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Background: The Poly(ADP-ribose) polymerase (PARP) inhibitor niraparib improves survival in ovarian cancer, but its long-
term efficacy was limited by acquired resistance. This study aimed to identify the key mechanism underlying acquired niraparib
resistance in breast cancer type 1/2 susceptibility (BRCA1/2) wild-type ovarian cancer.

Methods: A stable niraparib-resistant cell line was generated by continuous drug exposure for six months (SKOV3_Nira_6M).
Transcriptomic profiling (RNA-seq) and Western blot analysis were used to identify key changes in gene and protein expression.
Functional roles were assessed by knocking down PARPI in parental cells and re-expressing it in resistant cells. Drug sensitivity
was measured by cell counting kit-8 assay. Cell viability, proliferation, and apoptosis were evaluated using crystal violet staining,
5-ethynyl-2'-deoxyuridine (EdU) assay, and flow cytometry, respectively. In vivo validation was performed using subcutaneous
xenograft models in nude mice established with doxycycline-inducible PARP1-knockdown (SKOV3) or PARPI-overexpressing
(SKOV3_Nira_6M) stable cell lines.

Results: Transcriptomic and protein-level analyses consistently demonstrated a specific and significant downregulation of PARP1
in resistant cells. Knocking down PARPI in parental SKOV3 cells induced resistance to niraparib, manifested as significantly
enhanced cell viability and proliferation, reduced apoptosis, and diminished tumor growth inhibition by niraparib in nude mouse
models. Conversely, overexpressing PARPI in the resistant SKOV3_Nira_6M cells partially restored sensitivity to niraparib,
enhancing its cytotoxicity in vitro by inhibiting cell viability and proliferation and promoting apoptosis, while augmenting its
inhibitory effect on tumor growth in vivo.

Conclusion: Our findings establish that downregulation of the drug target PARPI is a key driver of acquired niraparib resistance
in BRCA1/2 wild-type ovarian cancer, providing new mechanistic insight and identifying a potential target for overcoming clinical
resistance.
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Introduction tings. Key phase III clinical trials, like PRIMA, have

shown that niraparib as first--line maintenance therapy no-

The therapeutic landscape of ovarian carcinoma (OC)
has been transformed by the emergence of Poly(ADP-
ribose) polymerase (PARP) inhibitors [1]. These agents
offer considerable survival advantages to patients with
homologous recombination deficiency (HRD), especially
those harboring pathogenic breast cancer type 1/2 suscepti-
bility (BRCA1/2) mutations, via a synthetic lethality mech-
anism [2,3]. Niraparib, a potent and selective PARP1/2 in-
hibitor, is currently extensively employed in clinical set-

tably enhances progression-free survival (PES) in patients
with advanced ovarian cancer, and this benefit extends to
those with homologous recombination proficiency (HRp)
or BRCA1/2 wild-type (BRCAwt) status [4,5,6]. Never-
theless, the magnitude of clinical benefit in BRCAwt pa-
tients remains substantially more limited than that observed
in patients with BRCA mutations, with only a moderate
improvement in median PFS [7]. Real-world studies fur-
ther corroborate the survival benefit of niraparib as second-
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line maintenance therapy in BRCAwt patients [8]. How-
ever, these observations also emphasize that primary and
acquired resistance remain the chief therapeutic obstacles
in this large patient population, which accounts for approx-
imately 75% of ovarian cancer cases [9,10]. Hence, sys-
tematically clarifying the mechanisms underlying niraparib
resistance in BRCAwt ovarian cancer is not only an urgent
clinical requirement to surmount current therapeutic limi-
tations and expand the beneficiary population, but also a
fundamental scientific issue for understanding the adaptive
evolution of tumor cells under the selective pressure of tar-
geted therapy.

The emergence of resistance is a multifactorial and dy-
namic process. The known mechanisms include the restora-
tion of homologous recombination repair (e.g., BRCA re-
version mutations), the enhancement of replication fork sta-
bility, the upregulation of drug efflux pumps (e.g., ATP
binding cassette subfamily B member 1 (ABCBI)), and the
activation of alternative DNA repair pathways [11]. No-
tably, the expression and functional status of the PARP fam-
ily proteins, which are direct targets of PARP inhibitors, are
critical determinants of efficacy and resistance [12,13,14].
PARP]I is the most predominant and extensively studied
member of the PARP family, accounting for over 90% of
cellular PARylation activity and serving as the core molec-
ular target for all clinically used PARP inhibitors, including
niraparib. Studies indicate that any factor affecting PARP1
function or expression can lead to the failure or resistance
of PARP inhibitor treatment [14]. Specifically, the down-
regulation of PARPI expression directly reduces the avail-
ability of the drug target, thereby contributing to primary re-
sistance [11,15]. Moreover, mutations in specific domains
of the PARP1 protein (e.g., the DNA-binding zinc finger
domains) may hinder its binding to inhibitors, resulting in
acquired resistance [16]. Recent research has also uncov-
ered novel mechanisms by which PARP! drives acquired
resistance through its transcriptional regulatory functions,
such as activating the disruptor of telomeric silencing 1-like
(DOT1L)-phospholipase C gamma 2 (PLCG2)/ABCBI axis
[13]. However, whether PARPI downregulation directly
drives niraparib resistance in the BRCAwt context, as well
as its exact molecular mechanism and role in transcriptional
reprogramming of resistant cells, remains unknown.

Transcriptome sequencing technology provides an un-
biased, global perspective to explore this complex process.
It reveals a comprehensive view of dynamic gene expres-
sion profiles in tumor cells under drug pressure, moving be-
yond hypothesis-driven investigations of known pathways
and providing the potential to discover novel key drivers
and signaling networks underlying resistance. Based on
this, the present study aims to systematically dissect the
function and mechanism of PARP/! in niraparib resistance
in BRCAwt ovarian cancer through a multi-level integrated
strategy. We established a niraparib-resistant cell model
via long-term drug exposure and performed transcriptomic

sequencing to identify consistently differentially expressed
genes during the resistance evolution, with a focus on
DNA damage response pathways, particularly PARP fam-
ily members (PARPI, PARP2, PARP3). Molecular docking
simulations were employed to preliminarily analyze poten-
tial changes in the interaction patterns between niraparib
and PARP proteins at different expression levels from a
structural perspective. Subsequently, PARPI was knocked
down in parental cells to mimic the resistant phenotype, as-
sessing its negative impact on niraparib sensitivity, cell vi-
ability, and clonogenic ability. Conversely, PARPI was re-
overexpressed in the established resistant cells to determine
whether it could reverse resistance and restore niraparib
sensitivity. Finally, a nude mouse subcutaneous xenograft
model was used to confirm the substantial regulatory effect
of PARPI expression levels on the tumor-suppressive effi-
cacy of niraparib in vivo.

This research endeavors to clarify how “PARPI down-
regulation” serves as a molecular hub, integrating and
propelling a series of resistant phenotypes, ranging from
protein-drug interactions and cellular functions to animal
model phenotypes. The objective is to offer a mechanism-
based elucidation for niraparib resistance in BRCAwt ovar-
ian cancer, based on systems biology discoveries and val-
idated through functional assays. Consequently, it lays a
crucial theoretical and experimental foundation for the fu-
ture development of combination strategies aimed at revers-
ing resistance and accomplishing precise sensitization.

