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ABSTRACT

Inhibition of the deubiquitinating enzyme USP1 can induce
synthetic lethality in tumors characterized by homologous re-
combination deficiency (HRD) and represents a novel therapeutic
strategy for the treatment of BRCAI/2-mutant cancers, poten-
tially including patients whose tumors have primary or acquired
resistance to PARP inhibitors (PARP1). In this study, we present a
comprehensive characterization of TNG348, an allosteric, selec-
tive, and reversible inhibitor of USP1. TNG348 induces dose-
dependent accumulation of ubiquitinated protein substrates both
in vitro and in vivo. CRISPR screens show that TNG348 exerts its
antitumor effect by disrupting the translesion synthesis pathway
of DNA damage tolerance through RADI18-dependent ubiquiti-
nated PCNA. Although TNG348 and PARPi share the ability to
selectively kill HRD tumor cells, CRISPR screens reveal that
TNG348 and PARPi do so through discrete mechanisms. Par-
ticularly, knocking out PARPI causes resistance to PARPi but
sensitizes cells to TNG348 treatment. Consistent with these
findings, combination of TNG348 with PARPi leads to synergistic
antitumor effects in HRD tumors, resulting in tumor growth in-
hibition and regression in multiple mouse xenograft tumor

Introduction

Homologous recombination deficiency (HRD) is a DNA damage
repair alteration frequently observed in ovarian and breast cancers
and constitutes up to 50% and 20% of cases, respectively. Germline
or somatic mutations in BRCAI or BRCA2 genes are the most
prevalent and pathologically significant alterations contributing to
HRD and represent up to 15% of breast and ovarian cancer cases
(1). HRD, through BRCA1/2 mutation or other means, is charac-
terized by the inability of cells to repair DNA double-strand breaks
(DSB) through homologous recombination (HR), increasing their
reliance on alternate pathways of DNA repair. PARP inhibitors
(PARPi) can exploit this deficiency to induce synthetic lethality in
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models. Importantly, our data on human cancer models further
show that the addition of TNG348 to PARPi treatment can
overcome acquired PARPi resistance in vivo. Although the
clinical development of TNG348 has been discontinued because
of unexpected liver toxicity in patients (NCT06065059), the
present data provide preclinical and mechanistic support for the
continued exploration of USP1 as a drug target for the treat-
ment of patients with BRCAI/2-mutant or HRD cancers.
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HRD tumors by causing DNA damage that is normally repaired by
HR. PARPi blocks the base excision repair (BER) pathway, leading
to the accumulation of DNA single-stranded breaks (SSB) that can
be converted into DNA DSB during DNA replication. Importantly,
normal nontumor cells retain the ability to repair DSB by HR and
are largely spared by PARPi. Since their conception, additional
mechanisms were identified contributing to the antitumor effect of
PARPi in HRD cancers, including the trapping of PARP onto DNA
(2, 3). The approval of PARPi in HRD and BRCAI/2-mutant can-
cers highlights the utility of synthetic lethal approaches in the tar-
geted treatment of cancers. Despite the initial benefit of PARPi over
historical standard-of-care therapies, their efficacy is limited by
intrinsic and acquired drug resistance, highlighting the need for
novel therapeutic strategies that can augment PARPi-based thera-
pies (4, 5).

In addition to PARPi sensitivity, BRCA1/2-mutant cells have
been shown to be dependent on translesion synthesis (TLS), a DNA
damage tolerance pathway that allows DNA polymerases to repli-
cate damaged DNA (6, 7). Although several factors are involved in
TLS, the deubiquitinase (DUB) enzyme USP1 has been identified as
having an essential function in HRD tumors (8-12). USP1 has
several substrates, but its most consequential substrate in HRD
tumors is ubiquitinated proliferating cell nuclear antigen (ub-
PCNA). PCNA is ubiquitinated by RAD18-RAD6 when DNA
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replication forks encounter lesions that conventional DNA poly-
merases cannot bypass (13, 14). ub-PCNA promotes the switch to
TLS polymerases, allowing DNA replication of damaged template
DNA. Once this process is complete, USP1 is required for deubi-
quitination of PCNA and reversion to canonical DNA replication.
Loss of USP1 function in BRCAI/2-mutant cells through genetic
knockout (KO) or pharmacologic inhibition causes accumulation of
mono- and poly-ub-PCNA and PCNA degradation. Ultimately,
this results in elevated DNA damage, loss of replication fork pro-
tection, inhibition of DNA replication, and finally, cell death in
HRD and BRCAI/2-mutant cells (10, 11). Owing to the different
mechanisms of action, USP1 inhibitors (USP1i) and PARPi were
shown to synergize both in vitro and in vivo in HRD models to drive
strong antitumor responses (11), highlighting the potential of single
agent and combined therapy with these two classes of inhibitors.

We initiated a small-molecule drug discovery program that led to
the discovery of TNG348, a novel and potent inhibitor of USP1. Our
data demonstrate that TNG348 is a highly selective and allosteric
inhibitor of USPI, and the cryo-EM structure of USP1 in complex
with TNG348 provided structural insights into the mode of inhi-
bition. TNG348 synergizes with PARPi, and the combination causes
strong antitumor effects in vivo, leading to tumor regression in
several mouse xenograft tumor models. Importantly, our data
demonstrate that TNG348 in combination with PARPi can over-
come acquired PARPi resistance in vivo. Overall, our study supports
the use of USP1is as a novel therapeutic strategy for the treatment of
HRD cancers in combination with PARPi.

Materials and Methods

Compounds

Olaparib (Lot 109840) was purchased from MedChemExpress
(HY-10162). MG132 (15) was purchased from VWR (80053-194).
DMSO (D2650), methyl methanesulfonate (MMS) (129925), and
cisplatin (232120) were purchased from Sigma-Aldrich. SN38 (16)
was purchased from MedChemExpress (HY-13704), and RP3500
(17) was purchased from Selleck Chemicals (E1108). Saruparib
[AZD5305 (18)] was purchased from MedChemExpress (HY-
132167). ART558 (19) was purchased from MedChemExpress (HY-
141520). I-138 (20) was synthesized as previously reported (11).
TNG348 was synthesized as described in Supplementary Methods.

Cell culture and cell line engineering

Cell lines were maintained in incubators at 37°C with 5% CO,
atmosphere up to 8 weeks after thawing. MDA-MB-436, UWB1.289,
and HCC1395 cells were obtained from ATCC in 2017 (HTB-130,
CRL-2945, and CRL-2324), and COV362 cells were obtained from
the European Collection of Animal Cell Cultures in 2017 (7071910).
Information for other cell lines and cell-specific culture conditions
can be found in Supplementary Table S1. All cell lines were au-
thenticated by short tandem repeat analysis upon reception and
were tested for Mycoplasma right after thawing and every 2 weeks
throughout cell line maintenance using the Lonza MycoAlert My-
coplasma Detection Kit (Lonza Bioscience, LT07-118) and corre-
sponding MycoAlert Assay Control Set (Lonza Bioscience, LT07-
518). Lentivirus-mediated delivery was used to generate cell lines
with stable Cas9 expression and subsequently used to deliver single-
guide RNA (sgRNA) vectors. Lentivirus was produced by trans-
fecting the sgRNAs or cDNA vector plasmids into Lenti-X cells.
Cells were seeded in six-well plates or 10-cm dishes and allowed to
adhere overnight. Transfection components included the plasmid,
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lentiviral packaging mix (Cellecta, CPCP-K2A), Lipofectamine 3000
(Thermo Fisher Scientific, L30000015), and Opti-MEM (Gibco,
31985-062). After 24 hours, the media was replaced with DMEM
+ 30% FBS. Media was collected 48 hours after transfection, filtered
through a 0.45-um membrane using a syringe, and stored at —80°C
until usage. For infection, target cell lines were seeded and allowed
to adhere overnight. Polybrene (Sigma-Aldrich, TR-1003-G) at 8 ug/mL
was added along with virus. Media was replaced 24 hours after infec-
tion, and selection began 48 hours after infection with appropriate
antibiotic [either blasticidin (Gibco, A1113903), puromycin (Gibco,
A1113803), or geneticin (Gibco, 10-131-035)].

