity of KSQ-4279-mediated USP1
inhibition

The TLS and FA pathways are DNA repair processes regulated by
USP1 through the deubiquitination of monoubiquitinated PCNA
(Ub-PCNA) and monoubiquitinated FANCD2 (Ub-FANCD?2), re-
spectively (21-23). In the BRCAl-mutant cell line MDA-MB-436,
KSQ-4279 induced the accumulation of both Ub-PCNA and Ub-
FANCD?2 in a dose-dependent manner (Fig. 2A). Across a time
course of treatment, KSQ-4279 led to a rapid accumulation of both
mono- and poly-Ub-PCNA in the first 24 hours, followed by a
reduction of Ub-PCNA, which coincided with reductions in the
levels of total PCNA (Fig. 2B). Similarly, Ub-FANCD?2 levels in-
creased at early time points and showed a gradual decrease over the
following days. In addition, KSQ-4279 treatment led to increased
levels of pCHKI and pH2AX, markers of replication stress and
DNA damage induction (31, 32), and triggered apoptosis, as indi-
cated by an increase in cleaved caspase-3 (Fig. 2C; ref. 33). To
determine how this cascade of signaling events affects the growth
and survival of the cells, KSQ-4279 was tested in clonogenic assays
across a dose range. Clonogenic cell growth was inhibited by KSQ-
4279 at doses consistent with those that induced the accumulation
of monoubiquitinated substrates and DNA damage markers
(Fig. 2D). A panel of cell lines that the CRISPR screen identified as
differentially dependent on USP1 was used to determine whether
the sensitivity to KSQ-4279 matched the genetic dependency on
USP1. Clonogenic assays confirmed that sensitivity to KSQ-4279
correlated closely with USP1 dependency after CRISPR knockout
(Fig. 2E).

Next, we assessed whether KSQ-4279 was active in vivo using
PDX models. To ensure consistent bioavailability and exposure
following oral dosing, KSQ-4279 was administered as a KSQ-4279:
gentisic acid cocrystal (1:1). In the BRCAl-mutant ovarian PDX
OV0589, oral administration of KSQ-4279 to mice led to a dose-
dependent increase in plasma and tumor exposures (Fig. 3A). To
relate the exposure of KSQ-4279 to the inhibition of USPI in the
tumor, Ub-PCNA levels were monitored using IHC, and the
staining frequency and intensity were quantified to generate an
H-score (Fig. 3B; Supplementary Fig. S5). Following a single dose of
KSQ-4279, Ub-PCNA levels increased as early as 4 hours across all
doses but started to decrease at 24 hours postdose at the lower (10
and 30 mg/kg) dosing levels. In contrast, a sustained increase in Ub-
PCNA was observed across the 24-hour timeframe at 100 and
300 mg/kg KSQ-4279. To determine how this PK/PD relationship
translated into antitumor activity in the OV0589 ovarian PDX
model, KSQ-4279 was dosed orally once a day for >10 weeks across
the same range of doses. From a safety perspective, KSQ-4279 was
well tolerated with no overt signs of toxicity and minimal to no
body weight loss observed (Supplementary Fig. S6). At lower doses
of KSQ-4279 (10 and 30 mg/kg), only partial inhibition of tumor
growth was observed; however, at higher dose levels of 100 and
300 mg/kg, KSQ-4279 exhibited clear antitumor activity with tumor
regression noted (Fig. 3C).
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Sensitivity to KSQ-4279 is mediated by PCNA ubiquitination

To understand the mechanistic basis for the antitumor activity of
KSQ-4279, we first investigated whether the sensitivity of HR-
deficient cells was mediated by the accumulation of Ub-PCNA and/
or Ub-FANCD2 (Fig. 4A). Expression constructs containing point
mutations that prevent monoubiquitination of PCNAX'*® or
FANCD2"*™® were introduced into the HR-deficient CAOV3
cells. Although cells expressing FANCD2®**'® remained sensitive
to KSQ-4279, the expression of PCNA®*®) rendered these cells
insensitive to KSQ-4279, suggesting that Ub-PCNA levels are linked
to the sensitivity to KSQ-4279 (Fig. 4B). This hypothesis was further
tested by knocking out the E3 ligase RAD18, which is responsible for
monoubiquitination of PCNA (34, 35). Inactivation of RADI8 re-
duced the levels of Ub-PCNA and rendered CAOV3 cells insensitive
to KSQ-4279 (Fig. 4C). Together, these findings indicate that Ub-
PCNA, but not FANCD2, is involved in mediating the anti-
proliferative effects of KSQ-4279 in HR-deficient cells.

