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ABSTRACT

Despite advances in androgen receptor signaling inhibitors (ARSIs) and poly (ADP-ribose) polymerase inhibitors (PARPISs), met-
astatic castration-resistant prostate cancer (mnCRPC) remains lethal. PARPISs clinical efficacy is limited in patients with homol-
ogous recombination repair deficiencies, such as BRCA1/2 mutations, due to resistance. Thus, identifying novel synthetic lethal
interactions with PARP may expand treatment options and improve therapeutic efficacy. Here, to identify genes that influence
sensitivity to the PARPI olaparib, we conducted a genome-wide CRISPR-Cas9 knockout screening of 18,010 genes in DU145,
22Rvl, and LNCaP prostate cancer cell lines. Our screening identified PARP and LIG1 as synthetic lethality-inducing factors,
whereas TP53 conferred resistance to PARPIs. Simultaneous inhibition of LIG1 and PARP increased DNA damage and apoptosis.
Additionally, the combination of the LIG1 inhibitor L82-G17 with olaparib exhibited synergistic effects. To the best of our knowl-
edge, we validated this combination therapy in vivo for the first time, suppressing tumor growth in a DU145 xenograft model
while minimizing toxicity in normal tissues. Immunohistochemical analysis revealed that LIG1 was overexpressed in CRPC tis-
sues, suggesting its potential as a therapeutic target. This study established LIG1 as a novel synthetic lethality-inducing factor in
prostate cancer, showing that L82-G17 enhances the efficacy of olaparib, regardless of the BRCA mutation status. These findings
suggest that the combination of PARP and LIG1 inhibitors could be a novel therapeutic strategy for mCRPC.

Abbreviations: ARSI, androgen receptor signaling inhibitor; CRPC, castration-resistant prostate cancer; DDR, DNA damage response; HRR, homologous
recombination repair; PARPIs, poly (ADP-ribose) polymerase inhibitors.
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1 | Introduction

Metastatic castration-resistant prostate cancer (mCRPC) re-
mains lethal despite next-generation androgen receptor signal-
ing inhibitors (ARSIs) and therapeutic advances [1]; changes in
the DNA damage response (DDR) pathway are crucial for its
aggressiveness [2]. Genomic analyses indicate that 20%-30% of
patients with mCRPC harbor mutations in DDR-related genes,
particularly in BRCA1/2, ATM, CHEK2, and CDK12, which are
strongly associated with increased tumor aggressiveness and re-
sistance [3-6]. Targeting these changes in the DDR pathway is a
promising therapy for mCRPC.

Among the DDR-targeting approaches, poly (ADP-ribose) poly-
merase (PARP) inhibitors (PARPIs) are promising treatments
for tumors with homologous recombination repair (HRR) de-
ficiencies [7]. By inhibiting PARP1/2, PARPIs block the repair
of single-strand breaks, leading to their accumulation and in-
ducing synthetic lethality in HRR-deficient tumor cells [8, 9]
Olaparib and rucaparib are FDA-approved PARPIs with clinical
efficacy for treating patients with mCRPC BRCAI/2 mutations
[10-14]. However, their effectiveness in patients with non-BRCA
DDR mutations or without HRR deficiencies is misunderstood,
making mCRPC management challenging. Because the progno-
sis of patients with CRPC improves by combining PARPIs and
ARSIs, the existence of unknown genes exhibiting synthetic le-
thality is possible [10, 15, 16].

PARPISs resistance is often driven by mechanisms such as HRR
restoration or alternative repair pathways. To address this, the
synergy of other DDR inhibitors, such as ATR or DNA-PK inhib-
itors, has been studied [17-20]. Beyond resistance management,
expanding the indications of PARPIs requires novel synthetic
lethal interactions and molecular targets.

Functional screens such as those using CRISPR identify targets of
PARPISs sensitizers [17]. Using an sgRNA library, CRISPR screens
targeting 356 DNA repair genesit was found that losing LIGI,
EMRI1, and FAAP224 increased PARPIs efficacy [21]. However,
the effects of these inhibitors have not been demonstrated in vivo.

Therefore, this study aimed to identify novel synthetic lethal
genes associated with PARP in prostate cancer through genome-
wide CRISPR screens targeting 18,010 genes, establishing a
novel combination therapy to enhance PARPIs efficacy. We
identified LIG1 as the most potent target for inducing synthetic
lethality with a PARPI. We assessed LIG1 expression in clini-
cal prostate cancer samples, including those from CRPC tissues.
Our results indicate that LIG inhibitors have therapeutic effects
in vivo.