Materials and Methods

Acquisition and Culture of Ovarian Cancer Cells

SKOV3 cells (#SK-OV-2, Guangzhou Xinyuan
Biotechnology Co., Ltd.,, Guangzhou, China) were
cultured in McCoy’s 5A medium (#Bios-h195-001b,
Guangzhou Xinyuan Biotechnology Co., Ltd., Guangzhou,
China). CAOV3 (#CAOV-3, Guangzhou Xinyuan
Biotechnology Co., Ltd.,, Guangzhou, China), A2780
(#A2780, Guangzhou Xinyuan Biotechnology Co.,
Ltd., Guangzhou, China), and OVCARS (#OVCAR-8,
Guangzhou Xinyuan Biotechnology Co., Ltd., Guangzhou,
China) cells were maintained in Dulbecco’s Modified
Eagle Medium (DMEM) (#XY-9845, Guangzhou Xinyuan
Biotechnology Co., Ltd., Guangzhou, China), Roswell
Park Memorial Institute 1640 medium (RPMI-1640)
(#XY-9846, Guangzhou Xinyuan Biotechnology Co.,
Ltd., Guangzhou, China), and RPMI-1640 medium,
respectively. All media were supplemented with 10% fetal
bovine serum (FBS) (#UBS283-04, Guangzhou Xinyuan
Biotechnology Co., Ltd., Guangzhou, China) and 1%
penicillin / streptomycin (P/S) (#15140122, Gibco, Grand
Island, NY, USA). The cells were incubated at 37 °C in a
humidified environment containing 5% CO,. Once cells
reached 80%-90% confluence, they were subcultured
after digestion with 0.25% trypsin (#25200072, Gibco,
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Grand Island, NY, USA). SKOV3, CAOV3, A2780, and
OVCARS cell lines were authenticated by short tandem
repeat profiling and were routinely confirmed to be free
of mycoplasma contamination using the MycoSEQ™
Mycoplasma Detection Kit (#4460623, Thermo Fisher
Scientific, Waltham, MA, USA).

Generation of Niraparib-Resistant SKOV3 Cell Line

The SKOV3 cells were exposed to long-term induc-
tion through continuous cultivation in complete McCoy’s
5A medium supplemented with 21 uM niraparib (#S2741,
Selleck Chemicals, Houston, TX, USA), 10% FBS, and 1%
P/S. During the six-month induction period, the niraparib-
containing complete medium was renewed every three days
to maintain consistent drug pressure. Cells were passaged
at 80-90% confluence. By regularly observing the cell
state and conducting continuous subculturing under con-
stant drug pressure, a stable niraparib-resistant subline ca-
pable of continuous propagation was successfully devel-
oped.

Transcriptome Sequencing and Analysis

Parental SKOV3 cells (SKOV3 parent) and cells
obtained after 2, 3, and 6 months of niraparib treat-
ment (designated SKOV3 Nira 2M, SKOV3 Nira 3M,
and SKOV3 Nira 6M, respectively) were collected, with
three biological replicates per group. Total RNA was
extracted using TRIzol reagent (#15596026CN, Thermo
Fisher Scientific, Waltham, MA, USA) and treated with
DNase I (#M0303S, New England Biolabs, Ipswich, MA,
USA) to remove genomic DNA contamination. RNA con-
centration and purity were measured using a NanoDrop
2000 spectrophotometer (Thermo Fisher Scientific, Wilm-
ington, DE, USA), and integrity was assessed with an Agi-
lent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA), ensuring an RNA Integrity Number (RIN)
>7.0. Sequencing libraries were constructed using the
NEBNext® Ultra™ II RNA Library Prep Kit for [llumina®
(#E7770S, New England Biolabs, Ipswich, MA, USA).
Qualified libraries were subjected to PE150 sequencing
on an Illumina NovaSeq 6000 platform (Illumina, San
Diego, CA, USA). Raw sequencing data were processed
for quality control using fastp (v0.23.2; BGI, Shenzhen,
China) to obtain high-quality clean reads. Clean reads were
aligned to the human reference genome GRCh38/hg38 us-
ing HISAT2 (v2.2.1; Johns Hopkins University, Baltimore,
MD, USA), followed by transcript assembly and expres-
sion quantification (in Transcripts Per Million, TPM) using
StringTie (v2.2.1; Johns Hopkins University, Baltimore,
MD, USA). Differential expression genes (DEG) analy-
sis was performed using the “limma” package (v3.52.4;
Bioconductor, maintained by Fred Hutchinson Cancer Re-
search Center, Seattle, WA, USA) in R (v4.2.0; R Foun-
dation for Statistical Computing, Vienna, Austria), with a
screening threshold of [log, fold change| >1 and p < 0.05.
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Heatmaps of DEG were generated using the “pheatmap”
package (v1.0.12; CRAN, maintained by R Foundation for
Statistical Computing, Vienna, Austria). Gene sets related
to DNA damage repair and other relevant pathways were re-
trieved from the Molecular Signatures Database (MSigDB)
to create faceted heatmaps. Overlaps of DEG across dif-
ferent resistance stages were analyzed and visualized us-
ing the “VennDiagram” package (v1.7.3; CRAN, main-
tained by R Foundation for Statistical Computing, Vienna,
Austria). Based on The Cancer Genome Atlas (TCGA)-
OC data, Kaplan-Meier survival analysis for key genes
was conducted using the “survival” (v3.4-0; originally by
Terry Therneau, Mayo Clinic, Rochester, MN, USA) and
“survminer” (v0.4.9; CRAN, maintained by R Foundation
for Statistical Computing, Vienna, Austria) packages.

SiRNA Synthesis and Cell Transfection

SiRNA sequences targeting PARPI (siNC: 5'-
UUCUCCGAACGUGUCACGUTT-3"  (sense), 5'-
ACGUGACACGUUCGGAGAATT-3' (antisense);
siPARP1-1: 5'-ACUUUUCCAUCAAACAUGGGC-
3" (sense), 5'-CCAUGUUUGAUGGAAAAGUCC-
3’ (antisense); siPARP1-2: 5'-
AUUUCUCGGAAUUCCUUUGGG-3"  (sense), 5'-
CAAAGGAAUUCCGAGAAAUCUU-3' (antisense))
were chemically synthesized by Sangon Biotech (Shang-
hai, China). Exponentially growing SKOV3 cells were
seeded into appropriate culture plates and transfected
when they reached 60-70% confluence. According to the
manufacturer’s protocol, the siRNAs and Lipofectamine
3000 transfection reagent (#L3000150, Thermo Fisher
Scientific, Waltham, MA, USA) were separately diluted
in serum-free medium, incubated at 25 °C for 5 minutes,
and then combined to form transfection complexes. The
complexes were further incubated at 25 °C for an additional
20 minutes and subsequently added dropwise and evenly
distributed to the cell culture wells, which had been replen-
ished with serum-free or low-serum medium. After 6 hours
of transfection, the medium was replaced with complete
medium with or without niraparib for continued culture.
At 72 hours post-transfection, cells were harvested, and the
gene knockdown efficiency was validated via quantitative
reverse transcription polymerase chain reaction (QRT-PCR)
or Western blot analysis.