We previously observed that sustained monoubiquitination of
PCNA, as a result of USP1 inhibition, was followed by a reduction
in the total PCNA levels (Fig. 2B). Consistent with a previous report
(36), we also observed that USP1 sensitivity generally correlated
with a reduction in total PCNA levels (Supplementary Fig. S7). To
understand whether total PCNA loss may be driving the replication
stress induced by KSQ-4279 or merely represents a consequence of
it, we monitored the kinetics of PCNA degradation relative to the
phosphorylation of CHKI1 (S345) across a panel of KSQ-4279 sen-
sitive cell lines. In each cell line, pCHK1 (S345) levels increased
3 hours after treatment with KSQ-4279, whereas PCNA degradation
was only observed at later time points ranging from 6 to 16 hours
(Fig. 4D). These findings suggest that cells sensitive to KSQ-4279
experience replication stress before PCNA degradation occurs.

KSQ-4279 treatment leads to ssDNA gap induction and loss of
replication fork integrity

To investigate which mechanisms might be inducing replication
stress, we evaluated the impact of KSQ-4279 on replication fork dy-
namics using the DNA fiber assay. Replication fork stability was
monitored by sequentially labeling the cells with the nucleotide analogs
IdU and CldU, followed by treatment with KSQ-4279 for 6 hours.
Fork degradation was observed in cells sensitive to KSQ-4279, with no
evidence of fork degradation in cells insensitive to KSQ-4279
(Fig. 5A). Similar to the role of RAD18 in Ub-PCNA and the anti-
proliferative effects of KSQ-4279, inactivation of RADI8 rescued the
fork degradation induced by KSQ-4279. We next investigated whether
KSQ-4279 disrupted the normal process of replication and thereby
contributed to fork instability by assessing DNA tract lengths. After
6 hours of KSQ-4279 treatment, cell lines known to be sensitive to
KSQ-4279 displayed longer DNA tract lengths than DMSO-treated
cells, an effect that was not observed when cells were insensitive to
KSQ-4279 treatment. (Fig. 5B). However, this initial fork lengthening
was not sustained, as cells treated with KSQ-4279 for 24 hours dis-
played shorter DNA tracts than those treated with DMSO.

Treatment of cells with the PARP inhibitor olaparib has been re-
ported to accelerate replication fork speed, resulting in longer DNA
fibers and consequently leading to ssDNA gap accumulation (37, 38).
We hypothesized that treatment with KSQ-4279 might similarly dys-
regulate replication fork dynamics and result in ssDNA gap accumu-
lation. To investigate this, cells that showed longer DNA tracts upon
treatment with KSQ-4279 were subjected to S1 nuclease cleavage (39).
Treatment with S1 nuclease significantly decreased the DNA tract
length, suggesting the presence of ssDNA gaps along the newly
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Figure 2.

A, Immunoblot analysis of MDA-MB-436 cells treated with a dose titration of KSQ-4279 for 6 hours. B, MDA-MB-436 cells treated with 300-nmol/L KSQ-4279
across a time course to assess pharmacodynamic response and DNA damage induction. C, Cleaved caspase-3 expression in MDA-MB-436 cells treated with
either 300-nmol/L KSQ-4279 or DMSO over a 7-day time course. D, KSQ-4279 induced growth inhibition of MDA-MB-436 cells as assessed via clonogenic
assays. Data are representative of three independent experiments, with one representative example shown. E, KSQ-4279 induced growth effects across a panel
of cell lines as assessed via clonogenic assays.

synthesized DNA (Fig. 5C). This finding was corroborated by an in- Failure to repair ssDNA lesions can lead to DSBs and activate cell
crease in the formation of pRPA (Ser33) foci, a marker for ssDNA, death pathways (40, 41). PARP1-induced PARylation functions as a
upon KSQ-4279 treatment in sensitive cells relative to insensitive cells  DNA damage sensor and is required to initiate ssDNA repair (42-44);
(Fig. 5D). thus, PAR levels were examined to indicate the presence of ssDNA
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Figure 3.