2 | Materials and Methods
2.1 | Cell Culture

DU145, 22Rv1, and LNCaP prostate cancer cells were purchased
from ATCC (Manassas, VA, USA) and maintained in basal
media (DMEM for DU145 and RPMI1640 for 22Rv1 and LNCaP)
supplemented with 10% fetal bovine serum in a humidified in-
cubator set to 37°C and 5% CO,.

2.2 | Lentivirus Packaging

Lentivirus packaging for gene transfer was performed using
the Invitrogen ViraPower Lentiviral Packaging Mix (K497500;
ThermoFisher Scientific, Waltham, MA, USA) follow-
ing the manufacturer's protocol. Briefly, the vector plasmid
and ViraPower Lentiviral Packaging Mix were transfected
into HEK293FT cells using Lipofectamine 2000 (11668019;
ThermoFisher Scientific, Waltham, MA, USA). The culture me-
dium was changed after 24 h, and the cells were incubated for
another 48 h. The culture supernatant containing the lentivirus
was collected and stored at —80°C until use.

2.3 | Establishment of Cas9-Stably Expressing
Prostate Cancer Cell Lines

Lentiviral supernatant prepared with Lenti-Cas9 blast (Addgene
#52962) was added to DU145, 22Rv1, and LNCaP cells. The me-
dium was replaced with fresh medium at 24 h. Cell selection was
performed using blasticidin (DU145: 1.5ug/mL, 22Rv1: 1.5ug/
mL, LNCaP: 1.5ug/mL). The surviving cells were clonally iso-
lated using the limiting dilution method.

2.4 | Cas9 Functional Assay

Cas9 function in cloned Cas9-expressing prostate cancer cells
was assessed using a previously reported assay [22]. Briefly,
gRNA against the green fluorescent protein (GFP), along
with the coding sequences of blue fluorescent protein (BFP)
and GFP mediated by the 2A-sequence, were introduced into
cells using the lentiviral vector pKLV2-U6gRNAS5(gGFP)-
PGKBFP2AGFP-W (Addgene #67980). The cells were cultured
for 5days after transduction, and the expression of BFP and GFP
was evaluated by flow cytometry, wherein the percentage of
BFP-positive and GFP-negative cells determined Cas9 function,
as GFP was knocked out. As a control, the same experiment was
performed using pKLV2-U6gRNA5(Empty)-PGKBFP2AGFP-W
(Addgene #67979), which does not express the gRNA for GFP,
and it was confirmed that Cas9-expressing cells also became
BFP- and GFP-positive cells. The clones with the highest Cas9
knockout efficiency in each prostate cancer cell line were used
for CRISPR screening.

2.5 | gRNA Library

We used the Human Improved Genome-wide Knockout
CRISPR Library vl, containing 90,709 gRNAs targeting
18,010 genes, which was gifted by Kosuke Yusa (Addgene
#67989) [22].

2.6 | Generation of Genome-Wide Mutant Cell
Pool and Screening

Overall, 3.0x107 Cas9-stably expressing prostate cancer cells
(DU145, 22Rv1, and LNCaP) were transduced with a genome-
wide gRNA lentiviral supernatant set to multiplicity of infec-
tion =0.3. Two days after transduction, a proportion of the cells
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was collected, and the percentage of gRNA-transfected cells that
were BFP positive was 25%-35% by flow cytometry. Cell selec-
tion was performed using puromycin for 6days. Genome-wide
mutant cell pools obtained by cell selection were cultured for
14days with olaparib and DMSO, the solvent for olaparib, as
a control. These experiments started with 1.0x 107 cells to ob-
tain 100 cells per gRNA, and 1.0x 107 cells were seeded during
cell passages. Olaparib concentration was 2.5umol/L, which
has negligible effect on proliferation in parent prostate cancer
cells. After 14days of culture, viable cells were collected, and
genomic DNA was extracted from 5x10° olaparib-treated cells
and 1.5x 107 control olaparib-untreated cells using the DNeasy
Blood and Tissue Kit (69504; Qiagen, Hilden, Germany). CRISPR
screening was performed in three independent experiments for
each cell line.