Construction and Validation of the PARP1
Overexpression Vector

Primers containing Xhol and Pmel restriction sites
were designed based on the human PARP! coding sequence
(NM _001618.4) and synthesized by Sangon Biotech
(Shanghai, China). The PARP! fragment was amplified by
PCR using SKOV3 cell cDNA as the template and PrimeS-
TAR HS DNA polymerase (#R044Q, Takara Bio, Otsu,
Shiga, Japan). In parallel, the pcDNA3.1-HA empty vec-
tor (#128034; http://n2t.net/addgene:128034; RRID: Ad-
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dgene 128034; Addgene, Watertown, MA, USA) was lin-
earized by double digestion with Xhol (#R0146S, New
England Biolabs, Ipswich, MA, USA) and Pmel (#R0560S,
New England Biolabs, Ipswich, MA, USA) restriction en-
zymes, and the linearized fragment was purified. The puri-
fied insert and vector were mixed at a 3:1 molar ratio and
ligated using T4 DNA ligase (#EL0014, Thermo Fisher Sci-
entific, Waltham, MA, USA) at 16 °C overnight. The liga-
tion product was transformed into DH5a competent cells
(#C2987H, New England Biolabs, Ipswich, MA, USA),
and transformants were screened on LB agar plates con-
taining ampicillin (#L2010, Solarbio, Beijing, China). Sin-
gle colonies were subjected to initial screening by colony
PCR, followed by plasmid extraction (#DP103, Tiangen
Biotech, Beijing, China). Positive clones were verified
by Xhol/Pmel double digestion and subsequently sent to
Sangon Biotech for Sanger sequencing. The confirmed
recombinant plasmid, pcDNA3.1-HA-P4ARPI, was trans-
fected into SKOV3 cells using Lipofectamine 3000 for sub-
sequent experiments.

Niraparib Sensitivity Assay

Exponentially growing SKOV3 parent,
SKOV3 Nira 6M, CAOV3, A2780, and OVCARS
cells were trypsinized, harvested, and resuspended. Cells
were then seeded into 96-well plates (#351172, Corning,
Corning, NY, USA) at a density of 1 x 10* cells per well
in 100 pL of complete medium. The plates were incubated
for 24 hours to allow for cell attachment. Subsequently,
SKOV3 parent, SKOV3 Nira 6M, and OVCARS cells
were treated by replacing the medium with fresh complete
medium containing either dimethyl sulfoxide (DMSO)
(#D8418, Sigma-Aldrich, St. Louis, MO, USA) (vehicle
control) or niraparib at specified concentrations (1, 10,
100, 500, and 1000 pM). Specifically, A2780 cells were
exposed to 0.47, 0.94, 1.875, 3.75, 7.5, 15, 30, 60, and
120 uM niraparib, while CAOV3 cells were treated with
0, 12.5, 18.75, 25, 37.5, 50, 75, 100, 150, 200, and
300 uM niraparib. After 72 hours of drug treatment,
10 pL of cell counting kit-8 (CCK-8) reagent (#C0037,
Beyotime, Shanghai, China) was added to each well under
light-protected conditions, followed by incubation at 37
°C for 4 hours. The absorbance of each well was then
measured at a wavelength of 450 nm using a Varioskan™
Flash multifunctional microplate reader (Thermo Fisher
Scientific, Waltham, MA, USA). The mean optical density
(OD) and standard deviation for each group were calculated
from the raw data. Dose-response curves were plotted,
and the half-maximal inhibitory concentration (ICs) was
calculated.

Crystal Violet Staining for Cell Viability Assay

Exponentially growing SKOV3 cells (1 x 10*
cells/mL, 100 pulL/each well) subjected to different treat-
ments were seeded into a 96-well cell culture plate and

pre-cultured for 24 hours. Among these, SKOV3 parent
cells were then divided into eight groups, including con-
trol (CON) group (no drug treatment), Niraparib group
(treated with 21 uM niraparib for 72 hours), siNC group
(transfected with siRNA NC sequence), siNC+Niraparib
group, siPARP1 groups (transfected with PARPI siRNA-1
or siRNA-2 sequences), and siPARP1s+Niraparib groups
(co-treated with PARPI siRNA-1 or siRNA-2 transfec-
tion and 21 puM niraparib). SKOV3 cells subjected to
long-term niraparib treatment were divided into four
groups, including ovNC group (transfected with empty
plasmid vector), ovNC+Niraparib group (treated with
80 uM niraparib and empty plasmid vector), ovPARPI
group (transfected with PARPI overexpression plasmid
vector), and ovPARP1+Niraparib group (co-treated with
PARPI overexpression plasmid transfection and 80 uM
niraparib).  In addition, to compare the proliferative
capacity of cells at different stages of niraparib resistance,
SKOV3 parent, SKOV3 Nira 2M, SKOV3 Nira 3M,
and SKOV3 Nira 6M cells were treated with 1, 10, or
100 puM niraparib alone. After 72 hours of treatment, cells
in each well were fixed with 100 pL of pre-cooled 4%
paraformaldehyde (#P6148, Sigma-Aldrich, St. Louis,
MO, USA) for 15 minutes. Subsequently, cells were
stained with 100 puL of 0.5% crystal violet staining solution
(#61135, Sigma-Aldrich, St. Louis, MO, USA) for 20
minutes. Cell status was observed, and crystal violet stain-
ing images were acquired under a microscope (Olympus,
Tokyo, Japan). Thereafter, 100 pL of 33% glacial acetic
acid (#1005706, Sigma-Aldrich, St. Louis, MO, USA) was
added to each well to dissolve the dye, followed by shaking
for 15 minutes. Absorbance was measured at a wavelength
of 570 nm using a multifunctional microplate reader. After
subtracting the average OD value of blank control wells,
the relative cell viability (%) was calculated. Each group
was set up with 4 replicate wells.

EdU Staining for Cell Proliferation

SKOV3_ parent and niraparib-resistant cell lines were
treated with PARP! siRNAs or overexpression vectors in
combination with niraparib for 72 hours, followed by in-
cubation with 100 pL per well of EAU working solu-
tion (#C10339, Click-iT EdU Kit, Thermo Fisher Sci-
entific, Waltham, MA, USA) for 2 hours. Cells were
then fixed with 4% paraformaldehyde, permeabilized with
glycine (#62011516, Sinopharm Chemical Reagent Co.,
Ltd., Shanghai, China) and PBS containing 0.5% Triton X-
100 (#X100, Sigma-Aldrich, St. Louis, MO, USA) for 20
minutes. According to the kit instructions, 50 pL Click re-
action mixture and 100 uL DAPI nuclear staining solution
(#D9542, Sigma-Aldrich, St. Louis, MO, USA) were se-
quentially added and incubated in the dark for 30 and 15
minutes, respectively. Images were acquired using a flu-
orescence microscope (Olympus, Tokyo, Japan), with five
random fields captured per well. The percentage of EAU-
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positive cells was calculated using Imagel software (Na-
tional Institutes of Health, Bethesda, MD, USA).

Apoptosis Detection by Flow Cytometry (Annexin
V-FITC/PI Double Staining)

SKOV3 parent and niraparib-resistant cells subjected
to various treatments were collected and resuspended to a
density of 1-2 x 10° cells/mL. A 100 pL aliquot of the cell
suspension was sequentially stained with 5 uL of Annexin
V-FITC and 5 pL of propidium iodide (PI) staining solu-
tion (from the Annexin V-FITC/PI Apoptosis Detection Kit;
#E606336, Sangon Biotech, Shanghai, China), followed by
incubation in the dark for 15 and 5 minutes, respectively.
After staining, 500 pL of pre-chilled binding buffer was im-
mediately added to each sample. Analysis was performed
using a flow cytometer (BIO-RAD, Hercules, CA, USA)
with an excitation wavelength of 488 nm. Unstained and
single-stained cell samples were used as controls for com-
pensation and gating. Data were analyzed with FlowJo soft-
ware (FlowJo LLC, Ashland, OR, USA), and the total apop-
tosis rate (%) was calculated.