Protein expression and purification

Human USP1 and UAF1 proteins were expressed according to pre-
viously published procedures with minor modifications (21, 22). Full-
length USP1 (G670A/G671A) containing a TEV-cleavable N-terminal
Hiss-tag and full-length UAF1 containing a C-terminal FLAG tag
were co-expressed in Sf21 cells. Following cell lysis using a high-
pressure homogenizer and clarification of cell lysate by centrifuga-
tion (18,000 rpm, 60 minutes, 4°C), the USP1-UAF1 complex was
purified by sequential affinity chromatography using nickel-nitri-
lotriacetic acid (Ni-NTA) followed by anti-FLAG resin purification.
The Hise-tag was removed by digestion with TEV protease prior to
anti-FLAG column affinity purification. Buffer for the Ni-NTA step
consisted of 50 mmol/L Tris-HCI (pH 8.0), 500 mmol/L NaCl, 5%
(v/v) glycerol, 1 mmol/L phenylmethylsulfonyl fluoride (PMSF),
and 10 mmol/L imidazole. Protein was eluted with 500 mmol/L
imidazole in this same buffer. For anti-FLAG chromatography, the
buffer consisted of 50 mmol/L Tris-HCl (pH 8.0), 150 mmol/L
NaCl, 5% (v/v) glycerol, and 1 mmol/L dithiothreitol (DTT), and
the protein was eluted by using this same buffer containing 200 ug/
mL FLAG peptide. Following the affinity purification steps, the
protein complex was further purified by using anion exchange
chromatography (Mono Q) and size-exclusion chromatography
(Superdex 200). Purified protein at 2.1 mg/mL in the final column
buffer [50 mmol/L 4-(2-hydroxyethyl)piperazine-1-ethane-sulfonic
acid (HEPES), pH 7.5, 150 mmol/L NaCl, and 5% glycerol] was
frozen as aliquots for future use. Ubiquitin vinyl sulfone (Ub-VS)
was purchased from Boston Biochem (catalog #U-202).

Cryo-EM structure determination

The purified USP1-UAF1 complex was covalently modified with
ubiquitin by reacting the sample with Ub-VS overnight at 4°C using
a 1:4 molar ratio of complex:Ub-VS. The sample was then purified
using size-exclusion chromatography as described above. Following
the addition of a 10-fold molar excess of TNG348 and incubation
for 60 minutes 4°C, grids were prepared from 0.20 mg/mL protein
samples. A sample was applied to a glow-discharged 1.2/1.3-uym
Quantifoil gold grid, blotted for 3 seconds, and vitrified in liquid
ethane using a Vitrobot Mark IV (Thermo Fisher Scientific).

Image data were collected using a 300 kV Titan Krios G4 electron
microscope (Thermo Fisher Scientific) equipped with a Gatan
K3 camera operating in a super resolution mode. All movies were
automatically recorded using Electron Probe User at a magnification
of 105 K with a physical pixel of 0.423 A. A total dose of 51.3 e/A?
was fractionated into 40 frames. A total of 6,490 movies were
recorded with a defocus range from —1.0 to —2.0 pum, and the slit
width of the Selectris X energy filter was set to be 20 eV. All movies
were imported into CryoSPARC (23), and preliminary processing
using patch motion with CryoSPARC’s own implementation and
patch contrast transfer function correction was done. Following this
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step, 6,175 micrographs were selected for subsequent template-
based picking and particle extraction. A total of 3,700,674 particles
were extracted with 2 x 2 binning (150-pixel box size, 0.846 A per
pixel) and were then used for 2D classification followed by 3D
classification. Altogether 151,407 particles from the best class were
selected and re-extracted with unbinning (300-pixel box size, 0.423
A per pixel) and then refined in 3D to yield a map with a 3.3 A
global resolution, which was used for model building. Initial models
were generated by rigid body placement of UAF1, USP1, and
ubiquitin proteins from previously published structures (PDB
5CVO and 7AY2) into the map. Subsequent refinement and model
building were performed with Coot, CCP-EM, and PHENIX
(24-26). Figures were generated using PyMOL (Schrodinger).

CRISPR-Cas9 screening

Cells expressing Cas9 were transduced with lentivirus carrying a
DNA damage response-focused guide RNA (gRNA) library with
unique molecular identifier barcodes (27). The DNA damage-
focused library included gRNAs targeting 55 essential genes and
1,145 DNA damage response genes (28, 29). Each gene was targeted
by six individual gRNAs from the Vienna BioCenter (30). The li-
brary additionally included 600 nontargeting and 72 intron-cutting
gRNAs. The whole-genome library was assembled as previously
published (11). The multiplicity of infection was set to 0.3 to opti-
mize for single gRNA expression per cell. Cells were selected with
puromycin for 4 days after transduction, and selection was con-
firmed by expression of red fluorescent protein marker present on
the lentiviral vector via the NovoCyte Quanteon (Agilent) instru-
ment equipped with NovoExpress v 1.6.1 software. Cells were then
allowed to grow for 2 to 3 days without selection before being
passaged and allowed to adhere overnight. Cells were then treated
with indicated drug (day 0). Cells were subcultured every 2 to
3 days, ensuring library coverage of 1,000x. After the DMSO-
treated arm had reached a cumulative doubling count of at least 10,
the cells from each arm were harvested via trypsinization. Cell
pellets were washed with PBS and frozen at —80°C. gDNA was later
extracted using the DNeasy Blood & Tissue Kit (Qiagen, 69506) or
with the ReliaPrep Large Volume HT gDNA Isolation System for
COV362 and HCC1395 (Promega, A2751), following the manu-
facturer’s protocol. DNA sequencing and computational analysis
were performed as previously described (11).

Cell viability assays

For colony formation assay, cells were seeded into 12-well plates
and allowed to adhere overnight. After initial dosing, media was
replaced every 2 to 3 days for 10 to 21 days, with DMSO as the
normalizing agent. PBS was used to wash the cells, and 1% crystal
violet solution (Sigma-Aldrich, V5265) was then used to stain the
cells. After incubation on a plate rocker for 5 minutes, the crystal
violet was removed, and cells were washed by submerging the plate
in a container of water. The plates were set out to dry overnight and
then imaged using the LI-COR Odyssey CLx and accompanying
Image Studio software (LI-COR). Growth was assessed by densi-
tometry, normalized to DMSO (100%) and 10 umol/L MG132 (0%;
ref. 15), and curve-fitted with a nonlinear regression.