2.7 | gRNA Sequencing

Adapter and barcode sequences for sample discrimination
were added to gRNA regions in genomic DNA extracted from
cells by PCR, and the resulting PCR products were cleaned
using the AMPure XP kit (A63881; Beckman Coulter, Brea,
USA). Sequence library quality checks were performed using
the TapeStation High Sensitivity D1000 (Agilent Technologies,
Santa Clara, CA, USA). Genomic RNA was sequenced using an
Illumina sequencer. The enrichment and dropout of the guides
and genes were analyzed using MAGeCK [23].

2.8 | MTS Cell Viability Assay

Cells were seeded in 96-well plates (DU145:
1.5%x103cells/100 L, LNCaP: 3.0x103cells/100uL, and
22Rv1: 8.0x 103cells/100uL) and incubated for 24 h. PARPIs
and solvents were added to reach the previously described
concentrations, and cells were cultured for another 72 h. Then,
20 uL of CellTiter 96 AQueous One Solution Reagent (G3580;
Promega, Wisconsin, USA) was added and incubated at 37°C
and 5% CO, for 1h. Absorbance was measured at 490 nm using
a microplate reader (Bio-Rad).

2.9 | SDS-PAGE and Western Blotting

Nucleoproteins from the cells were separated using 10% so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred to polyvinylidene difluoride (PVDF, 22860;
ThermoFisher Scientific, Waltham, MA, USA) membranes
using a semidry transfer system (ThermoFisher Scientific). The
membranes were probed with specific antibodies as indicated
and incubated with horseradish peroxidase-conjugated second-
ary antibodies against mouse or rabbit immunoglobulin (1:5000,
#7074; Cell Signaling Technology [CST], Beverly, MA, USA),
followed by detection with enhanced chemiluminescence west-
ern blotting detection reagents (#07880, #02230, and #11644;
Nacalai Tesque, Kyoto, Japan). The chemiluminescence detec-
tor was a ChemiDoc XRS Plus system (Bio-Rad). LIG1 (1:1000,
EPR12464; Abcam, Cambridge, UK) and histone H3 (1:2000,
9717S; Cell Signaling Technology, Danvers, MA, USA) were
used for immunological analysis.

2.10 | Neutral Comet Assay

DNA double-strand breaks were evaluated using a neutral
comet assay [24]. Overall, 2x 10° cells were seeded in six-well
plates and cultured for 48 h with 20 umol/L olaparib or DMSO.
After collection, cells were adjusted to 2x10° cells/mL by
adding phosphate buffered saline (PBS). Then, 15uL of this
cell suspension was mixed with 90 uL of 1% low melting point
agarose and transferred onto the OxiSelect Comet assay slide
(STA-353; Cell Biolabs Inc., San Diego, USA) and incubated for
30min at 4°C. Cells were lysed in neutral buffer (1.2M NacCl,
100mM EDTA, 10mM Tris, 1% sodium lauryl sarcosinate, 0.5%
TritonX-100, and 10% dimethylsulfoxide at pH9.5) for 2h at 4°C
and electrophoresed for 25min in TBE buffer at 12V and 4mA
constant current. The cells were stained with Vista Green DNA
Dye (235003; Cell Biolabs Inc., San Diego, CA, USA). At least 50
cells were analyzed using OpenComet software [25].

2.11 | Annexin V/Propidium Iodide
Apoptosis Assay

Non-target gRNA or LIG1 gRNA-transfected 22Rv1 cells were
seeded in six-well plates (3 x 10° cells/well) and DMSO or olapa-
rib (20 uM) was added. After 72h of culture, cells were collected,
stained with an Annexin V-FITC Apoptosis Staining/Detection
Kit (ab14085; Abcam, Cambridge, UK), and detected by flow
cytometry.

2.12 | Immunofluorescence

DU145 and 22Rv1 cells were seeded onto eight-well chamber
slides (SCS-N18; Matsunami Glass Ind. Ltd., Osaka, Japan) at
densities of 2x 10* and 1 x 103 cells/1.5mL/well, respectively,
and incubated overnight. Drug treatment was performed
the following day; after 48h, the cells were washed with
PBS and fixed with 4% paraformaldehyde on ice for 15min.
Permeabilization was performed using PBS containing 0.1%
Triton X-100 (87361; Muto Pure Chemicals Co. Ltd.) for
15min at room temperature. For immunostaining, primary
antibodies were diluted in PBS-T and incubated overnight at
4°C. Rabbit anti-phospho-histone H2A.X monoclonal anti-
body (#9718; Cell Signaling Technology) was used at 1:400.
After washing with PBS, the slides were incubated at room
temperature for 30 min with Alexa Fluor 568 goat anti-rabbit
IgG (ab175471; Abcam) diluted 1:500 in PBS-T. The slides were
then washed with PBS-T and counterstained with the ProLong
Gold Antifade reagent containing DAPI (P36931; Invitrogen).
Fluorescence images were acquired using a fluorescence
microscope (BZ-X710; KEYENCE). The extent of DNA dam-
age was quantified by calculating the percentage of yYH2AX-
positive cells (cells with 10 RAD51 nuclear foci) relative to the
total number of DAPI-stained cells.