Western Blot Analysis of PARP1 Protein Expression

To assess PARP1 protein levels, SKOV3 parent and
SKOV3 Nira 6M cells were harvested and lysed using
RIPA buffer (#20-188, Millipore, Billerica, MA, USA) sup-
plemented with protease inhibitors (#04693124001, Roche,
Basel, Switzerland). Total protein concentration was de-
termined using a BCA Protein Assay Kit (#KTD3001,
Abbkine, Wuhan, China). Equal amounts of protein
(20 pg) were separated by electrophoresis on 10% SDS-
PAGE gels (#G2037-50T, Servicebio, Wuhan, China) and
subsequently transferred onto a nitrocellulose membrane
(#FFN56, Betoyime, Shanghai, China) using a semi-dry
transfer system (BIO-RAD, Hercules, CA, USA). The
membrane was blocked with 5% bovine serum albumin
(#A1933-25G, Sigma-Aldrich, St. Louis, MO, USA) for
1 hour at 25 °C. Immunoblotting was performed by in-
cubating the membrane overnight at 4 °C with a rabbit
anti-PARP1 primary antibody (1:1000; #9542, Cell Signal-
ing Technology, Danvers, MA, USA). After washing, the
membrane was incubated with a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (1:1000;
#ab6721, Abcam, Cambridge, UK) for 1 hour at 25 °C.
Protein bands were visualized using an enhanced chemi-
luminescence (ECL) substrate (#WBULS0500, Millipore,
Billerica, MA, USA) and imaged with a chemilumines-
cence detection system (Bio-Rad ChemiDoc, Hercules, CA,
USA). GAPDH (anti-GAPDH antibody, 1:1000; #2118,
Cell Signaling Technology) was used as a loading control
for normalization, and band intensity was quantified by
densitometric analysis.
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Immunofluorescence Staining

SKOV3 cells were seeded onto sterile glass cover-
slips in 24-well plates and cultured until approximately 70%
confluence. After gentle washing with ice-cold PBS, cells
were fixed with 4% paraformaldehyde for 15 minutes. Per-
meabilization was carried out using PBS containing 0.3%
Triton X-100 for 15 minutes. Non-specific binding sites
were blocked with 5% bovine serum albumin (BSA) in
PBS for 1 hour at RT. Cells were then incubated overnight
at 4 °C in a humidified chamber with rabbit anti-PARP1
primary antibody (1:200; #ab227244, Abcam, Cambridge,
UK). Following extensive washing with PBS, cells were in-
cubated with Alexa Fluor 594-conjugated goat anti-rabbit
IgG (1:500; #111-585-144, AmylJet Scientific Inc., Wuhan,
China) for 1 hour at RT in the dark. Nuclei were counter-
stained with DAPI (300 nM) for 5 minutes. Finally, the
coverslips were mounted onto glass slides using an anti-
fade mounting medium. All images were captured under
identical imaging parameters using a laser scanning confo-
cal fluorescence microscope.

Real-Time Quantitative PCR Analysis of Gene
Expression

Total RNA was extracted from treated cells using
TRIzol reagent. The RNA concentration and purity
were determined using a NanoDrop 2000 spectropho-
tometer. Subsequently, 1 pg of total RNA was reverse
transcribed into cDNA wusing the PrimeScript™ RT
Master Mix kit (#RR036A, Takara Bio, Otsu, Shiga,
Japan).  Real-time quantitative PCR was performed
on a QuantStudio 5 real-time PCR system (Applied
Biosystems, Thermo Fisher Scientific, Waltham, MA,
USA) using TB Green Premix Ex Taq II (#RR820A,
Takara Bio, Otsu, Shiga, Japan) and gene-specific primers
for PARPI (F: 5-CGGAGTCTTCGGATAAGCTCT-3,
R:  5-TTTCCATCAAACATGGGCGAC-3"),  PARP2
(F:  5-TGCCCAGAGGAACTTCAGTG-3', R: 5'-
TTGGTGGCATAGTCCATCTGT-3") and PARP3 (F:
5'-GACCAACATCGAGAACAACAACA-3', R: 5'-
GCCTTGTGAAGTGGTTGATCT-3"). The thermal
cycling conditions were as follows: initial denaturation
at 95 °C for 30 seconds, followed by 40 cycles of 95 °C
for 5 seconds and 60 °C for 30 seconds. Each sample
was assayed in triplicate. The relative expression of the
target gene was calculated using the 2"44¢t method, with
GAPDH (F: 5'-GGAGCGAGATCCCTCCAAAAT-3', R:
5'-GGCTGTTGTCATACTTCTCATGG-3') serving as the
internal reference for normalization.

Construction of Doxycycline-Inducible Stable Cell
Lines

To validate the function of PARPI in vivo, a doxy-
cycline (DOX)-inducible gene regulation system was es-
tablished. First, shRNA oligonucleotides targeting the
validated siPARP1-2 sequence were synthesized (Sangon
Biotech, Shanghai, China) and cloned into the lentiviral
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inducible vector pLVX-TetOne-Puro (#631847, Clontech,
San Jose, CA, USA), which contains a TRE3G promoter,
to construct the DOX-inducible PARPI knockdown vector
(pLVX-TetOne-shP4ARPI). Concurrently, the full-length
coding sequence of human PARPI was cloned into another
inducible vector, pLVX-TRE3G (#631363, Clontech, San
Jose, CA, USA), to generate the DOX-inducible PARPI
overexpression vector (PLVX-TRE3G-PARPI). Lentiviral
particles were then packaged using a three-plasmid sys-
tem (transfer plasmid, packaging plasmid psPAX2, and
envelope plasmid pMD2.G, all from Addgene, Water-
town, MA, USA) in HEK293T cells (#293T, Guangzhou
Xinyuan Biotechnology Co., Ltd., Guangzhou, China) via
polyethylenimine (#24765, Polysciences, Warrington, PA,
USA) transfection. The viral supernatant was collected,
concentrated by ultracentrifugation, and titrated. The con-
centrated viruses were used to infect SKOV3 Nira 6M re-
sistant cells and their parental cells. Following infection,
stable cell lines were selected using puromycin (#P4512,
Sigma-Aldrich, St. Louis, MO, USA). Finally, the effi-
ciency of DOX-induced PARP1 knockdown or overexpres-
sion was confirmed by treating the stable cells with DOX
(Sigma-Aldrich, St. Louis, MO, USA) and analyzing pro-
tein levels via Western blotting.

Establishment of Subcutaneous Xenograft Tumor
Models in Mice

Stable cell lines with DOX-inducible gene expres-
sion (5 x 10° cells) were subcutaneously inoculated into
the right flank of 4-6-week-old female BALB/c nude mice
(Beijing Vital River Laboratory Animal Technology Co.,
Ltd., Beijing, China). Starting from the first day post-
inoculation, DOX was administered to the experimental
groups via drinking water containing 2 mg/mL DOX to in-
duce PARP1 expression changes in vivo. Selected groups
also received niraparib treatment via oral gavage. Approx-
imately 7 days after inoculation, tumor growth was mon-
itored by measuring the tumor length (L) and width (W)
twice a week using a digital caliper. Tumor volume was
calculated using the formula: V = (L x W?) / 2. Mouse
body weight was also recorded during the monitoring pe-
riod. This study was conducted in accordance with the AR-
RIVE guidelines 2.0. BALB/c nude mice were housed un-
der specific pathogen-free conditions. Animals were ran-
domly assigned to experimental groups (n = 6 per group) us-
ing a random number table. Tumor measurements and end-
point assessments were performed by investigators blinded
to group allocation. The humane endpoints were defined
as follows: tumor volume exceeding 1500 mm?, severe ul-
ceration or necrosis, body weight loss >20%, or signs of
severe distress. Mice reaching endpoint criteria were eu-
thanized by CO; inhalation followed by cervical disloca-
tion. All animal experiments were conducted in a specific
pathogen-free barrier facility and performed in accordance
with relevant animal care and use guidelines.