For CellTiter-Glo viability assay, cells were seeded into 384-
well plates (Corning) the day prior to treatment with com-
pounds. Plates were dosed using a Tecan Digital Dispenser
D300e (Hewlett Packard), with DMSO as the normalizing agent.
After 7 days, plates were allowed to equilibrate to ambient room
temperature (20°C-22°C). After 30 minutes of equilibration,
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CellTiter-Glo 2.0 reagent (Promega, G924C) was added to each
well, with a subsequent incubation for 20 minutes at room
temperature. Luminescence signals were measured using the
EnVision Multimode Plate Reader (PerkinElmer) equipped using
EnVision Manager v1.13.3009.1409 software (PerkinElmer).
GraphPad Prism 10.1.1 was used to plot results with a three-
parameter nonlinear regression curve-fitting model after nor-
malizing signal to DMSO-treated (100%) and MG132-treated
(0%) wells. Synergy was calculated using Genedata software
equipped with the synergy package for the cell line panel and
with SynergyFinder Plus for other experiments (31).

Chromatin fractionation

UWB1.289 cells were treated with either DMSO, TNG348, ola-
parib, or a combination of TNG348 + olaparib for 24 hours, with a
replicate set receiving the addition of MMS to increase overall signal.
After harvesting cells via trypsinization, the Subcellular Protein
Fractionation Kit for Cultured Cells (Thermo Fisher Scientific, 78840)
was used to segment and collect cytoplasmic, nuclear soluble, and
chromatin fractions using the manufacturer’s corresponding protocol.

Western blotting

Cells were washed with PBS (Gibco 14190-136) and lysed using
RIPA buffer (Thermo Fisher Scientific, 23213) with protease in-
hibitor (Thermo Fisher Scientific, 1861278), EDTA (Thermo Fisher
Scientific, 1861275), and universal nuclease (Thermo Fisher Scien-
tific, 88702). Lysates were centrifuged at 21,000 g for 10 minutes at
4°C, and the bicinchoninic acid protein assay (Thermo Fisher Sci-
entific, 23213) was used to quantify and normalize protein con-
centrations. Samples were heat-denatured in NuPAGE sample
buffer and reducing agent (Invitrogen NP0007 and NP0009), loaded
and run on SDS-PAGE using 4% to 12% gels (Invitrogen
WG1402BOX), and transferred to nitrocellulose membranes (Bio-
Rad 1704159). Membranes were blocked in 5% milk powder and
incubated in primary and secondary antibodies diluted in 2% milk
powder, washing in TBS-T (Tris buffer saline + 0.05% Tween-20)
after each incubation. Membranes were visualized on the ChemiDoc
using enhanced chemiluminescence substrate (Bio-Rad 1705060 and
1705062). For detailed information on antibodies used, see Sup-
plementary Table S2. Protein quantifications were performed by
densitometry using Image] software (v1.231; ref. 32).

In vitro selectivity profiling

TNG348 was screened at a single-point concentration of 10 pmol/L
in a biochemical assay panel of 47 deubiquitinating enzymes (Ubig-
uigent DUBprofiler). TNG348 was screened at a single-point concen-
tration of 10 pmol/L in the Eurofins KINOMEscan scanMAX kinase
panel. This screening platform uses an active site-directed competition
binding assay to quantitatively measure interactions between
TNG348 and 468 human kinases and disease relevant mutant variants.
TNG348 was profiled against 78 safety targets in the SAFETYscan
E/ICso ELECT service provided by Eurofins DiscoverX. The assays were
performed utilizing the PathHunter enzyme fragment complementa-
tion technology, FLIPR-based cellular screening assays, KINOMEscan
kinase binding assays, ion channel assays, and a variety of enzymatic
assays. In these assays, TNG348 was tested in 10-point dilution series
from a starting concentration of 10 pmol/L. Assay results were calcu-
lated as % activity relative to individual controls for each target in the
SAFETYscan E/ICs, ELECT panel. Results showing an agonism or
antagonism higher than 50% are considered to represent significant
effects of the test compounds.
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Biochemical characterization and TNG348 IC5, measurement
for recombinant wild-type and V156K mutant USP1 enzymes

The activity of deubiquitinating enzyme USP1/UAF1 was mea-
sured by the increase in fluorescence due to enzyme-catalyzed
cleavage of the fluorogenic substrate Ubiquitin-Rhodaminel10 (Ub-
Rhod-110) from Ubiquigent (catalog number 60-0117-BUL). Al-
though the Ub-Rhod-110 is essentially nonfluorescent, the cleavage
results in a dequenched Rhodamine 110-Glycine, which exhibits
intense fluorescence at 540 nm when excited at 480 nm.

Steady-state kinetic parameters measurement for wild-type
USP1 and V156K USP1 mutant

Initial rates of cleavage of Ub-Rhod-110 substrate catalyzed by
0.3 nmol/L of recombinant wild-type (WT) or V156K mutant
USP1 enzyme were measured in 20 uL of reaction mixture in a 384-
well black plate (Greiner Bio-One, 781076). The assay buffer con-
tains 50 mmol/L HEPES, pH 7.0, 0.5 mmol/L EDTA, 100 mmol/L
NaCl, 10 mmol/L Tris(2-carboxyethyl)phosphine HCI, 0.01% BSA,
and 0.005% Tween-20. Ub-Rhod-110 substrate was titrated from
12.5 to 0.012 umol/L with a twofold dilution. The reactions were
recorded on a SpectraMax Paradigm microplate reader in kinetic
mode for 90 minutes (Ex: 480 nm/Em: 540 nm). Steady-state kinetic
parameters Vmax and Ky were obtained from the data analysis
using the Michaelis—-Menten equation in GraphPad Prism software.

Michaelis—-Menten equation:

Y = VMax X X/(KM +X)

Here, Y is the initial velocity and X is the concentration of Ub-
Rhod-110 substrate.

TNG348 IC5o measurement against WT and V156K
USP1 mutant

To measure the inhibition of TNG348 against WT and V156K
USP1 mutant, the reactions were performed in a total volume of
20 L with final 100 nmol/L Ub-Rhod-110 substrate. TNG348 ranged
from 10 to 0.0005 pmol/L with a 10-point threefold dilution. In brief,
final 0.15 nmol/L WT enzyme or 0.3 nmol/L V156K mutant was
preincubated with TNG348 at room temperature for 30 minutes.
Substrate was added subsequently to initiate the reaction. Following
incubation for 40 minutes, final 20 pmol/L of ML323 was added to
stop the reactions. The reactions were recorded on a SpectraMax
Paradigm microplate reader in endpoint mode (Ex: 480 nm/Em:
540 nm). Dose-response curves are fitted by XLfit as %inhibition
versus log (compound concentration) using a four-parameter logistic
model 205y = A + [(B — A)/(1 + ((C/x)"D))] with fixed 0% and
100% inhibition limits to calculate the ICsy. A: bottom = 0%; B:
top = 100%; C: relative ICsp; D: hill slope.