2.13 | Drug Synergy Analysis
DU145 cells were seeded in a 96-well plate (1500 cells/well)

and treated with DMSO or three doses of olaparib (1, 5, and
10uM) and L82-G17 (1, 5, 10, 20, 40, 50, and 75uM) in a
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matrix format. After 5days, the MTS cell viability assay was
performed. Drug synergy scores were calculated based on the
HSA model using SynergyFinder 3.0 (https://synergyfinder.
fimm.fi/) [26].

2.14 | InVivo Xenograft Studies

To establish a human prostate cancer xenograft model in im-
munodeficient mice (Icr-scid/scidJcl obtained from CLEA
Japan), DU145 cells (1x10° cells in 100puL of culture me-
dium) were injected into the right flank of 5-week-old male
mice. Tumor growth was monitored regularly using a digi-
tal caliper, and tumor volume was calculated using the for-
mula: (width)?xlength/2. Once the tumor volume exceeded
200mm?3, mice were randomly assigned to vehicle control
(n=7), olaparib (n=7), L82-G17 (n="7), or combination ther-
apy (n=7) groups. Vehicle, olaparib (50 mg/kg), and L82-G17
(50 mg/kg) were administered intraperitoneally twice a week
(200 uL per injection). The mice were euthanized on day 30
post-treatment or earlier if the tumors reached the maximum
ethical size. A portion of the harvested tumors was fixed
in 10% neutral-buffered formalin. All animal procedures
were approved by the Osaka University Animal Research
Committee and conducted in accordance with the relevant
regulatory standards.

2.15 | Immunofluorescence of Formalin-Fixed,
Paraffin-Embedded (FFPE) Samples

FFPE subcutaneous tumor sections from mice were subjected
to antigen retrieval using EDTA buffer (pH9.0) and heated at
110°C for 4min in a Pascal pressure chamber (S2800; Dako).
The sections were then incubated in blocking buffer (DAKO
wash buffer supplemented with 1% bovine serum albumin) for
5min.

For immunostaining, primary antibody H2AX (1:400, #9718;
Cell Signaling Technology [CST], Beverly, MA, USA) was
diluted in DAKO Antibody Diluent and incubated at 4°C
overnight. After washing, sections were incubated at room tem-
perature for 30 min with the corresponding secondary antibody
diluted in blocking buffer. Following washing with distilled
water, the sections were mounted with ProLong Gold Antifade
reagent containing DAPI (P36931; Invitrogen) and stored at 4°C.
Fluorescence images were acquired using a fluorescence micro-
scope (BZ-X710; KEYENCE). The extent of DNA damage was
quantified by calculating the percentage of yYH2AX-positive cells
(cells with five RAD51 nuclear foci) relative to the total number
of DAPI-stained cells.

2.16 | TUNEL Assay of FFPE Samples

TUNEL assay was performed on FFPE tissue sections using the
TUNEL assay Kit (#25879; Cell Signaling Technology [CST],
Beverly, MA, USA), according to the manufacturer's instruc-
tions. Tissue sections were deparaffinized, rehydrated, and
treated with proteinase K (20ug/mL) for 15min at room tem-
perature. After washing with PBS, sections were incubated with

the TUNEL reaction mixture for 60min at 37°C in a humidi-
fied chamber. Slides were then washed and counterstained with
DAPI. Stained sections were mounted with antifade mounting
medium and examined using a fluorescence microscope (BZ-
X710; KEYENCE). TUNEL-positive nuclei were quantified as a
percentage of total DAPI-stained nuclei.