A, KSQ-4279 plasma and tumor exposure was determined at 4, 8, and 24 hours following a single oral dose administered at 10, 30,100, or 300 mg/kg. B, Tumors
were collected at 4, 8, or 24 hours after single dose of control or KSQ-4279, formalin-fixed, paraffin-embedded, sectioned, and stained for Ub-PCNA, and
representative images are shown. Scale bar, 100 um. IHC H-score was established based on percentage of positive cells and intensity of Ub-PCNA staining. C,
Tumor growth curve for OV0589 human ovarian PDX model treated with per oral once daily 10 mL/kg control, 10-, 30-, 100-, or 300-mg/kg KSQ-4279. Mice (n =
3/group) were randomized, and treatment administered once the mean tumor volume reached approximately 200 mm?, denoted as day O. The dotted black line
represents the mean tumor volume in the combination-treated group on day O, prior to treatment initiation. qd, once daily; po, orally.

gaps. KSQ-4279-treated cells showed an enhanced degree of PAR  that in USP1-dependent cell lines, treatment with KSQ-4279 results in
build-up, corroborating the observations from the S1 nuclease and  replication fork dysregulation, ssDNA gap accumulation, and loss of
PRPA foci formation assays (Fig. 5E). Collectively, our data suggest  replication fork integrity, which collectively leads to cell death.
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Figure 4.

A, Schematic overview of the ubiquitination and deubiquitination of the USP1 substrates, PCNA, and FANCD2. B, Top, immunoblot analysis of CAOV3 cells
engineered to overexpress PCNA and FANCD2 constructs after treatment with 300 nmol/L KSQ-4279. Note that the PCNA constructs contained a Flag-tag,
which runs as the upper band in the PCNA blots. Bottom, 14-day clonogenic assays to determine the impact of the point mutations on the sensitivity to KSQ-
4279. C, Top, immunoblot analysis of CAOV3 cells containing CRISPR knockout of RAD18 after treatment with KSQ-4279. Bottom, 14-day clonogenic assay
results showing differential responses to 300 nmol/L KSQ-4279. D, Immunoblot analysis of cells treated with 300 nmol/L KSQ-4279 across a range of time

points showing the impact of USP1 inhibition on PCNA and CHK1 levels.
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Figure 5.

A-C, DNA fiber assays were performed to study the impact of KSQ-4279 on replication fork stability, replication fork progression, and the presence of ssDNA
gaps in nascent DNA fibers. For each experiment, the drug treatment and CldU/IdU incorporation schedules are illustrated. Each dot represents one fiber and
between 100 and 200 fibers are quantified from two independent experiments. Bars, means + SD. Statistical analysis was performed according to the two-tailed
Mann-Whitney test. D, Representative images of cells stained for DAPI and phospho-RPA(Ser33) upon treatment with DMSO, 10-umol/L camptothecin (CPT) for
24 hours, and 300 nmol/L KSQ-4279 for 6 and 24 hours. Images were taken at 60 x oil immersion and foci quantified. Data were collected by running replicates
in two independent experiments. E, Representative images of UWB1.289 cells stained for DAPI and PAR upon treatment with DMSO, 0.5 mmol/L hydroxyurea
(HU), and different doses of KSQ-4279 in the presence of 10 umol/L PARGi for 30 minutes. Images were taken at 60x oil immersion and PAR intensity
quantified. Data were collected by running replicates in two independent experiments. *, P < 0.05; ****, P < 0.0001.

AACRJournals.org Cancer Res; 84(20) October 15, 2024

3429


https://aacrjournals.org/

Cadzow et al.