Molecular Docking Study

The crystal structures of the catalytic domains of hu-
man PARP1 (PDB: 7KKS5), PARP2 (PDB: 7AEO), and
PARP3 (PDB: 4GV0) were retrieved from the RCSB PDB
database. The three-dimensional structure of niraparib was
obtained from the PubChem database (CID: 135565138).
Protein receptors were prepared using the PyMOL molec-
ular graphics system (Schrodinger, Inc., New York, USA)
by removing water molecules and original ligands. Both
the protein receptors and the niraparib ligand were prepro-
cessed using AutoDock Tools 1.5.7 (The Scripps Research
Institute, La Jolla, CA, USA), which included adding hy-
drogen atoms and assigning charges. Semi-flexible docking
calculations were conducted using AutoDock Vina (v1.2.0,
The Scripps Research Institute, La Jolla, CA, USA), with
the protein held rigid and the small molecule ligand allowed
conformational flexibility. The conformation with the low-
est predicted binding free energy was selected for subse-
quent analysis. Finally, the optimal binding conformation
was visualized in PyMOL, and the interactions between ni-
raparib and the protein active site residues were analyzed
and quantified.

Statistical Analysis

All experiments were independently performed in
triplicate. Data were analyzed using GraphPad Prism ver-
sion 10.0 (GraphPad Software, San Diego, CA, USA). Nor-
mality was first assessed using the Shapiro-Wilk test. For
data that followed a normal distribution and exhibited ho-
mogeneity of variances (assessed by F-test), pairwise com-
parisons were performed using the unpaired z-test. In cases
of heteroscedasticity, Welch’s ¢-test was applied. For data
that did not meet the assumption of normality, the Mann-
Whitney U test was used. A p-value of less than 0.05 was
considered statistically significant.

Results

Long-Term Niraparib Treatment Induces Acquired
Resistance in BRCA1/2-Wild Type Ovarian Cancer
Cells

To explore the mechanisms of acquired resistance to
niraparib in BRCAwt ovarian cancer, this study first estab-
lished a niraparib-resistant SKOV3 cell line through long-
term drug pressure induction. Unlike the commonly used
stepwise dose-escalation method [17,18], a constant, rel-
atively high concentration (21 pM) of niraparib was ap-
plied continuously for 6 months (Fig. 1A), yielding a
stable resistant cell line (SKOV3 Nira 6M) with a re-
sistance index of 5.35 (ICsp: 86.51 uM vs. 16.16 uM
for parental cells) (Fig. 1B). Crystal violet staining and
EdU proliferation assays further demonstrated that, com-
pared to the parental cells and the cells treated with ni-
raparib for 2 months (SKOV3 Nira 2M) and 3 months
(SKOV3 Nira 3M), SKOV3 Nira 6M exhibited signifi-
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Fig. 1. Induction of acquired resistance to niraparib in ovarian cancer cells following long-term treatment. (A) Schematic illus-

tration of the generation of niraparib-resistant cell lines. (B) Dose-response curves of parental cells and cells treated with niraparib for

2, 3, and 6 months, as determined by CCK-8 assay (n = 3 independent experiments, with 5 replicates per experiment). (C) Quantita-

tive analysis of relative cell viability assessed using crystal violet staining after treatment with the indicated concentrations of niraparib

(0, 1, 10, 100 uM) for 72 hours (n = 3 independent experiments, with 3 replicates per experiment). (D) Quantitative analysis of cell

proliferation rate determined by EdU staining after 72-hour treatment with the indicated concentrations of niraparib (n = 3 independent

experiments). Data are presented as mean + standard deviation. * p <0.05; ** p <0.01; **** p <(0.0001. In figure B, blue **** denotes
SKOV3_parent vs. SKOV3_Nira 3M; red **** denotes SKOV3_parent vs. SKOV3_Nira 6M (p < 0.0001). CCK-8, cell counting
kit-8; EdU, 5-ethynyl-2'-deoxyuridine.
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Fig. 2. Analysis of the binding modes of Niraparib to PARP1, PARP2, and PARP3. (A) Chemical structure of Niraparib. (B-D)
Schematic representation of the complex structures and key interactions between Niraparib and PARP1 (PDB: 7KKS5) (B), PARP2 (PDB:
7AEO) (C), PARP3 (PDB: 4GV0) (D) based on molecular docking simulations. PARP, Poly(ADP-ribose) polymerase; PDB, Protein

Data Bank.

cantly enhanced survival (p < 0.05, Fig. 1C) and prolifera-
tive capacity (p <0.01, Fig. 1D) under treatment with 1, 10,
and 100 puM niraparib, confirming its resistant phenotype.

Binding Characteristics of Niraparib to PARP
Family Proteins and Their Expression Changes in
Resistant Cells

PARPI1, PARP2, and PARP3 are core enzymes that
mediate Poly(ADP-ribosyl)ation (PARylation) and play
critical roles in DNA damage repair pathways [19]. Ni-
raparib, as a highly selective PARP1/2 inhibitor, demon-
strates high-affinity binding to the catalytic domains of its
target proteins in molecular docking simulations. Specif-
ically, the calculated binding free energies of niraparib to
PARPI1 (PDB: 7KK5) and PARP2 (PDB: 7AEO) were —7.7
kcal/mol (Fig. 2A,B) and —7.6 kcal/mol (Fig. 2C), respec-

tively, indicating comparable binding strengths. Within
PARPI1, niraparib penetrates deep into the active site
pocket, interacting with key residues such as GLU772,
LEU769, and LYS703, a binding mode consistent with pre-
viously reported crystal structures [20]. In PARP2, nira-
parib forms a strong interaction (2.3 A) with the catalytic
triad residue TYR208 (Fig. 2C), directly competing for and
occupying the NAD™ substrate binding site, which struc-
turally explains its potent enzyme inhibitory mechanism.
Although docking predicted an even lower binding
free energy for niraparib with PARP3 (PDB: 4GV0) at —
9.6 kcal/mol, along with tight hydrophilic interactions with
SER405 and ARG400 (Fig. 2D), its biochemical inhibitory
activity (ICsp = 1.3 uM) is significantly weaker than its
nanomolar-level inhibition of PARP1/2 (ICsq values of 2.1
nM and 3.8 nM, respectively) [21,22]. This discrepancy


https://www.discovmed.com/

2291

A B C
SKOV3_Nira_2M vs SKOV3_Nira_3M vs SKOV3_Nira_6M vs
SKOV3_parent SKOV3_parent SKOV3_parent
UP = 152, DOWN = 336 UP = 196, DOWN = 333 UP =132, DOWN = 181
@ [ o 50
<) <) >
5 § ]
5 regulator 5 regulator S 25 regulator
o * DOWN 3T 00 « DOWN o + DOWN
g R o SRR g U8 C U
o o] PEBER ST e u - SNy f U 00
i A Bos) FSTLT g
s 1 } - 25
-4 . .
0 5 10 15 0 5 10 15 0 5 10 15
Average Expression Average Expression Average Expression
4 ns  ns  ns es ns  ns  ns
z g
= &,
531 S]
E EXL
g2 g
by 2]
= =
o o
~ =
™ o
8o g
g
K]
i £ 40
SKOV3_parent  SKOV3_Nira_6M > bl
2
f 1 f 1 g 30
’ - 220
PARP1 113 kD 32
. ©
©10
-
& 0
GAPDH 36 kD 3
amm— e g— £ & &
¥ 7
7
o 7
& O
%{‘

