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ABSTRACT

Poly (ADP-ribose) polymerase inhibitors (PARPis) represent a promising new class of agents that have demonstrated efficacy in treating various cancers, particularly
those with BRCA1/2 mutations. Cancer-associated BRCA1/2 mutations disrupt DNA double-strand break (DSB) repair via homologous recombination (HR). PARP
inhibitors (PARPis) have been used to trigger synthetic lethality in BRCA1/2-mutated cancer cells by promoting the accumulation of toxic DSBs. Unfortunately,
resistance to PARPis is common and can occur through multiple mechanisms, including the restoration of HR and/or stabilization of replication forks. To gain a better
understanding of the mechanisms underlying PARPis resistance, we conducted an unbiased CRISPR-pooled genome-wide library screen to identify new genes whose
deficiency confers resistance to the PARPi olaparib. Our research revealed that haploinsufficiency of the ZNF251 gene, which encodes zinc finger protein 251, is
associated with resistance to PARPis in various breast and ovarian cancer cell lines carrying BRCAI mutations. Mechanistically, we discovered that ZNF251 hap-
loinsufficiency leads to stimulation of RAD51-mediated HR repair of DSBs in olaparib-treated BRCAI-mutated cancer cells. Moreover, we demonstrated that a RAD51
inhibitor reversed PARPi resistance in ZNF251 haploinsufficient cancer cells harboring BRCAI mutations. Our findings provide important insights into the mech-
anisms underlying PARPis resistance by highlighting the role of RAD51 in this phenomenon.

1. Introduction ribosylation) [1,2]. PARPs play an important role in various cellular
processes, including the modulation of chromatin structure, transcrip-

Poly (ADP-ribose) polymerases (PARPs), also known as NAD" ADP- tion, replication, recombination, and DNA repair [3]. PARP1 is the most
ribosyltransferases, are an emerging family of 18 enzymes that can potent enzyme in this group, accounting for 80-90 % of DNA
catalyze the transfer of ADP-ribose to target proteins (poly ADP- damage-induced PARylation, and plays a key role in the DNA damage
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response (DDR), including the repair of DNA single-strand breaks (SSBs)
and double-strand breaks (DSBs) [4-6]. SSBs are repaired using
PARP1-mediated base excision repair (BER). DSBs can be repaired by
three classical pathways: BRCA1/2-dependent homologous recombina-
tion (HR), DNA-PKcs-mediated non-homologous end joining (NHEJ),
and PARP1-mediated alternative NHEJ (Alt-NHEJ). These DNA repair
pathways can either work independently or in coordination to prevent
or repair different types of DSBs.

Mutations in BRCA1/2 genes, leading to dysfunctional HR, pose a
significant risk for the development of breast and ovarian cancers.
BRCA1 and BRCA2 interact with various proteins involved in the HR
repair pathway and are essential for this process, operating at different
stages of DSB repair. Since PARP inhibitors (PARPis) induce DSBs in
cells with defective HR, cells harboring BRCA1/2 mutations are highly
susceptible to PARP inhibitor treatments [3-6]. Currently,
FDA-approved PARPis, including olaparib, rucaparib, niraparib, and
talazoparib, act as competitors to NAD™, thereby inhibiting poly
(ADP-ribose) polymerase activity. PARP1 inhibition leads to the accu-
mulation of single-strand breaks (SSBs), which results in toxic DSBs and
synthetic lethality in the absence of functional HR. Unfortunately, the
majority of patients with BRCA1/2 mutated tumors initially respond
positively to PARPis treatment but eventually develop resistance, lead-
ing to disease relapse and progression.

To investigate the mechanisms underlying resistance to PARP in-
hibitors (PARPis), we conducted a genome-wide CRISPR screen to
identify the gene mutations that confer resistance to olaparib. Our
findings revealed that haploinsufficiency of the zinc finger 251
(ZNF251) gene, resulting in partial knockdown of the ZNF251 protein
(referred to as ZNF251KD), causes resistance to olaparib in multiple
BRCA1-mutated cancer cell lines. Moreover, we observed that breast
cancer cells with BRCAI mutation and ZNF251KD (BRCAImut +
ZNF251KD) were not only resistant to various PARPis but also to
platinum-based drugs and DNA polymerase theta (Pol6) inhibitors.