2.17 | Immunohistochemical Studies

The immunohistochemical staining using human specimens
was approved by the Ethics Committee of Osaka University,
and we were allowed to omit the authorization and informed
consent (No. 13397-23). Immunohistochemical staining was
performed in 4pum-thick paraffin-embedded tissue sam-
ples. Tumor sample sections were treated with EDTA buffer
(pH 6.0) and activated by warming for 20 min for antigen ac-
tivation. Endogenous peroxidase activity was blocked by in-
cubating the sections with 0.3% hydrogen peroxide for 5min,
followed by overnight incubation at 4°C with primary anti-
bodies against LIG1 (1:400, EPR12464; Abcam, Cambridge,
UK), YH2AX (1:200, #9718; Cell Signaling Technology [CST],
Beverly, MA, USA) and cleaved PARP (1:50, #5625; Cell
Signaling Technology [CST], Beverly, MA, USA). Staining
was performed using DAB substrate (MK210; TaKaRa, Shiga,
Japan). The sections were counterstained with hematoxylin.
For the immunohistochemical analysis of LIG1, the ratio of
positive to tumor cells was counted in a 400X field of view, and
the averages of the ratio were calculated using three different
random fields per sample.

2.18 | Data Analysis and Statistics

Data are expressed as mean = SE. If data followed a normal dis-
tribution in the Shapiro-Wilk test, comparisons were made with
an unpaired t-test; if not, comparisons were made with a Mann—
Whitney U-test. Statistical significance was set at p<0.05.
Analyses were performed using the JMP Pro 14 software (SAS
Institute).

3 | Results

3.1 | Identification of Candidate Genes Affecting
PARPI Sensitivity

To identify the genes influencing the sensitivity to PARPIs in
prostate cancer cells, we performed genome-wide CRISPR
knockout screening using DU145, 22Rv1, and LNCaP prostate
cancer cell lines with stable Cas9 expression (Figure 1A). A
genome-wide gRNA library targeting 18,010 genes was used to
create a pool of cells with gene knockouts cultured for 14 days
with olaparib or DMSO. Cells with knockouts of genes essen-
tial for survival under PARPIs were depleted, enabling the
identification of candidate synthetic lethal genes through next-
generation sequencing of gRNA in surviving cells.

Overall, 187, 204, and 231 negatively selected genes (p<0.01)
were identified in LNCaP, 22Rv1, and DU145 cells, respectively
(Tables S1-S3), which enhanced olaparib sensitivity when
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FIGURE 1 | Genome-wide CRISPR screening identifies synthetic lethal or resistant candidates with PARP inhibition in prostate cancer. (A)
Genome-wide CRISPR-Cas9 knockout screen in DU145, 22Rv1, and LNCaP prostate cancer cell lines. Cells were transduced with a gRNA library
targeting 18,010 genes and treated with olaparib or DMSO for 14 days before next-generation sequencing analysis. (B) Dot plots showing negatively
selected genes following olaparib treatment indicate potential synthetic lethal interactions with PARPIs. The names of the top 10 genes are shown.
(C) Dot plots displaying positively selected genes after olaparib treatment that suggest potential resistance mechanisms to PARPIs. The names of the
top 10 genes are shown.
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FIGURE2 | Immunohistochemical analysis of LIG1 expression in human prostate tissues. Bar plot showing the percentage of LIG1 positive cells

compared to that of the total cell population. Data are presented as mean +SD (n =3 biological replicates). p values were determined using the two-

way ANOVA and Bonferroni's multiple comparisons test. ***p <0.001.

knocked out (Figure 1B); 23 genes were identified in at least two
cell lines. Gene Ontology (GO) analysis of genes downregulated
under olaparib treatment revealed enriched pathways, such as
DNA repair and replication, in DU145, 22Rv1, and LNCaP cells,
confirming the relevance of these pathways to PARP function
(Figure S1A). These results indicate that the screening approach
was robust.

Additionally, 226, 224, and 278 positively selected genes that confer
resistance to olaparib when knocked out (p <0.01) were identified
in LNCaP, 22Rv1, and DU145 cells, respectively (Tables S4-S6); 27
genes were identified in at least two cell lines (Figure 1C). PARP1
and PARP3 were common in both cell lines, and the knockout of
the primary target of PARP inhibitors, PARP1, attenuated the ef-
fects of olaparib, supporting our experimental system (Figure S1B).