In vivo experiments

For cell line-derived xenograft studies, MDA-MB-436 cells were
grown with L15 media with 10% FBS + 10 ug/mL insulin + 16 pug/mL
glutathione and were then implanted subcutaneously into the mice
[MDA-MB-436, 1 x 10° cells with 50% Matrigel (Corning) to NOD-
SCID female mice (Beijing AKYB)]. BR-05-0028 and olaparib-resistant-
BR-05-0028 (olaparib-R-BR-05-0028) patient-derived xenograft (PDX)
studies, harboring BRCA1 Q544* mutation [triple-negative breast
cancer (TNBC)] were performed at WuXi. BR-05-0028 was orig-
inally established from a surgically resected clinical sample by
WuXi and implanted in nude mice to establish a tumor model.
Olaparib-R-BR-05-0028 was generated by continuous treatment of
olaparib at 100 mg/kg every day by oral gavage until resistance
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occurred. Tumors grew under olaparib treatment were passaged/
dosed for several rounds in mice until a stable resistance phenotype
established. PA1338 PDX studies harboring BRCA1 Y1845fs muta-
tion (pancreatic cancer) were performed at Crown Bioscience.
ST4139 and ST1213 PDX studies, harboring E3167fs and RAD51C
R193%, respectively, were performed at XenoSTART. CTG-0012 PDX
studies harboring BRCA1 Y682* mutation (TNBC) was performed at
Champions Oncology. HBCx-11, a HRD+ model defined by an HRD
score (GIS) > 42, and HBCx-14 PDX model, harboring
BRCA1 Ké654fs mutation, were both TNBC models performed at
Xentech. Tumor fragments were implanted subcutaneously into fe-
male BALB/c nude mice (Beijing Vital River) for BR-05-0028 and
olaparib-R-BR-05-0028 PDX studies; BALB/c nude mice (Gem-
Pharmatech) for PA1338 PDX studies; Athymic Nude Crl:NU(NCr)-
Foxnl™ mice (Charles River Laboratories) for ST4139 and
ST1213 PDX studies; and Athymic Nude-Foxnlnu mice (Envigo)
mice for CTG-0012, HBCx-11, and HBCx-14 PDX studies. Animal
studies were conducted with approval from the Institutional Animal
Care and Use Committee or applicable Animal Ethics Committee of
WuXi AppTec, Champions Oncology, XenoSTART, Crowns Biosci-
ence, and Xentech, following the guidance of the Association for
Assessment and Accreditation of Laboratory Animal Care. Mice were
maintained in a controlled, specific pathogen-free environment at
20°C to 26°C, 30% to 70% humidity, and 12 hours light-to-dark cycle.
Tumor volume was measured twice weekly, both length and width
were measured by a caliper, and tumor volume was calculated using
the formula volume = % (length x width?). Animal body weight and
mice condition were monitored throughout the study. Mice were
randomized into treatment groups when the mean tumor volume
reached approximately 150 to 300 mm®. Animals were treated from
the day of the randomization. TNG348, olaparib, niraparib, and
saruparib were administered by oral gavage once daily or twice a day
at an 8:16-hour interval. TNG348 was prepared fresh daily and for-
mulated in 5% dimethylacetamide (DMA) + 30% polyethylene glycol
400 + 20% Solutol HS-15 + 45% water with pH adjusted to 3.0 to
4.0 with 1 mol/L HCl. Niraparib was formulated in 0.5% w/v meth-
ylcellulose. Olaparib was formulated in 10% DMSO + 90% [10% (2-
Hydroxypropyl)-p-cyclodextrin (HP-B-CD) in PBS]. Saruparib was
formulated in water/HCI pH 3.5 to 4. In experiments testing phar-
macodynamic and exposure relationships, tumors were collected from
animals at indicated timepoints after last dose and flash-frozen.
Proteins were extracted using RIPA buffer, homogenized with Tis-
sueLyser II (QIAGEN), and subjected to Western blotting.

Pharmacokinetics

Blood samples were collected via the jugular vein or the vena cava
into tubes containing anticoagulant potassium (K2) EDTA, at 0
(predose) and 2, 4, and 8 hours after last dose. Blood samples were
processed to plasma and analyzed using the LC-MS/MS method.
Pharmacokinetic parameters were estimated using a non-
compartmental analysis consistent with the oral gavage route of
administration. Pharmacokinetic parameters were generated from
composite concentrations in mouse plasma using nominal sampling
times relative to the start of the last dose administration.

Data availability

The cryo-EM data generated in this study are publicly available in
RCSB protein data bank at PDB ID: 9EBS. CRISPR screening data
generated in this study are publicly available in Gene Expression
Omnibus at GSE284239. All other data are available upon request.
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Results

TNG348 is a reversible allosteric USP1i suitable for oral
administration

TNG348 is a substituted 8-iminopurine derivative (Fig. 1A) that
inhibits the DUB activity of USP1, in complex with its stochiometric
partner UAF1, with an ICs, value of 98.5 nmol/L when assayed
using Ub-Rhod-110 as a substrate (Supplementary Fig. SIA and
S1B). To gain insights on the compound’s mode of action, we de-
termined the cryo-EM structure of TNG348 bound to the USP1 +
UAF1 + Ub-VS complex at an overall average resolution of 3.3 A
(Fig. 1B and C; Supplementary Table S3). Similar to the previously
published structure of the USPli ML323 (33), we found that
TNG348 interacts noncovalently with the enzyme by binding to a
cryptic allosteric pocket in USPI. This pocket is formed by dis-
placement of a portion of the N-terminal polypeptide of USP1 upon
compound binding (encompassing residues Leu77-Asn88) and
disruption of a loop region containing residues Leul65-GIn177 and
Asp751-Val755. The net effect of this altered conformation is to
disrupt the precise positioning of the USP1 protease catalytic triad
(Cys90, His593, and Asp751), thereby preventing enzyme activity.
In agreement with the noncovalent allosteric mode of binding,
compound and substrate double titration experiments revealed that
TNG348 is a noncompetitive inhibitor of USP1/UAF1 (Supple-
mentary Fig. SIC), and jump dilution experiments indicate that
TNG348 is a reversible inhibitor (Supplementary Fig. S1D).

USP1 is a cysteine protease that removes ubiquitin from multiple
cellular substrates, including ub-PCNA and ub-FANCD2, and
separately cleaves itself at a ubiquitin-like motif (10, 11, 34). Con-
sistent with its biochemical activity, TNG348 treatment of MDA-
MB-436 cancer cells, which is a BRCAI-mutant and TNBC cell line,
resulted in a dose-dependent accumulation of ub-PCNA and ub-
FANCD?2, as well as reduction of the USP1 autocleaved fragment
(Fig. 1D and E). The cellular pharmacodynamic potency of
TNG348 was further assessed by AlphaLISA-based measurement of
ub-PCNA induction in MDA-MB-436 cells and yielded an average
ICsq of 98.6 nmol/L (Supplementary Fig. S1B and S1E). To evaluate
the cellular anticancer activity of TNG348 and its synthetic lethality
with BRCA1/2 mutations, 10-day viability assays were performed in
MDA-MB-436 (BRCA1 mutant) and HCC1954 (BRCA1 WT) cell
lines. Our data suggest that TNG348 induces a dose-dependent loss
of viability in the BRCAI-mutant MDA-MB-436 cell line with an
average ICs, of 68.3 nmol/L while having no impact on the
BRCA1 WT HCC1954 cell line (Supplementary Fig. SIB and S1F).