A Sonsit KsQ4279 c
ensitize esistance oV0589
55 2,400 Termination of dosing
5 &~ 2,000
£
4.5 £
PCNA o 1,600
. 4 BER Ubiquitination g
S 35 UBE2A ./ S 1,200
3 / 5 11
S ranis @ @rrwp3 E 800 - -
c25 @ © 2
=] FEN1 PARG
2 2 400 -
1
1.5 0 ¥l
@ FANCL LI R R R R Ry R |
1 apEx2 @S 0 7 14 21 28 35 42 49 56 63 70 77 84
05 ‘@< —— FA Time (days)
0 B CC/B/FIGIADRIE —-e- Vehicle (once daily, orally)
—-o- KSQ-4279 (100 mg/kg, once daily, orally)
-3 25 2 -15 -1 05 0 05 1 1.5 2 25 -eo— Olaparib (50 mg/kg, once daily, orally)
Coefficient -e- KSQ-4279 (100 mg/kg) + Olaparib (50 mg/kg)
B Olaparib (nmol/L) Olaparib (nmol/L) Olaparib (nmol/L)
0 3 10 30 100 300 0 3 10 30 100 300 0 3 10 30 100 300
£ P \ "
R ! 0 @:‘”) " ﬂ" /}‘& ) ‘
o | o ) £ N Y
z z ’ 3 3 @C‘:}w HE
£ £ £ n T
£ £ £ 10 @3 )(T\ &
< < < 30 @ -f £
g g g UU J<
¥ ¥ x 100 ' '
> & 4 \v
[ *’a
300 & 300 @ O J e Yol
UWB1.289 — TP53UT, BRCATMUT COV362 — TP53MUT, BRCA1MUT SUM149PT—TP53MUT, BRCA1MUT
Ovarian cancer Ovarian cancer TNBC
40
‘%’ 30 » 60
] 20 < 40
€ é 20
0 «Q
@ 0 8
7&, 318 Q e
(#) A0 S A0 v
. A O S S PN P
Q2 5 2 @ © o 3 % 7
© o b B 2 o b @
% ®® o G D B e % o™
% do 0° %z o™
2 \a0" ¥ owe®

Figure 6.

A, A DDR-enriched CRISPR library was used to run a CRISPR/Cas9 functional genomics screen in UWB1.289 cells in the presence or absence of 300 nmol/L KSQ-
4279. Cells were harvested, genomic DNA isolated, and deep sequencing performed to identify which guides were enriched or depleted from the cells. B
Clonogenic assay results in a panel of BRCA-mutant cell lines after 14-day combination treatments of KSQ-4279 and olaparib. C, Tumor growth curves for the
PDX model, OV0589, treated once daily via oral gavage, with vehicle control, 100 mg/kg KSQ-4279, 50-mg/kg olaparib or the combination of 100 mg/kg KSQ-
4279, and 50 mg/kg olaparib. Mice (n = 3/group) were randomized and treatment administered once the mean tumor volume reached approximately 200 mm?,
denoted as day 0. The horizontal dotted black line represents the mean tumor volume in the combination-treated group on day O, prior to treatment initiation.
Compounds were administered once daily for 34 days, at which point, dosing was terminated (dotted red line) and tumor size monitored.

USP1 inhibition in BRCA1-mutant cells creates a dependency
on PARP1 and the BER pathway

Given the ssDNA gap accumulation and replication stress in-
duced by KSQ-4279, we next determined which specific DNA repair
pathways intersect with these processes and influence the sensitivity
of cells to KSQ-4279. To this end, we performed a CRISPR/Cas9
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screen in the presence and absence of KSQ-4279 in the BRCAI-
mutant ovarian cancer cell line, UWB1.289 (Fig. 6A). The data from
this screen further corroborated our earlier findings that inactiva-
tion of pathways involved in the ubiquitination of PCNA (RAD18,
UBE2A, and RFWD3; refs. 45-47) reduced the sensitivity of the cells
to KSQ-4279, with genes involved in the FA pathway having a more
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modest impact. In contrast, analysis of the dataset for gene
knockouts that sensitize cells to KSQ-4279 revealed several genes
involved in the BER pathway, including PARPI, the target of
multiple approved therapies (48). Consistent with the genetic sen-
sitizer screen results, we found that the PARP inhibitor olaparib
showed strong combination activity with KSQ-4279 in both
BRCAl-mutant, HR-deficient ovarian, and TNBC cell lines
(Fig. 6B). Importantly, the combination of olaparib and KSQ-
4279 seemed to be selective for BRCA-mutant/HR-deficient cells,
as several BRCAIVT/HR-proficient cell lines were unaffected
under the same assay conditions (Supplementary Fig. S8). This
combination effect was not limited to olaparib but was also ob-
served with both PARP-trapping agents, such as niraparib and
talazoparib, and the more recently developed PARPI-selective
inhibitor, AZD5305 (49), in addition to the non-PARP-trapping
agent, veliparib (Supplementary Fig. S9). These findings indicated
that the combination of KSQ-4279 and PARP inhibitors is en-
hanced in tumors with BRCA/HR defects.