PARP1 DAPI Merge

SKOV3_
parent
oo ot
SKOV3_
Nira_6M
1 100 il 10

Fig. 3. Expression alterations of the PARP inhibitor target PARPI in niraparib-resistant ovarian cancer cells. (A-C) Volcano
plots showing differentially expressed genes in the transcriptome of SKOV3 cells after long-term treatment with niraparib for 2 (A), 3
(B), and 6 (C) months, compared to parental cells (n = 3 per group). (D-F) Relative mRNA expression levels of PARPI (D), PARP2
(E), and PARP3 (F) in SKOV3 cells treated with niraparib for the indicated durations (2, 3, 6 months) (n = 3 per group). (G,H) Western
blotting (G) and immunofluorescence (H) analysis of PARP1 protein levels in SKOV3 cells treated with niraparib for different periods
(n = 3 independent experiments, with 4 replicates per experiment). Quantitative data from Western blotting are presented as mean +
standard deviation, while fluorescence-based quantitative data are shown as median (25th—75th percentiles). ns p > 0.05; * p <0.05; ***
p <0.001; **** p <0.0001.

100 pm

Fluorescence values of PARP1



https://www.discovmed.com/

2292

may be related to the absence of the key D-loop domain in
PARP3 [19], which is present in PARP1/2 and is crucial for
stabilizing the inhibitor-bound conformation and achieving
efficient enzyme inhibition. This suggests that static dock-
ing scores cannot fully reflect the dynamic inhibitory effi-
cacy of enzymes.

As the direct targets of niraparib, changes in PARP
protein expression may be linked to “target escape” mech-
anisms underlying acquired resistance. Our transcriptomic
and protein-level analyses (Fig. 3A—H) revealed that under
prolonged niraparib pressure, only PARP! exhibited a spe-
cific and significant downregulation at both the mRNA (p
< 0.0001; Fig. 3D) and protein (p < 0.05; Fig. 3G,H) lev-
els in the highly resistant SKOV3 Nira 6M cells, with no
significant changes observed in the early resistance stages
(2 and 3 months) or in parental cells (p > 0.05; Fig. 3D).
In contrast, the transcriptional expression levels of PARP2
and PARP3 remained stable across all stages (p > 0.05; Fig.
3E,F). These results suggest that the specific downregula-
tion of PARP1, leading to a “reduction in target abundance”,
may be a key mechanism underlying the acquisition of ni-
raparib resistance in BRCAwt ovarian cancer.

In addition, this study conducted transcriptomic anal-
yses to assess changes in pathways associated with DNA
damage response (Supplementary Figs. 1,2), drug ef-
flux (Supplementary Fig. 3), and cell cycle checkpoints
(Supplementary Fig. 4), which are important mech-
anisms underlying PARP inhibitor resistance. The re-
sults showed that, within the DNA damage repair path-
ways, although multiple genes exhibited significant dif-
ferential expression during the early stages of resistance
(SKOV3 Nira 2M/Nira_3M), most returned to baseline
levels in the stably resistant cell line (Supplementary Fig.
1A-K and Supplementary Fig. 2A-H). Only the NHEJ
pathway-associated histone gene H2BC8 remained signifi-
cantly downregulated in SKOV3 Nira 6M cells (p < 0.05;
Supplementary Fig. 1I). In the transmembrane transport
pathway, 54 differentially expressed genes were identified
(p < 0.05; Supplementary Fig. 3A-M). However, clas-
sical efflux pumps (e.g., ABCB1) showed no significant
change (p > 0.05; Supplementary Table 1). Similarly, dif-
ferentially expressed genes related to the cell cycle check-
point pathway were primarily characterized by transient al-
terations during the early induction phase (Supplementary
Fig. 4A-S). Further analysis revealed that S/00410 (p <
0.01; Supplementary Fig. 3E), THBS! (p < 0.05; Supple-
mentary Fig. 3H) (involved in transmembrane transport),
and H2BCS (associated with both NHEJ and cell cycle
checkpoint pathways) were significantly downregulated in
the stably resistant cells, while SLC4343 was significantly
upregulated (p < 0.0001; Supplementary Fig. 3M). How-
ever, the expression levels of these genes showed no sig-
nificant correlation with either overall survival or disease-
free survival in ovarian cancer patients (p > 0.05, Supple-
mentary Fig. SA-H). Compared with S100410, THBS1,

SLC43A43, and H2BC8, which exhibited altered expres-
sion in resistant cells, PARP1 downregulation demonstrated
stronger statistical significance (Supplementary Table 2),
suggesting that it may play a more central and direct role in
mediating the drug-resistant phenotype.

PARPI Deficiency Confers Acquired Niraparib
Resistance in BRCA1/2 Wild-Type Ovarian Cancer
Cells

To investigate whether PARP! deficiency mechanis-
tically drives acquired resistance to niraparib in BRCAwt
ovarian cancer, PARPI expression was efficiently silenced
in SKOV3 parent cells using two independent siRNAs (p
< 0.0001; Fig. 4A,B). PARPI knockdown alone exerted
no significant effect on basal cell viability or prolifera-
tion, consistent with its established role in DNA damage
repair and its dispensability under unperturbed growth con-
ditions. However, upon niraparib treatment, PARPI deple-
tion profoundly attenuated cellular drug sensitivity, as re-
flected by a marked elevation in ICs, values from 21.97 uM
to 321.8 uM and 356.0 uM, respectively (p < 0.0001; Fig.
4C). Subsequent phenotypic analyses further corroborated
these findings, demonstrating that PARP! knockdown sig-
nificantly enhanced cell survival and proliferative capacity
relative to niraparib treatment alone (p < 0.05; Fig. 4D,E).

To validate this finding in a more physiologically
relevant context, we established a DOX-inducible PARPI
shRNA stable knockdown cell line (p < 0.0001, Fig. 4F)
and employed it in a subcutaneous xenograft model in
athymic nude mice. Consistent with the in vitro data, DOX-
induced PARP1 knockdown attenuated the antitumor effi-
cacy of niraparib in vivo, as evidenced by increased tumor
wet weight and volume in the combination treatment group
compared with the niraparib-alone group (p < 0.05; Fig.
4G-I). These results collectively demonstrate, both in vitro
and in vivo, that PARP1 expression is indispensable for the
cytotoxic effect of niraparib in SKOV?3 cells.