Oral administration of TNG348 led to dose-dependent exposures
in MDA-MB-436 tumor-bearing mice in both once daily and twice
daily treatment regimens (Fig. 1F; Supplementary Fig. S1G). Doses
of 30 mg/kg every day or 20 mg/kg twice a day resulted in free
exposures above the TNG348 MDA-MB-436 in vitro ICs, for more
than 8 hours, and higher doses (100 mg/kg every day or 80 mg/kg
twice a day ) allowed exposures above ICs, for 24 hours after last
dose. Ub-PCNA, ub-FANCD2, and cleaved USP1 levels in tumors
correlated with exposure over time, with the highest doses main-
taining maximal levels for 24 hours (Fig. 1G and H; Supplementary
Fig. S1H-S1]J). Overall, these data demonstrate that TNG348 acts as
a potent inhibitor of USP1 both in vitro and in vivo.

TNG348 is a selective inhibitor of USP1

We next sought to characterize the selectivity of TNG348 by
testing its activity in a panel of 47 DUBs (Ubiquigent), including
USP12 and USP46, the two members of the USP subfamily that also
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interact with UAF1/WDR48 (35). Strikingly, USP1 is the only DUB
that was significantly inhibited by TNG348 (Fig. 2A). Next, we
assayed the off-target effects of TNG348 on kinases in the KINO-
MEscan scanMAX panel (Eurofins). TNG348 was found to be se-
lective against 467 of the 468 kinases tested, only showing a
significant binding interaction with ULK3 kinase (89% inhibition at
10 umol/L; Fig. 2B; Supplementary Fig. S2A). When tested against
78 safety targets in the SAFETYscan E/ICs, ELECT (Eurofins Dis-
coverX), TNG348 was found to be inactive as an agonist or antag-
onist in 77 of 78 assays in the panel. It only displayed modest
antagonism against the 5-HT2B receptor with an ICs, of 1.8 pmol/L
and a maximum response of 91.5% at 10 pmol/L (Supplementary
Fig. S2B). These data indicate that TNG348 is highly selective for
USP1 in vitro.

The cellular activity of TNG348 depends on USP1 binding

To further validate the on-target activity of TNG348, we generated
USP1 mutants that were predicted to prevent TNG348 inhibitor
binding. The cryo-EM structure revealed several residues on
USP1 that coordinate the interaction with TNG348, namely, V156,
Q97, Y743, and Q160. The residue V156 seems to form a hydro-
phobic interaction with the pyrimidine side chain on TNG348, and
mutating this residue to a lysine is expected to hamper the interaction
by changing the binding pocket polarity at this site as well as creating
steric hindrance due to the longer side chain. Notably, the purified
USP1 V156K mutant protein behaved like the WT enzyme with a
similar Ky; for Ub-Rhod-110 substrate and only slightly reduced
catalytic activity (Viax Fig. 2C). However, consistent with the pre-
dicted impact of the V156K mutation, TNG348 was >200-fold less
potent against this mutant form of USP1 (Fig. 2D), confirming the
binding mode revealed by the Cryo-EM structure. We next generated
a CRISPR-resistant USP1 cDNA carrying the V156K mutation and
co-expressed this construct together with sgRNAs to simultaneously
knockout the endogenous USPI gene in the BRCAI-mutant MDA-
MB-436 cell line (Supplementary Fig. S2C). In these USPI KO cells,
the expression of the WT ¢cDNA led to sensitivity to TNG348, indi-
cating that although the cDNA-mediated USP1 expression levels
were higher than the endogenous levels, TNG348 inhibitor treat-
ment still caused growth defects in these cells. Interestingly, cells
carrying the USP1 V156K c¢DNA lost sensitivity to TNG348,
completely abrogating the viability effect of TNG348 even at high
concentrations (Fig. 2E). This was associated with lack of ub-
PCNA accumulation and presence of the USP1 cleavage fragment
in the V156K mutant upon USP1 inhibition (Supplementary Fig.
S2D). We also expressed the Q97E, Y743A, and Q160E mutations, but
these cDNA constructs failed to improve the viability of USPI KO
cells, indicating these residues are critical for protein function (Sup-
plementary Fig. S2E). Overall, our data support the conclusion that
antitumor activity of TNG348 is driven by the selective, on-target
activity of USP1 inhibition.

TNG348 activity is most active in BRCA mutant and HRD+
breast and ovarian cancer cells and acts through a distinct
mechanism from PARPi

USP1 has previously been reported as a synthetic lethal interactor
of BRCAI (10, 11). We wanted to assess whether this phenomenon
could be recapitulated by USP1 inhibition via TNG348, and whether
TNG348 affected BRCA1/2 WT and HRD models. To this end, we
tested TNG348 single-agent activity by clonogenic assays in a panel,
comprising 62 breast and ovarian cancer cell lines (examples on
Fig. 3A). We then calculated and normalized dose-response AUC
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Figure 1.

TNG348 is an allosteric USP1i. A, Chemical structure of TNG348. B, Cryo-EM structure of TNG348 (green) bound to the USP1 + UAF1 + Ub-VS complex (gray,
purple, and orange, respectively). C, TNG348 binding pocket in USPT; selected residues in close contact with the inhibitor are labeled. The catalytic cysteine 90 is
depicted at the lower left; the dashed orange line indicates its covalent attachment to the Ub-VS. D and E, TNG348 causes dose-dependent accumulation of
USP1 substrates. D, MDA-MB-436 cells were treated for 24 hours with indicated doses of TNG348, and samples were collected for Western blot analysis. E,
Combined densitometric quantifications of Western blot signals of three independent experiments shown in D. F-H, Plasma exposure and induction of
USP1 substrates upon TNG348 dosing correlate in vivo. Mice-bearing MDA-MB-436 tumors were exposed to TNG348 at indicated doses for 5 days. F, Plasma
samples from three to four mice were taken at indicated timepoints after last dose; TNG348 levels were quantified by mass spectrometry.
TNG348 concentrations were corrected with plasma protein binding from NOD-SCID mice. The dashed line represents the average viability ICsq of 68.3 nmol/L. G
and H, Tumors were harvested from three to four mice for each condition and processed for Western blotting against ub-PCNA and PCNA (G) and ub-FANCD2
(H). Protein levels were measured by densitometry of three to four different mice, and error bars represent the SEM.

for each cell line and stratified them based on their BRCA1/2 mu-  status. Except for SUM149PT, all BRCA-mutant cell lines had a
tation or HRD+ status. The HRD+ status was determined with  score above 65. We found that the six most sensitive cell lines to
scarHRD (36), and a threshold score of 65 was used to call HRD+ TNG348 were BRCA1/2-mutant and HRD+ cell lines (Fig. 3A and
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B; Supplementary Table S4). Interestingly, the seven other
BRCAmut/HRD+ cell lines showed lower sensitivity, suggesting that
the synthetic lethality of USP1 with HRD is not fully penetrant.
We assessed whether cells respond similarly to TNG348 and
other published USP1lis and how it compared with PARPi. To this
end, we performed unbiased DNA repair-focused CRISPR screens
to identify which genes, when lost, could confer resistance or sen-
sitivity to TNG348 or olaparib in the USPli-sensitive UWB1.289 and
MDA-MB-436 cell lines (Fig. 3C-F). Consistent with previous reports,
we found that loss of several PCNA ubiquitination-promoting genes,
including RADIS8, UBE2K, UBE2A, and RFWD3, caused resistance to
TNG348 in both cell lines (Fig. 3C and D; Supplementary Tables
S5 and S6; refs. 11, 12). We further validated that the loss of
RAD18 reduced ubiquitination of PCNA and abrogated the sensitivity
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to TNG348 in both cell lines (Fig. 3G and H). These data confirm that
the antitumor mechanism of TNG348 is dependent on RADI8-
initiated PCNA ubiquitination.