To evaluate whether the in vitro combination benefit of KSQ-
4279 and PARP inhibitors translated to an in vivo setting, tumor
efficacy studies were performed across multiple ovarian and TNBC
PDX models. In the ovarian BRCAl-mutant PDX model OV0589,
dosing with KSQ-4279 (100 mg/kg) and olaparib (50 mg/kg) as
single agents was efficacious, but tumors quickly relapsed when
dosing was stopped (Fig. 6C). However, when KSQ-4279
(100 mg/kg) and olaparib (50 mg/kg) were administered in com-
bination, all mice demonstrated pronounced and sustained tumor
regression. Strikingly, although all animals treated with single agents
relapsed following the termination of dosing on day 34, no tumor
outgrowth was observed in any of the mice that received a combi-
nation of KSQ-4279 and olaparib.

KSQ-4279/olaparib combinations can overcome PARPi
resistance

Although PARP inhibitors provide significant benefits to patients
with BRCA-mutant/HR-deficient tumors, the development of both de
novo and acquired resistance presents a major clinical challenge (50).
To test the activity of KSQ-4279/olaparib combinations in the PARP
refractory setting, we identified Ovarian and TNBC PDX models that
closely resembled the clinical setting in which, despite the presence of
a pathogenic BRCA1 mutation, the tumors were HR-proficient and
resistant to PARPi (51). One such model is the TNBC PDX model,
HBCx-8, in which neither olaparib (100 mg/kg) nor KSQ-4279
(100 mg/kg) were active when dosed as single agents; however, the
combination of KSQ-4279 (100 mg/kg) and olaparib (100 mg/kg) was
striking in its ability to control tumor growth (Fig. 7A). Importantly,
the combination of KSQ-4279 and olaparib was well tolerated for over
2 months of dosing, with no overt signs of toxicity and minimal to no
body weight loss observed (Supplementary Fig. S6). Similarly, the
combination of KSQ-4279 (100 mg/kg) and olaparib (50 mg/kg) was
active in the TNBC PDX model, HBCx-11, and in the ovarian PDX
model, CTG-0703, KSQ-4279 (100 mg/kg), and olaparib (100 mg/kg)
were active in combination despite each agent alone having limited to
no effects on tumor growth (Fig. 7A).

Next-generation PARP1-selective inhibitors, such as AZD5305,
are currently being developed with the goal of increasing their
efficacy and tolerability compared with first-generation PARP in-
hibitors. Using the PARP-resistant HBCx-8 model that we previ-
ously tested with olaparib, we tested 10-mg/kg AZD5305 as a single
agent and in combination with 100-mg/kg KSQ-4279. AZD5305
(10 mg/kg) as a single agent resulted in only mild antitumor activity;
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however, the combination of AZD5305 (10 mg/kg) and KSQ-4279
(100 mg/kg) induced durable tumor regressions (Fig. 7B). Of note,
the combination of AZD5305 and KSQ-4279 showed stronger re-
gressions than those observed with olaparib/KSQ-4279 (Fig. 7A),
indicating that KSQ-4279 combinations with next-generation
PARP1-selective inhibitors may further increase the therapeutic
benefit. Next, we tested whether mice that progressed on AZD5305
as a single agent remained sensitive to the combination of KSQ-
4279 and AZD5305. To achieve this, large tumors that were pro-
gressing on AZD5305 as a single agent were randomized to receive
either AZD5305 (10 mg/kg) as a single agent or a combination of
AZD5305 (10 mg/kg) and KSQ-4279 (100 mg/kg). As expected, the
tumors in the AZD5305 single-agent arm continued to grow rap-
idly. In contrast, despite the large tumor size, tumors receiving the
combination of AZD5305 and KSQ-4279 regressed over the next
6 weeks of dosing (Fig. 7B).