To assess the generalizability of this observation be-
yond the SKOV3 cell line, we performed parallel validation
in three additional BRCAwt ovarian cancer cell lines, in-
cluding A2780, CAOV3, and OVCARS. As shown in Fig.
5A-F, successful PARPI knockdown in each cell line (p <
0.05; Fig. 5A,C,E) led to a marked decrease in sensitivity
to niraparib. Specifically, the ICsy increased from approx-
imately 9.2 uM to over 100 pM in A2780 cells (Fig. 5B),
from approximately 20 uM to 93 uM in CAOV3 cells (Fig.
5D), and from approximately 29 pM to over 210 uM in OV-
CARS cells (Fig. 5F). These consistent findings across mul-
tiple cell backgrounds demonstrate that transcriptional sup-
pression of PARP] expression induces high-level resistance
to niraparib.
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Overexpression of PARPI1 Partially Reverses amined whether restoration of PARP! expression was suf-
Acquired Resistance to Niraparib in BRCA1/2 ficient to reverse the drug-resistant phenotype. Experimen-
Wild-Type Ovarian Cancer tal results demonstrated that forced expression of a PARP!

overexpression construct resulted in robust upregulation of

To further validate the pivotal role of PARP! in ni- ) ; )
both mRNA and protein levels of PARP! in the resistant

raparib resistance within BRCAwt ovarian cancer, we ex-


https://www.discovmed.com/

2295

= ovNC: 88.29 uM
= ovPARP1: 52.95 uM

Niraparib (uM, log,)

B C
° °
@ A A 3 *
H \4 \4 ]
3 © © & P <20
< 159 sk o o™ of of 15, _150
x 815 g
€10 1
2 PARPT | S S -— -, o, Z1o0r— |
2 g 3
$s = 05 >
E GAPDH 36kD &g 8
g0 g o
o ‘\0 D o & KL
& & ° &
) o
o
D E
CON Niraparib
EdU DAPI  EdU DAPI
CON Niraparib Fkk
Fokokok
_.150 ns Fkok NC
£ S /] ovl
ovNC g i
2100
£
8
2 50 = EdU DAPI  EdU DAPI
8
0
O O & ovPARP1
OVPARP1 o“eqéz" &
SR
S
S
04
F " . . y
ovNC ovPARP1 ovNC+Niraparib ovPARP1+Niraparib
A2 P1 cap1 0311-1: P1 03112 P1
- Q1-UL(0.48%) Q1-UR(7.33%) - Q1-UL(1.42%) Q1-UR(6.64%) DE 4 Q1-UL(4.03%) Q1-UR(7.57%) WQ 4Q1-UL(0.03%) Q1-UR(6.90%)
% ] "“«""“ % ] e %4
< < < <
¢ & & &
a2y ze3 e ae,
%4 Y o °
Q1-LL(84.89%) Q1-LR(7.30%) Q1-l Q1-LR(8.40%) Q1 Q1-LR(31.88%) Q1-LR(59.32%)
T07 100 04 100 10° | 10 o2 100 0 108 100 107 00 10t qob | 10° 00 q0t | qoe 10
Annexin V FITC-A Annexin V FITC-A Annexin V FITC-A Annexin V FITC-A
G H
DOX- . N
OVPARP1 Niraparib
DOX-
OvPARP1 - - + +
PARPT | - - 1o 0
+ -
g g
c4
k3 1
53 - +
Q
22
=
21
o
= -t + +
DOX-
ovPARP1

80

o

EdU+ cell (%)
N A O
o o

S

Total apoptosis rate (%)
N A O ®
o ©o o ©o o

O O
S v \@Q &
SRS
S
S &
S
o
e
NS Hkkk
—
ns ns
910 'j
%048 T
'g 0.6
‘80.4
502
0.0
DO;
oveARP1 =t -t
Niraparib = = + +
i
i
ns ok
[—
Toooy 1
£
g400
3
3
2 200
o
5
= 0

DOX-
oPARPY - - F
Niraparb - - + +

Fig. 6. Effect of PARPI overexpression on the inhibitory action of niraparib in resistant ovarian cancer. (A,B) Changes in the
relative mRNA (A) and protein (B) levels of PARPI 72 hours after transfection with the overexpression vector. (C) Dose-response
curves of niraparib and cell viability in parental SKOV3 cells following PARPI overexpression. (D-F) Crystal violet staining images
and quantitative analysis of cell viability (%) (D), EdU staining images with quantitative analysis of cell proliferation rate (%) (E),
and changes in total apoptosis rate (F) in parental SKOV3 cells treated with PARP1 overexpression in combination with niraparib. (G)
Overexpression efficiency of PARP1 in SKOV3 cells after DOX induction. (H-J) Subcutaneous tumor growth (H), tumor wet weight (I),
and volume (mm?, ) in nude mice after DOX-induced PARPI overexpression combined with niraparib treatment. All data points were

obtained from three biologically independent experiments, each performed with 3—5 replicates. Values from EdU staining are reported

as the median with interquartile range (25th—75th percentiles), whereas remaining quantitative results are shown as mean + standard
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SKOV3 Nira 6M cells (p < 0.05; Fig. 6A,B). Function-
ally, overexpression of PARPI significantly resensitized
cells to niraparib, reducing the ICsy value from 88.29 uM
in the vector control group to 52.95 uM (Fig. 6C). Fur-
ther phenotypic analysis confirmed that, compared to ni-
raparib treatment alone, combining it with PARP! overex-
pression more effectively inhibited cell viability and prolif-
eration and elicited a significantly elevated apoptotic rate
(» <0.001; Fig. 6D-F).

To corroborate the translational relevance of
this effect, we established a DOX-inducible PARPI-
overexpressing stable cell line (p < 0.01; Fig. 6G) and
employed a subcutaneous xenograft model in nude mice.
The in vivo experimental results showed that inducing
PARPI overexpression in combination with niraparib
treatment results in significantly greater inhibition of tumor
growth compared to treatment with niraparib alone, as
evidenced by markedly reduced tumor volume and wet
weight (p <0.001; Fig. 6H-J).

Collectively, this study demonstrates that restoring
PARP] expression can partially reverse the acquired resis-
tance to niraparib both irn vitro and in vivo within the BR-
CAwt ovarian cancer model. This result not only provides
direct evidence confirming PARP] as a critical target for ni-
raparib’s therapeutic efficacy but also further underscores
the key role of its downregulated expression or function in
the underlying acquisition and maintenance of resistance to
niraparib.

Discussion

This study systematically reveals that the downregu-
lation of PARP1 expression serves as an important mecha-
nism driving acquired resistance to niraparib in a BRCAwt
ovarian cancer preclinical model. Through integrative tran-
scriptomic, proteomic, and systematic in vitro and in vivo
functional experiments, we confirmed the specific down-
regulation of PARP/ in resistant cells. This downregulation
directly reduces cellular sensitivity to niraparib, whereas
restoration of PARP1 expression partially reverses resis-
tance. These findings establish a novel “target diminution”
resistance pathway distinct from classical mechanisms such
as repair pathway reactivation or drug efflux.

Current research on acquired resistance mechanisms
to PARP inhibitors, particularly niraparib, has advanced
substantially in patients with HRD, such as those harbor-
ing BRCA mutations, where core resistance mechanisms
primarily involve restoration of HR function (e.g., BRCA
reversion mutations, 53BP1 loss) [4,9,11]. However, in
the substantial proportion of BRCAwt/HRD-negative pa-
tients, resistance mechanisms exhibit greater complexity
and high heterogeneity. The PARPI downregulation mech-
anism identified in this study within a BRCAwt context
is fundamentally distinct from the classical HR restoration
pathway. This mechanism does not confer resistance by

restoring downstream DNA repair capacity, but rather by
reducing the initial drug target, thereby weakening its core
toxicity (i.e., the PARP trapping effect) at the upstream
stage of drug action, providing a novel perspective on re-
sistance mechanisms in this patient population.