3.2 | LIG1 Enhances the PARPIs Efficacy in
Prostate Cancer Cell Lines

As a promising candidate gene of synthetic lethality with
PARP, we focused on LIG1, which ranked among the top 10
negatively selected genes under olaparib selection in 22Rvl
and DU145 cell lines. LIG1 is a member of the DNA ligase
family crucial for DNA replication and single-strand break
repair [27-29]. Increased LIG1 expression is detected in sev-
eral cancers including breast, lung, colorectal, and ovarian
[30]. Compared with normal prostate and localized hormone-
sensitive prostate cancer tissues, we found that LIG1 was
overexpressed in tissue samples from patients with CRPC
(Figure 2). Additionally, TP53 and PARP1 were ranked in the
top 10 of genes associated with olaparib resistance for LNCaP
and 22Rv1 cell lines. Hence, we focused on TP53 as a promis-
ing candidate gene for olaparib resistance.

We validated LIG1 and TP53 functions in 22Rvl and DU145
control and PARPIs knockout cells; LIGI knockdown did not
affect cell proliferation (Figure S2). LIG1 or TP53 knockout cells
(Figure 3A) were treated with the PARPIs olaparib or veliparib,
and cell proliferation was assessed (Figure 3B). TP53 knock-
out did not alter the sensitivity of TP53-mutant cells (DU145),
while TP53 knockout showed resistance of TP53-functional cells
(22Rv1). LIGI knockout enhanced the sensitivity of DU145 and
22Rv1 cells to PARPIs (Figure 3B). We hypothesized that under
LIGI-deficient conditions, PARPIs induce DNA damage and
trigger cell death. Using a comet assay, we found that olaparib
increased DNA breaks in LIGI knockout cells compared with
those of control cells (p<0.001) (Figure 4A). In DU145 cells
treated with olaparib, the percentage of cells positive for YH2AX
foci was higher in the LIG1 knockdown group than that of the
control group (19.2 vs. 8.57%, p=0.022) (Figure 4B). Using an
Annexin V assay, we confirmed that olaparib induced apop-
tosis in LIGI knockout cells (p <0.05) (Figure 4C). Therefore,
LIGI deficiency enhances DNA damage and apoptosis following
PARP inhibition, increasing the sensitivity of prostate cancer
cells to PARPIs. Hence, LIG1 is a novel gene of synthetic lethal-
ity with PARP.

3.3 | LIG1 Inhibition Enhances the Therapeutic
Effect of PARP Inhibition Through Synergistic
Cytotoxicity

We evaluated the combination of LIG1 and PARP inhibition
using the potent and selective LIG1 inhibitor L82-G17 [31, 32].
LNCaP, 22Rvl, and DU145 cells were treated with olaparib,
L82-G17, or both. The combined treatment reduced cell viabil-
ity in all cell lines compared to single treatments (Figure 5A).
SynergyFinder was used to calculate synergy scores using the
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ZIP method, which revealed synergistic effects (most synergistic
area score=13.91) (Figure 5B).

Combination treatment enhanced y-H2AX foci formation in
22Rvl and DU145 cells compared with that of single-agent
treatments, indicating increased DNA damage (DMSO: 5.4%,
olaparib: 11.1%, L82-G17: 4.5%, and combination therapy: 23.4%)
(Figure 5C). Thus, combined inhibition of LIG1 and PARP in-
duced synergistic effects in prostate cancer cells.

3.4 | Combination Therapy Demonstrates
Superior Antitumor Efficacy in DU145
Xenograft Models

The antitumor efficacy of combination therapy was evaluated
in a DU145 xenograft mouse model (Figure 6A). No differences
were observed in body weight among the control, olaparib mono-
therapy, L82-G17 monotherapy, and combination therapy groups,

indicating minimal systemic toxicity (Figure 6B). Combining
olaparib and L82-G17 suppressed tumor growth compared to
the control and olaparib and L82-G17 monotherapy groups
(Figure 6C). Immunohistochemical analysis of tumor tissues re-
vealed increased y-H2AX expression in the combination therapy
group, supporting the induction of DNA damage (Figure 6D).
The expression of cleaved PARP was also elevated in the combi-
nation group, supporting the induction of apoptosis (Figure 6E).
Furthermore, the TUNEL assay revealed increased DNA frag-
mentation in the combination therapy group, reinforcing DNA
damage as a key mechanism of action (Figure 6F). Hence, com-
bining LIG1 and PARP inhibition exhibited synergistic cytotoxic
effects in in vitro and in vivo prostate cancer models.