To investigate the activity of KSQ-4279/olaparib combinations in
treatment-refractory disease, we performed studies using ovarian
orthotopic PDX models generated from patient tumor samples that
had relapsed after multiple rounds of chemotherapy and/or PARPi
treatment (20). Each of the models tested contained BRCA1 mutations
yet were found to be HR-proficient and resistant to PARPi treatment
(Fig. 7C). In contrast to the relative lack of response to monotherapy
treatment, the combination of KSQ-4279 (100 mg/kg) and olaparib
(100 mg/kg) once again led to strong antitumor efficacy, including the
induction of regressions in the DF68 and DF101 models (Fig. 7D).

Discussion

The work presented herein describes the discovery and charac-
terization of the USP1 inhibitor KSQ-4279. CRISPR-Cas9 screening
identified USPI as an essential target in a subset of ovarian and
breast cancer cell lines. Up to 50% of ovarian cancers and 25% of
breast cancer samples are associated with defects in the HR pathway,
including mutations in BRCA1 and BRCA2 (11), and USPI ex-
pression is enriched in HR-defective basal-like breast cancers and
BRCAl-mutant ovarian cancers that were resistant to platinum
agents (27). To determine whether targeting USP1 in BRCA-mutant
and other HR-defective tumors could improve patient outcomes
and overcome resistance to PARP inhibitors, we developed KSQ-
4279, a potent and selective USP1 inhibitor. In preclinical models,
KSQ-4279 was not only active in BRCA-mutant, HR-defective tu-
mor models as a single agent but also synergized with PARP in-
hibitors when dosed in combination. This combination was also
effective in overcoming PARP inhibitor resistance, which is fre-
quently observed in clinical practice.

Mechanism of action studies in BRCA-mutant cells indicated that
sensitivity to KSQ-4279 is primarily due to dysregulation of the
ubiquitination of PCNA rather than FANCD2. PCNA is mono-
ubiquitinated in response to fork stalling at sites of damaged DNA
which can trigger TLS by recruiting specialized, low-fidelity DNA
polymerases to proceed past the DNA lesion. USP1 deubiquitinates
PCNA, enabling the replication fork to resume its high-fidelity repli-
cation. KSQ-4279-mediated inhibition of USP1 and resulting accu-
mulation of Ub-PCNA would therefore be predicted to lead to
excessive TLS replication with low-fidelity DNA polymerases. How-
ever, it is not clear what the consequences of this would be and if it
would explain the specific sensitivity of BRCA-mutant cells. TLS has
been associated with ssDNA gap suppression in BRCA-mutant cells
(52, 53) and our findings indicate that, conversely, USP1 inhibition
leads to an accumulation of ssDNA gaps (Fig. 5C). The absence of TLS
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Figure 7.

A, Tumor growth curves for the PDX models HBCx-8, HBCx-11, and CTG-0703, treated once daily via oral gavage, with vehicle control, KSQ-4279, olaparib or the
combination of KSQ-4279 and olaparib at the indicated doses. Mice (n = 3-10/group) were randomized, and treatment administered once the mean tumor volume
reached approximately 200 mm?, denoted as day 0. The horizontal dotted black line represents the mean tumor volume in the combination-treated group on day O,
prior to treatment initiation. B, Tumor growth curves for the HBCx-8 model, treated with KSQ-4279, AZD5305, or the combination of KSQ-4279 and AZD5305 at the
indicated doses. Around day 50, tumors that were progressing on single-agent treatment with AZD5305 were randomized and allocated into either receiving
AZD5305 alone or a combination of KSQ-4279 and AZD5305. C, Clinical history and mutational profiles of the four PARPi-resistant BRCA1-mutant orthotopic ovarian
cancer ascites models evaluated in the study. D, Following initiation of dosing, each orthotopic model was monitored by bioluminescence, and percent of change was
plotted graphically, with representative images of luciferase bioluminescence signal for the ovarian PDX DF68 shown. Each orthotopic model was treated once daily
for 28 days via oral gavage with vehicle control, 100 mg/kg olaparib, 100 mg/kg KSQ-4279, or the combination of 100 mg/kg olaparib and 100 mg/kg KSQ-4279.
Mice were randomized, and treatment was administered 7 days after transfer of luciferase-tagged human ovarian cancer cells, denoted as day O.