In contrast and consistent with published data, knockout of
shieldin subunits, TP53BP, PARPI, and PARG, conferred resistance
to olaparib and loss of RAD18 or any of the other genes involved in
the ub-PCNA pathway did not affect olaparib sensitivity (Fig. 3E
and F; Supplementary Tables S7 and S8; refs. 3, 37-41). Conversely,
loss of shieldin subunits, PARP1 or PARG, did not provide growth
advantages in the presence of TNG348 in both cell lines. In fact, loss
of PARPI, as well as other factors involved in BER, sensitized
UWBI1.289 cells to TNG348 (Fig. 3C and D; Supplementary Tables
S5 and S6). We note that TP53BP1 KO conferred resistance to
TNG348 in UWB1.289 and to some extent in MDA-MB-436 cells,
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Figure 3.

TNG348 activity is enriched in HRD cell lines and acts through a distinct mechanism from PARPI. A and B, TNG348 activity is elevated in BRCA-mutant or HRD cells.
TNG348 activity was assayed in a panel of 62 breast and ovarian cell lines by 10-21-day clonogenic assays using 10-point threefold serial dilutions of TNG348 with an
8 umol/L top dose. Examples are shown in A. B, The average AUC from biological duplicates of technical duplicates was calculated from nonlinear regression of the
dose-response and normalized so that the highest possible response is assigned a value of 1and no response, 0. Cell lines were grouped according to the HRD status;
HR proficient (HRD negative, HRD—) cells without BRCAI/2 mutations in black, and cell lines that carry a BRCAI/2 mutation or that are BRCAwt but HRD positive
(HRD+, ScarHRD > 65) in red and blue, respectively. Cells line names are shown on the right from most sensitive (top) to least sensitive (bottom) to TNG348.
Statistical significance was calculated with a two-tailed unpaired Student ¢ test. ***, P < 0.001. € and D, Volcano plot showing CRISPR screening results comparing
DMSO and 200 (C) or 100 nmol/L (D) TNG348-treated Cas9-expressing UWB1.289 and MDA-MB-436 cells. Dashed line: P value = 0.05. E and F, Volcano plots
showing CRISPR screening comparing DMSO and 1umol/L (E) or 10 nmol/L (F) olaparib-treated Cas9-expressing UWB1.289 and MDA-MB-436 cells. A focused gRNA
library targeting DNA damage response genes was used for C-F. Labeled in red are genes known to cause resistance to USP1i when lost or involved in the ub-PCNA
pathway. In blue are genes known to confer resistance to PARPi when knocked out. G and H, RAD18 suppresses the TNG348 sensitivity of UWB1.289 (G) and MDA-
MB-436 (H) cell lines. Endogenous RAD18 was knocked out in Cas9-expressing cells, and the KO efficiency was validated, along with the impact on ub-PCNA levels,
by Western blotting after 24 hours DMSO or TNG348 treatment (left). The impact on viability was monitored by clonogenic assays (right). NTC, Non-target control.
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indicating that there can be overlap of resistance mechanisms be-
tween TNG348 and PARPI. Interestingly, genes coding for proteins
associated with the BRCA1-A complex were identified as sensitizers
to TNG348, but not olaparib, suggesting that the dependency on
BRCA1 functionality further differs between USPli and PARPi
(Supplementary Fig. S3A-S3D). Overall, these data indicate that
TNG348 acts through a mechanism that is globally distinct from
that of PARPi.

TNG348 synergizes with PARPi and other DNA-damaging
agents in HRD+ and BRCA-mutant cell lines

Given that several HRD cell lines were largely unaffected by
TNG348, we asked what conferred resistance to these cell lines by
performing whole-genome CRISPR screens in two TNG348-
resistant, BRCAI-mutant cell lines, COV362 and HCC1395, and
looked for genes that sensitize cells to TNG348. Although several
hits were identified using this approach, most were also identified in
the UWB1.289 and MDA-MB-436 screens, including genes encod-
ing for subunits of the BRCAI-A complex (Fig. 4A and B; Sup-
plementary Tables S9 and S10). Interestingly, however, PARP1 loss
was found as a common sensitizer to TNG348 in both cell lines,
suggesting that PARP function may suppress TNG348 sensitivity.
Consistent with this finding, TNG348 potentiated the effect of
olaparib and reduced its ICsy by fivefold in COV362 and
HCC1395 cells, despite the lack of response to TNG348 single agent
(Fig. 4C). To further explore the synergy between TNG348 and
PARPi, we tested the combination of TNG348 with PARP1/2 and
PARP1-selective inhibitors in a panel of cell lines. BRCA1 mutant
and HRD+ cell lines showed generally stronger synergy compared
with BRCAwt cells, as measured by the Bliss synergy score, when
TNG348 was combined with either olaparib or saruparib
(AZD5305, Fig. 4D and E; Supplementary Fig. S4A-S4E; Supple-
mentary Tables S11 and S12; ref. 18). We note that additional cell
lines insensitive to either PARPi or TNG348 in this assay showed
strong synergy (e.g., JHOS2 and BT20). Cells that were especially
sensitive to either single-agent treatment showed a low synergy
score (e.g, MDAMB436 and JHOS4), owing to the challenge of
observing synergy when single-agent response cannot technically be
improved (Supplementary Fig. S4A-S4D). Overall, we found that
most HRD+ cell lines (10/13 lines) were sensitive to either single
agent or their combination.

The screen and cell line panel data suggest that PARP function
may suppress TNG348 sensitivity in HRD cells. USP1 inhibition was
reported to induce the formation of DNA SSB, potentially leading to
the recruitment of PARP1 for repair (11, 12, 42). The antitumor
activity of PARPi results from both catalytic inhibition of PAR-
ylation and trapping of PARP enzymes onto chromatin at sites of
DNA damage, suggesting that either or both of these effects underlie
the synergy between TNG348 and PARPi. To assess these possi-
bilities, we monitored PARP1 and PAR levels in different cellular
compartments following treatment with TNG348 or the strong
PARPI trapper saruparib in the BRCA-mutant UWB1.289 cell line
(18). We did not observe increased PARPI trapping on chromatin
after co-treatment with TNG348 and saruparib, even upon the ad-
dition of MMS (Fig. 4F; Supplementary Fig. S4F). However, PAR
signal was significantly induced after TNG348 treatment in a PARP-
dependent manner. As PARPi are known to induce DNA damage,
we wondered if TNG348 could synergize with other DNA damaging
agents known to be more efficacious in BRCA1/2-mutant or HRD+
tumors, such as platinum-based cisplatin or the topoisomerase I
poison SN38 (16, 43, 44). Although TNG348 enhanced the antitumor
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growth effect of both cisplatin and SN38 in the BRCAI-mutant
UWB1.289 cell line (2-3-fold ICs, reduction), TNG348 induced a
much deeper potentiation of olaparib activity, with as much as 50-
fold reduction of its ICs, (Supplementary Fig. S4G-S4I). These re-
sults suggest that the response to TNG348 induces PARP-mediated
repair that may underlie TNG348 resistance in a subset of cell lines
and support the potential of TNG348-PARPi combinations.