4 | Discussion

PARPIs are used to treat prostate cancer; however, their effec-
tiveness is constrained by the limited patient population that
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FIGURE4 | LIGI deficiency enhances DNA damage and apoptosis upon PARP inhibition. (A) Comet assay of DNA damage levels in LIG1 knock-
out and control 22Rv1 and DU145 cells following olaparib treatment. The comet tail moment was measured in the treated and untreated groups. The
box plots represent the mean values for each condition. Data are presented as mean + SD (n =3 biological replicates). p values were determined using
two-way ANOVA and Bonferroni's multiple comparison test. (B) Immunofluorescence analysis of y-H2AX foci in DU145 cells to visualize DNA dam-
age levels in LIG1 knockout versus control cells following olaparib treatment. Bar plot showing the percentage of cells with more than 10 y-H2AX
foci compared to that of the total cell population. Blue and green indicate DAPI and y-H2AX staining, respectively. Data are presented as mean + SD
(n=3 biological replicates). p values were determined using two-way ANOVA and Bonferroni's multiple comparison test for the control and LIG1
knockdown samples. (C) Annexin V assessment of the induction in LIGI knockout and control cells following PARPI treatment. Flow cytometry
showing differences apoptosis levels between control and LIGI knockout cells after treatment with olaparib. Red and blue indicate control and LIG1
knockout cells, respectively. Bar plot showing the percentage of apoptotic cells per condition. Data are presented as mean + SD (n =3 biological rep-
licates). p values were determined using two-way ANOVA and Bonferroni's multiple comparison test for control and sgLIG1 samples. Significance
values: *p <0.05, **p <0.01, ***p <0.001; n.s., not significant.
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FIGURE 5 | Synergistic effects of the LIG1 inhibitor L82-G17 and olaparib therapy in prostate cancer cells. (A) Cell viability assays in prostate
cancer cells treated with olaparib, L82-G17, or their combination. p values were determined using one-way ANOVA and Tukey's multiple compar-
ison test. (B) Synergy analysis of olaparib and L82-G17 in DU145 cells using the ZIP model in SynergyFinder. (C) Immunofluorescence analysis of
y-H2AX foci formation in DU145 cells. Bar plot showing the percentage of cells with more than 10 y-H2AX foci compared to that of the total cell
population. Blue and green indicate DAPI and y-H2AX staining, respectively. Data are presented as mean +SD (n =3 biological replicates). p values
were determined using one-way ANOVA and Tukey's multiple comparison test. *p <0.05; **p <0.01; ***p <0.001.

benefits from them and their relatively short duration of re- combinatorial approaches [33]. Nonetheless, several questions
sponse [33, 34]. Recently, combining ARSIs and PARPIs has remain regarding optimal selection criteria and predictive
been shown effective [15, 16], prompting a shift toward these markers for treatment efficacy. Although several studies have
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(Continued)

identified genes of synthetic lethality with PARP [25-37], the
number of drugs that have been successfully translated into
clinically applied combination therapies with PARPIs remains
limited.

We conducted a genome-wide CRISPR-Cas9 knockout screen
using an 18,010-gene sgRNA library of prostate cancer cell lines
with functional BRCA1/2 [17, 21, 38]. GO analysis of genes sig-
nificantly reduced by PARPIs revealed that pathways related to
DNA repair and replication are enriched in DU145 and 22Rvl
cells. From these genes, we focused on LIG1, involved in DNA
repair pathways and ranked within the top 10 as a promising
candidate exhibiting synthetic lethality with PARPIs. LIG1 is
a key synthetic lethality partner of PARP according to studies
using CRISPR screening in prostate cancer cells [17, 39, 40].
While concluding this study, Fracassi et al. reported LIG1 as
a gene showing synthetic lethality with PARP using a custom
sgRNA library of DNA damage repair genes, reporting the rela-
tionship between LIG1 and PARP [21]. We evaluated the com-
bination of olaparib and L82-G17 in vivo and investigated LIG1
expression in human prostate tissues.

LIG1 is essential for DNA replication and base excision repair
[41]; when lacking, a compensatory repair mechanism involv-
ing the LIG3-XRCC1 complex is activated, partially substitut-
ing LIG1 [42]. In LIGI-knockout prostate cancer cell lines, their
viability is unaffected. Conversely, when LIG1-knockout pros-
tate cancer cells were treated with olaparib, cell viability was
significantly reduced. Additionally, when LIGI-knockout pros-
tate cancer cell lines were treated with olaparib, DNA damage
increased, and apoptosis was induced. When LIG1 is deficient,
poly (ADP-ribose), crucial for recruiting the LIG3-XRCC1 com-
plex to sites of DNA damage, is activated [43]. Increased PAR
activity occurs because PARP1/2 recognizes the accumulating
single-stranded breaks between unligated Okazaki fragments
arising from LIG1 deficiency, promoting enhanced PAR synthe-
sis at these sites [44-46]. Therefore, considering that LIG1 and
PARP1/2 inhibition would show synthetic lethality when com-
bined is reasonable.