polymerases scoring as significant factors influencing the sensitivity of ~ observation that USP1 can become trapped at sites of active DNA
cells to KSQ-4279 in the CRISPR screen also suggests TLS activity may  synthesis if the autocleavage of USP1 is impaired (54). Because the
not be a major driver of sensitivity (Fig. 6A). Alternatively, the sen-  catalytic activity of USP1 is required for its own autocleavage, it is
sitivity of BRCA-mutant cells to KSQ-4279 may relate to the conceivable that KSQ-4279 prevents the autocleavage of USP1 leading
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to USP1 remaining trapped within the replication fork. Because
BRCA-mutant cells are known to have inherently unstable replication
forks and depend on USP1 to maintain fork stability (27), further fork
destabilization as a result of USP1-trapping may be involved in the
sensitivity of BRCA-mutant cells to KSQ-4279.

The observation that the sensitivity of BRCA-mutant cells to
KSQ-4279 is enhanced upon CRISPR-mediated inactivation of
PARPI1, and other members of the base-excision pathway, led to
further studies that revealed a striking synergy between KSQ-4279
and PARP inhibitors such as olaparib. The specific mechanism
behind the critical interdependence of these two pathways remains
unknown; however, different scenarios may be at play. For example,
ssDNA gap formation and replication fork instability induced by
KSQ-4279 may increase the workload of ssDNA repair pathways,
which leads to increased PARP trapping and, in turn, greater cy-
totoxicity of BRCA-mutant cells. Alternatively, cotreatment of USP1
and PARPI inhibitors may simply overwhelm the ability of HR-
defective cells to tolerate the ssDNA gap formation and replication
fork dysregulation independently induced by both agents. Another
possibility may relate to the importance of PCNA for long-patch
BER, which may be dysregulated by the influence of KSQ-4279
on PCNA ubiquitination and exacerbate the impact of PARP
inhibitors.

Despite the clinical success of PARP inhibitors, resistance invariably
develops and remains a high unmet clinical need. The development of
KSQ-4279 is an important therapeutic option for these patients. To
determine if the efficacious exposures of KSQ-4279 observed in the
mouse xenograft studies would be achievable in humans, a physiologi-
cally based pharmacokinetic modeling approach was used. This calcu-
lation incorporated the minimum circulating levels of KSQ-4279
required for efficacy, the relationship between the mouse PK and PD
response (Ub-PCNA levels), and the cross-species PK profiles corrected
for plasma protein binding. This analysis estimated that once daily
dosing of KSQ-4279 in the range of 300 to 480 mg would achieve plasma
levels similar to those that achieved efficacy in the mouse models.

Results for the first-in-human trial of KSQ-4279 were recently
presented (55). KSQ-4279 was dosed up to 1,250 mg once a day and
was reported to have an acceptable safety profile with the most
common treatment-emergent adverse events being anemia and in-
creased creatinine. Paired biopsies from patients before and after
treatment with KSQ-4279 confirmed the inhibition of USP1 as the
mechanism of action with evidence of clinical activity seen in a
patient with fallopian tube cancer.

Collectively, our findings indicate that USP1 inhibition with
KSQ-4279 in combination with PARP inhibitors presents a broad
therapeutic opportunity for patients with BRCA-mutant/HR-defi-
cient cancers that are resistant or refractory to PARP inhibitor
therapy, including the new generation of PARPI-selective inhibi-
tors. The findings in our study position KSQ-4279 and the targeting
of USP1 as a promising new approach to address the high unmet
clinical need for new therapies to treat BRCA-mutant/HR-defective
tumors and is currently in clinical testing.
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