Next, we compared the selectivity and efficacy of TNG348 with
other targeted therapies working through alternative mechanisms of
action independently shown to synergize with PARPi in BRCA-
mutant tumor cell lines, namely, POLQ and ATR inhibitors. POLQ
(PolB) was identified as a synthetic lethal target in BRCA mutant
tumors through the elimination of the 0-mediated end joining
mechanism (19, 45), and ATR inhibitors (ATRi) were shown to
overcome PARPI resistance (46). All three inhibitors showed syn-
ergy with olaparib in the BRCAI-mutant UWB1.289 cell line, with
the TNG348 combination showing the highest levels of synergy,
followed by the ATRi RP3500 (17) and the POLQi ART558
(Fig. 4G-J; ref. 19). RP3500 provided the deepest growth inhibition
effect in combination with PARPi, owing to significantly stronger
single-agent activity at higher doses. This is consistent with the
essential nature of ATR, and we note that RP3500 treatment
resulted in complete loss of viability and could synergize with ola-
parib at higher doses in the BRCA WT MCFI10A cell line, whereas
TNG348 or ART558 did not (Supplementary Fig. S4J-S4L). This
suggests that TNG348 and ART558 confer enhanced selectivity for
BRCA1/2mut and HRD+ in combination with PARPi compared
with ATRi and that TNG348 confers improved anticancer activity.

TNG348 drives strong antitumor activity in combination with
PARPi in HRD+ models and can overcome PARPi resistance
To assess whether the antitumor effect of TNG348 observed
in vitro translated to in vivo models, the activity of TNG348, PARP;i,
or their combination was monitored in mice-bearing PDXs. Models
from multiple patients with breast, ovarian, and pancreatic cancers
carrying either a BRCAI, BRCA2, or RAD51C pathogenic mutation
or that are BRCAwt and HRD+ were assayed (Fig. 5A-G; Supple-
mentary Tables S13 and S14). Overall, single-agent TNG348 was
well tolerated, and combination with either olaparib or niraparib
did not lead to body weight loss in mice (Supplementary Fig. S5A
and S5B). As single agents, TNG348 and PARPi had varying levels
of tumor growth inhibition, from no effect to partial tumor growth
inhibition. Strikingly, the combination of TNG348 at 100 mg per
kilogram (mpk) every day or 80 mpk twice a day with olaparib or
niraparib consistently led to improvements in tumor growth inhi-
bition compared with single agents across all HRD+ models. Similar
antitumor activity was observed when combining lower doses of
TNG348 with PARPi, suggesting that the combination can provide
synergistic benefit even if maximal suppression of USP1 activity is
not maintained throughout the 24-hour between doses (Supple-
mentary Fig. S5C-S5E, see Fig. 1F-H). Importantly, some of these
xenograft models were generated from patients who had undergone
several lines of chemotherapy, suggesting that combination benefits
can be observed even in heavily pretreated cancers (Fig. 5C and D,
see Supplementary Table S14 for details). Moreover, the growth of a
BRCAwt ovarian model that does not carry any pathogenic muta-
tions in HR genes and is not sensitive to niraparib was not signif-
icantly affected by the TNG348 and niraparib combination
(Supplementary Fig. S5F). It should be noted that the dose of ola-
parib was reduced from 100 to 50 mpk every day to match the
plasma exposure when combined with TNG348. No significant
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TNG348 synergizes with PARPi in BRCAI/2-mutant and HRD cell lines. A and B, Volcano plots of whole-genome CRISPR screens in BRCAImut COV362 (A) and
HCC1395 (B) cell lines comparing gene mutations that sensitize (left) or cause resistance (right) to TNG348. PARP1 is labeled in blue, and members of the
BRCAT-A complex are labeled in gray. Dashed line: P value = 0.05. C, TNG348 synergizes with olaparib in COV362 and HCC1395 cell lines. Viability was measured
by CellTiter-Glo after 7 days of growth. D and E, Combination of TNG348 with olaparib (D) or saruparib (E) was tested in a panel of 69 breast and ovarian cell
lines. The average Bliss synergy score for each cell line was calculated across an entire 9 x 9 matrix, and data are presented as the average of two biological
replicates. Cell lines were categorized according to the HRD status; HR-proficient (HRD—) cells without BRCA1/2 mutations (black), and cell lines that carry a
BRCAI/2 mutation or that are BRCAwt but HRD+ (ScarHRD > 65) in red and blue, respectively. Statistical significance was calculated with a two-tailed unpaired
Student ¢t test. **, P value < 0.01. F, TNG348 induces PARylation. UWB1.289 cells were treated for 24 hours with indicated drugs, and samples were collected for
subcellular fractionation experiments followed by Western blotting with indicated antibodies. G=J, Olaparib synergy comparison among ART558 (POLQi),
RP3500 (ATRI), and TNG348 in the UWB1.289 cell line. G, Average Bliss synergy score was calculated over a 4 x 4 portion of the dose-response matrices (0.04-
1.1 umol/L for olaparib, TNG348, and ART558 and 0.45-12.3 nmol/L for RP3500). H-J, Viability assay examples of olaparib combination with TNG348 (H),
RP3500 (1), and ART558 (J) plotted in G. Error bars: SEM.

are consistent with the observed synergy between TNG348 and PARPi
in vitro and highlight the potential of their combination in driving
remarkable antitumor responses in HRD+ cancers.

differences between 100 mpk every day single agent and combination at
50 mpk every day were observed, and niraparib exposure was not
affected by TNG348 combination (Supplementary Fig. S5G). These data
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Figure 5.

TNG348 drives strong in vivo antitumor activity in combination with PARPi and can overcome PARPi resistance. A=G, The growth of PDX models BR-05-0028
(A), PA1338 (B), ST4139 (C), CTG-0012 (D), HBCx-11 (E), ST1213 (F), and HBCx-14 (G) was monitored in mice during vehicle, TNG348, PARPI, or combination
treatment. Average tumor volume from at least four mice from each arm is shown. Error bars represent SEM. See Supplementary Table S14 for additional
information on models. H and I, TNG348 can resensitize tumors to PARPi. The model from A was subjected to prolonged treatment to olaparib until tumor
regrowth was observed. A tumor regrowing from a single animal was further passaged under constant olaparib pressure to create an olaparib-resistant model. H
This model is cross-resistant to several PARPI. I, Tumor growth following vehicle, TNG348, olaparib, or combination treatment in the PARPi-resistant model was
monitored for 27 days. Error bars represent SEM of eight different animals for each arm. mpk, milligrams per kilogram. Statistical significance was calculated
using two-way ANOVA followed by the Tukey multiple comparisons test. Only vehicle to combination comparison is shown, see Supplementary Table S13 for
other comparisons. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

Development of PARP; resistance caused by prolonged treatment
with PARPi is often observed clinically and hampers long-term ef-
ficacy (2). Previous publications have suggested alternative mechanisms

of action of USP1i that may allow USP1 inhibition to overcome PARPi
resistance in vitro (10-12). Here, we used a BRCA 1-mutant PDX model
(Fig. 5A) that was rendered resistant to olaparib by maintaining
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olaparib pressure in vivo until tumor growth was recovered to generate
a model of acquired PARPI resistance that is cross-resistant to several
PARPi (Fig. 5H). The mechanism of resistance could not be identified
but does not result from MDRI1 overexpression, BRCAI reversion, or
loss of any of the genes typically associated with PARPi resistance
(TP53BP1, SHLDI-3, PARG, etc.). The model was also cross-resistant to
TNG348 single-agent treatment, but, strikingly, combination with ei-
ther saruparib or olaparib resulted in strong and synergistic antitumor
activity (Fig. 5I; Supplementary Fig. S5H). Taken together, these data
suggest that combination of TNG348 with PARPis can drive deeper
antitumor responses in BRCA-mutant or HRD+ tumors and overcome
acquired PARPI resistance.