As the core molecular target for all clinically used
PARP inhibitors, the expression level, functional status, and
dynamic behavior of PARPI within the DNA damage re-
sponse network collectively form a complex foundation de-
termining drug efficacy and resistance [14]. Cross-cancer
studies, including work by Liu et al. [23] in breast cancer,
Gajan et al. [24], and Tsujino et al. [25] in prostate can-
cer, have confirmed the close association between PARPI
downregulation and PARP inhibitor resistance. Echoing
this, our findings systematically validate, within the BR-
CAwt ovarian cancer population—where response to PARP
inhibitors (especially niraparib) is limited and clinical need
is urgent—that PARP1 downregulation is a key factor driv-
ing acquired resistance, thereby directly linking this funda-
mental biological mechanism to a clear clinical challenge.

The evolution of resistance is a multidimensional dy-
namic process, extending far beyond simple changes in tar-
get protein abundance. Recent research reveals that a series
of post-translational modifications profoundly regulate the
function and activity of PARPI, thereby influencing drug
sensitivity. For instance, Zhang et al. [26] discovered that
palmitoylation mediated by the palmitoyltransferase ZD-
HHC12 negatively regulates the DNA-binding capacity of
PARP]I; inhibiting this modification enhances the efficiency
of PARPI “trapping” by the drug, offering a new target for
reversing ovarian cancer resistance. Conversely, research
by Chen et al. [27] indicates that FGFR3-induced phos-
phorylation of PARPI at tyrosine 158 (Y158) can promote
homologous recombination repair by recruiting BRG/ and
stabilizing MRE!1, thereby conferring PARP inhibitor re-
sistance to breast cancer cells. Furthermore, Pettitt et al.
[28], through large-scale genetic screening, identified vari-
ous PARPI DNA-binding domain mutations that cause re-
sistance; these mutations can directly impair its binding
to damaged DNA, rendering the classic “trapping” mech-
anism ineffective—a finding also corroborated in clinical
resistance cases.

Beyond directly affecting its enzymatic activity and
DNA-binding properties, PARP1 also acts as a crucial tran-
scriptional regulatory hub, reshaping cellular states through
its non-catalytic functions. Research by Ding et al. [29] re-
veals that PARPI can directly bind to and repress the pro-
moter of SNAI2, a key epithelial-mesenchymal transition
factor; its loss or inhibition relieves this repression, driving
resistance to talazopari. In contrast, a study by Ma et al.
[30] reveals that the high-mobility group protein HMGB3,
by interacting with PARP1, promotes its dissociation from
damage sites under DNA damage conditions, and its high
expression is conversely associated with PARP inhibitor re-
sistance. This highlights the fine-tuning of drug response by
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the dynamic balance between PARPI and different interact-
ing protein networks.

To better understand resistance, it is necessary to re-
turn to the core physiological functions of PARPI in main-
taining genomic stability. PARPI is the primary sensor
and initiator of DNA single-strand break repair, and the
PAR chains it catalyzes are key signals for recruiting down-
stream repair factors (e.g., XRCCI). More importantly, dur-
ing S phase, PARPI, by interacting with replisome proteins
(e.g., TIMELESS), plays a protective role in stabilizing
replication forks and mitigating “transcription-replication
conflicts” [31,32,33]. This challenges the traditional view
that PARP inhibitor toxicity stems entirely from “trapping”
and the formation of toxic complexes. In fact, recent evi-
dence suggests that the inhibition of PARPI enzymatic ac-
tivity by PARP inhibitors itself, in an HR-deficient con-
text, may be sufficient to trigger synthetic lethality by
disrupting fork protection. Therefore, tumor cells may
downregulate PARPI expression or inactivate its function.
While reducing drug “trapping”, they might also upreg-
ulate other alternative repair pathways (e.g., error-prone
microhomology-mediated end joining) or reinforce fork
protection mechanisms (e.g., via R-loops), thereby achiev-
ing survival through complex adaptive adjustments. Re-
cently, Marks et al. [34] developed an endogenous PARPI
FRET biosensor based on CRISPR-Cas9, combined with
fluorescence lifetime imaging, enabling for the first time
real-time, single-cell quantitative analysis of PARP trap-
ping dynamics in living cells. This technology confirms
that PARP inhibitor resistance is directly associated with re-
duced PARP trapping efficiency, providing a powerful tool
for understanding resistance at a dynamic level. These stud-
ies collectively indicate that the retention kinetics of PARPI
at DNA damage sites (i.e., trapping) are key to determin-
ing efficacy; any factor affecting its binding affinity, post-
catalytic dissociation, or protein stability will ultimately al-
ter this kinetic process, leading to resistance.

Although traditional research has focused primarily on
the inhibition of PARPI enzymatic activity and its “trap-
ping” effect [35], and sporadic reports in recent years have
suggested a potential association between PARPI expres-
sion levels and initial treatment response, systematic func-
tional validation in BRCAwt acquired-resistance models
has been lacking [36]. The innovation of our study lies in
the use of a long-term induced, homologous recombination-
proficient resistance model to demonstrate that PARPI
downregulation is an active adaptive event during resis-
tance development, rather than merely an epiphenomenon.
More importantly, we rigorously established a causal rela-
tionship between PARP! downregulation and the resistant
phenotype through in vitro and in vivo rescue experiments.
This finding aligns with the recently proposed “target loss”
resistance paradigm—where tumors evade targeted therapy
by reducing target protein levels—thereby adding a crucial
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component to the current understanding of PARP inhibitor
resistance mechanisms.

In addition to PARPI, our transcriptomic analysis
identified other genes significantly altered in resistant cells,
such as the downregulation of S100410 and THBSI, and
the upregulation of SLC4343. These genes are not classical
drug efflux pumps; their functions involve calcium signal-
ing, extracellular matrix interaction, and amino acid trans-
port, suggesting that resistance may be accompanied by ex-
tensive reprogramming of cell membrane function and mi-
croenvironment crosstalk. However, our survival analysis
indicated that changes in the expression of these individual
genes were not significantly associated with patient prog-
nosis, implying they may be more cooperative or inciden-
tal events in the adaptation process rather than independent
drivers or prognostic markers. In contrast, the downregula-
tion of the key histone H2BC8 warrants attention. H2B vari-
ants are involved in chromatin dynamics, and their alter-
ation may affect DNA damage response efficiency through
epigenetic means. Although its direct role in PARPI resis-
tance has not been extensively studied, our finding provides
a basis for further exploring the role of chromatin remodel-
ing in resistance.

This study also has several limitations. First, the re-
sistance model was established in a single cell line under
constant high-dose selection, which may not fully mirror
the gradual clinical evolution of resistance. Validation in
additional models, including patient-derived samples, and
the use of stepwise dose escalation in future studies are
needed. Second, although PARPI downregulation drives
resistance, its upstream regulatory mechanisms (transcrip-
tional, epigenetic, or post-transcriptional) remain unclear;
future studies using ChIP-seq and methylation analyses are
needed to address this issue. Third, the marked reduction
in PARP1 protein relative to its mRNA decline suggests
potential post-translational regulation (e.g., ubiquitination),
although the specific mediators remain unknown; future
studies using protein stability assays and E3 ligase screens
are needed. Finally, the functional state of PARP/ in resis-
tant cells (activity, trapping capacity) was not directly as-
sessed and warrants further investigation using biochemical
and proximity-based assays.

Conclusion

This study demonstrates that, in BRCAwt ovarian can-
cer, niraparib resistance is accompanied by multi-layered
molecular reprogramming, with loss of PARPI expression
identified as a key mechanism driving resistance. Func-
tional experiments, both in vitro and in vivo, establish a
direct causal relationship between PARPI levels and drug
sensitivity. These findings enhance our understanding of
PARP inhibitor resistance and suggest that targeting path-
ways regulating PARPI expression may offer a novel ther-
apeutic strategy for overcoming resistance.
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