Li et al. reported that CRPC cells show increased expression of
several HRR-related genes. Among them, LIGI mRNA expres-
sionis higher in CRPC than that in normal prostate and localized
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prostate cancer tissues [47], justifying LIG1 as a therapeutic
target. The mutation frequency of LIGI is approximately 6% in
TCGA datasets of CRPC [21], suggesting its value as a predic-
tive biomarker of PARPISs efficacy. Immunohistochemistry con-
firmed that LIG1 was overexpressed in CRPC tissues compared
with normal prostate and localized prostate cancer tissues. LIG1
overexpression is associated with tumor aggressiveness and
poor prognosis in ovarian cancer [48]. Polymorphic variants of
LIG1 may affect lung, upper gastrointestinal [49], and head and
neck cancers [50]. These findings suggest that LIG1 inhibitors
may exert selective toxicity in cancer cells while sparing normal
cells. The toxicity of LIG1 inhibitors in normal prostate cells is
reportedly lower than that in prostate cancer cell lines [21].

We tested a combination of LIG1 inhibitors and PARPIs.
Through in silico structure-based screening of LIG1-nicked
DNA complexes, small-molecule LIG1 inhibitors, including
L82, L67, and L189, were identified [32]. Additionally, L82-G17
is a next-generation inhibitor with excellent selectivity and ef-
ficacy for LIG1 [31]. We found that L82-G17 had synergy with
the PARP inhibitor olaparib, significantly reducing the viability
of multiple prostate cancer cell lines. Conversely, L82, L67, and
L189 showed no synergy with olaparib (data not shown), proba-
bly because L82-G17 is a non-competitive inhibitor of phosphate
diester bond formation, which is the third stage of the DNA
phosphorylation reaction; the accumulation of DNA adenylate
intermediates may contribute to this [31]. The DNA structure
wherein PARP is trapped is unknown; recently, it has been sug-
gested that free Okazaki fragments are such structures [51].
Hence, the DNA adenylic acid intermediate accumulated by
L82-G17 may enhance the ability of PARPISs to bind to DNA, en-
hancing their cytotoxicity through PARP trapping.

In this study, using prostate cancer cell lines with functional
BRCA (22Rvl and DU145 cells) [17, 21], we demonstrated that
the novel mechanism of synthetic lethality induced by the
combination of L82-G17 and olaparib is effective even in cells
without BRCA mutations. This suggests that this combination
therapy can broaden treatment options for patient populations
previously limited to therapeutic alternatives. Ali et al. reported
that HDR-deficient cells exhibited hypersensitivity to a LIG1 in-
hibitor [48], implying that L82-G17 might also be effective as a
monotherapy in HDR-deficient cancers.

To the best of our knowledge, this is the first in vivo study of
1L82-G17 with olaparib. This combination enhanced the thera-
peutic efficacy compared to single treatments and did not result
in weight loss in mice relative to that of the control or mono-
therapy groups, suggesting that it exerted a tumor-selective ef-
fect with minimal toxicity to normal tissues; this may be due to
the higher expression of LIG1 in tumor tissues. The response to
LIG1 and PARP inhibition differs among tumor types [21], with
tissue-specific LIG1 expression levels potentially influencing
therapeutic outcomes.

This study had limitations. We demonstrated the synergy of
L82-G17 and olaparib in vitro in a DU145 xenograft model, but
the long-term efficacy and potential emergence of resistance
were not completely explored. The synergy mechanism, partic-
ularly PARP trapping and the compensatory activation of the

LIG3-XRCC1 pathway, requires further investigation. Although
our preliminary in vivo toxicity data are promising, off-target
effects and systemic toxicity in normal tissues analyses are nec-
essary before considering clinical applications. The number of
human tissue samples for LIG1 immunostaining was small,
which may restrict the generalizability of our findings regarding
LIG1 expression in clinical samples.

In conclusion, LIG1 may increase PARPIs efficiency. The LIG1
inhibitor L82-G17 and olaparib showed synergistic effects in
prostate cancer cells with or without BRCA mutations, poten-
tially expanding treatment options for underserved patients.
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