Discussion

In this study, we characterized TNG348 as a novel, allosteric, and
selective USP1i that reversibly binds to a cryptic pocket on USP1.
Although TNG348 was most active in HRD+ cells, we show that it
provided markedly improved antitumor benefits and selectivity
when combined with PARPis, leading to regression in several in vivo
HRD+ PDX models. Our data further reveal that TNG348 can
resensitize tumors with acquired PARPi resistance to PARPis.

Using unbiased CRISPR screening and single-gene validation, we
show that the antitumor effect of TNG348 is driven by RAD18 and
ub-PCNA, which is consistent with the functions of USP1 and the
activity of other USPlis. Moreover, in agreement with previous
studies showing that USP1 loss causes synthetic lethality in BRCA-
mutant tumors, we found that the most sensitive cell lines to
TNG348 are HRD+ (10-12). Surprisingly, a significant proportion
of HRD+ cell lines seemed largely resistant to TNG348, indicating
that HRD+ status does not fully predict USP1i sensitivity. We note
that limitations exist with regards to the HRD scar classification
used in this study as it reflects events in cells’ growth history rather
than current functional defects. However, most TNG348-sensitive
and -resistant BRCAI-mutant or HRD+ cell lines were characterized
elsewhere as deficient for HR in functional assays, suggesting that
the observed resistance results from incomplete penetrance rather
than misclassification of cell lines (47-50). Moreover, some HR
proficient cell lines were intermediately sensitive to TNG348, indi-
cating that HRD status does not fully capture the drivers of
TNG348 sensitivity and that additional DNA damage repair alter-
ation biomarkers may be associated with USP1 dependency. This is
consistent with previous findings that a subset of HR-proficient
non-small cell lung cancer cell lines is sensitive to USP1 inhibition
(11). It is possible that sensitivity to TNG348 results from composite
features, with HRD being one component that is insufficient to
drive sensitivity on its own. To assess what would be the other
components, we performed whole-genome CRISPR screens in
TNG348-resistant, BRCAI-mutant cell lines which revealed that
despite the absence of BRCAL1, residual BRCA1-A complex function
may protect against USP1 inhibition. Interestingly, this complex has
been shown to regulate HR and modulate histone ubiquitination
surrounding DSBs (51, 52). However, how the BRCA1-A complex
affects USP1 inhibition response warrants further research.

Several other genes were identified in CRISPR screens presented
in this study, but the most consistent and actionable hit we un-
covered in both TNG348-sensitive and -resistant cells is PARP1.
This was further validated in a panel of cell lines in which PARPi
and TNG348 were either effective as single agents or synergized in
most HRD cell lines even if insensitive to either inhibitor. Although
we show that TNG348 induces PARylation, implying that the DNA
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damage induced by USPI1 inhibition requires PARP activity for
repair, the mechanism through which USPI inhibition by
TNG348 synergizes with PARPi is likely multifactorial. Evidence
suggests that HRD cells are dependent on both BER and TLS for
survival (2, 6, 7), and combined PARP and TLS inhibition was
shown to drive deeper responses in BRCAI-mutant cells (7). PARPi
and USP1i were also shown to induce SSB formation, and their
combination exacerbated this effect (11, 12, 42, 53). An additional
factor contributing to the TNG348-PARPi synergy may be imped-
iment of the response to single-ended DSB. Our data show that
TNG348 improves the potency of topoisomerase I inhibitor SN38, a
class of inhibitor that generates single-ended DSB. Single-ended
DSB is also formed by PARPi when DNA replication forks en-
counter unrepaired SSB. Single-ended DSB induced by topoisom-
erase I inhibition causes DNA replication fork translocation to a
reversed structure and exposes a free double-stranded DNA end,
which, in turn, can be degraded upon USPI inhibition, leading to
fork collapse (10). This is consistent with the finding that RFEWD3,
which has been shown to promote fork reversal (54), confers re-
sistance to TNG348 when lost in the BRCAI-mutant cell lines
MDA-MB-436 and UWB1.289 (Fig. 3C and D and ref. 12).
USP1 also regulates the Fanconi anemia repair pathway through
deubiquitination of FANCD2 and FANCI (55, 56). This pathway is
essential for the repair of interstrand cross-links caused by platinum
compounds such as cisplatin and is also involved in the response to
PARPi. The finding that TNG348 can improve the response to
cisplatin suggests that it may also disrupt the Fanconi anemia
pathway and that this may contribute to the synergy with PARPi. In
support of this, RAD18, which fully abrogates USP1li sensitivity
when lost, was found to regulate FANCD2 function and ubiqg-
uitination through a ub-PCNA-dependent mechanism (57, 58). The
contribution of each individual synergy mechanism may differ be-
tween tumor types, but the pleotropic and synthetic lethal nature of
the TNG348 plus PARPi combination may contribute to its versa-
tility in treating HRD+ tumors. Indeed, resistance to either
TNG348 or PARPi single agents, whether intrinsic or acquired, was
overcome when combining both classes of inhibitors. In every in
vivo model we tested, the combination resulted in stronger antitu-
mor effects irrespective of treatment history, frequently leading to
tumor regression. This suggests that TNG348 in combination with
PARPi could be effective to treat patients with HRD+ tumors that
do not or no longer respond to PARPi.

We note that three HRD+ cell lines were insensitive to
TNG348 and PARPi combination. Although this may be a result
from the aforementioned limitations to HRD scar, it is possible that
genetic alterations conferring resistance to the combination exist.
For example, TP53BP1 loss was identified as a common resistor in
both MDA-MB-436 and UWB1.289 cell lines, suggesting that there
may be instances of overlapping mechanisms of resistance to both
classes of drugs. Conversely, the HBCx-11 model, which was shown
to retain HR functionality through the ability to form RAD51 foci,
despite harboring a pathogenic BRCAI-mutation and HRD+ score
(Fig. 5E; Supplementary Table S14; ref. 59), was highly sensitive to
the TNG348 and PARPi combination. Additionally, the combina-
tion synergized in several cell lines not characterized as HRD+.
These data suggest that other DNA damage repair alterations, in
addition to HRD, may govern TNG348 plus PARPi response. It will
be essential to understand what underlies response to the combi-
nation to optimize the treatment conditions.

Unfortunately, the clinical development of TNG348 has been ter-
minated because of the unanticipated observation of liver effects
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consistent with drug-induced liver injury during the phase I trial
(NCT06065059). Although the cause of liver toxicity is unclear, neither
in vivo studies nor the off-targets identified in this study, ULK3 and
the 5-HT2B receptor antagonism, are likely to be responsible.
ULK3 and the 5-HT2B receptor are weakly inhibited by TNG348,
ULK3 KO mice are viable without body weight loss, and 5-HT2B
antagonists have not been associated with liver damage. Importantly,
liver toxicity is unlikely to be on-target because another USP1i has
been well tolerated in clinical trials (42, 60). Though the clinical de-
velopment of TNG348 has been discontinued, this study provides
strong preclinical support for the use of USPlis in combination with
PARPi in BRCAI/2 mutant or other HRD tumors in the clinic.
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