Our study further demonstrated that activation of HR and replication
fork stabilization are associated with resistance to PARPis conferred by
ZNF251KD in BRCAI-mutated cells. Critically, we also showed that
BRCAImut + ZNF251KD breast cancer cells were sensitive to RAD51
inhibitor (RAD51i), which also restored their sensitivity to PARPi. These
results suggest that ZNF251KD-mediated resistance to PARPis involves
the HR pathway, which may represent a therapeutic target for over-
coming PARPis resistance in BRCAImut + ZNF251KD breast cancer
cells.

2. Materials and methods
2.1. Cell lines and cell culture

MDA-MB-436 and HCC1937 cells were purchased from ATCC. MDA-
MB-436 and Ovcar8 cells were maintained in DMEM supplemented with
10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin.
HCC1937 cells were cultured in RPMI 1640 medium supplemented with
10 % FBS and 1 % penicillin/streptomycin. All cell lines were analyzed
and authenticated by morphological inspection and biochemical ex-
amination of the BRCAI mutation pathway as well as short tandem
repeat profiling analysis. Mycoplasma testing was performed to exclude
the possibility of mycoplasma contamination in all cell lines.

2.2. Chemical compounds

Olaparib (Catalog# A4154), cisplatin (Catalog# A8321), carboplatin
(Catalog# A2171), and 5-fluorouracil (Catalog# A4071) were pur-
chased from APExBIO. UPF 1096 (Catalog# S8038), NMS-P118
(Catalog# S8363), stenoparib (E7449) (Catalog# S8419), niraparib
(Catalog# S2741), rucaparib (Catalog# S4948), and veliparib (ABT-
888) (Catalog# S1004) were purchased from Selleckchem. Cisplatin
(Catalog# A10221) was purchased from AdooQ Bioscience. ART-558
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(Catalog# HY-141520), RAD51 inhibitor RI-1 (Catalog# HY-15317),
and olaparib (for in vivo experiment: Catalog# HY-10162) were pur-
chased from MedChem Express (MCE). ART-812 was synthesized at the
Moulder Center for Drug Discovery, Temple University School of Phar-
macy. All compounds were dissolved, aliquoted, and stored in accor-
dance with the manufacturer’s instructions.

2.3. Pooled genome-wide CRISPR/Cas9 screen

The GeCKO CRISPR library was purchased from Addgene
(#1000000048), amplified, and packaged as a lentivirus based on the
instructions on the Addgene website. CRISPR screening was performed
as described previously [7]. Briefly, MDA-MB-436 cells were transduced
with lentivirus carrying the GeCKO library, and puromycin selection
was performed for 3 days. The transduced MDA-MB-436 cells were
treated with olaparib for 14 days. The medium was changed by adding
fresh olaparib every three days during 14 days screen, and the surviving
cells were harvested. Genomic DNA was extracted, and PCR was per-
formed before deep sequencing of the sgRNA sequence in the genome of
surviving cells. All deep sequencing data are available from GEO (series
accession number GSE205221). For data analysis, we calculated the
enrichment score as follows: enrichment score= (sgRNA number from
the reads)/(sgRNA number in the library) x log, (average abundance).
SgRNAs used for validation were synthesized and constructed as previ-
ously described [7]. Primer sequences are listed in Supplementary
Table S1.

2.4. T7ENI assays and DNA sequencing

The T7EN1 assay was performed as previously described [7]. To
identify ZNF251 mutations, the purified PCR product was cloned into
the pCR2.1-TOPO TA vector (TOPO TA cloning kit; Life Technologies)
and sequenced by Sanger sequencing. Primers used for Sanger
sequencing are listed in Supplementary Table S1.

2.5. Generation of mutant single clones

Five hundred transduced MDA-MB-436 cells were mixed with 1 ml of
methylcellulose (MethoCult H4034 Optimum, Stem Cell Technologies)
in a 6-well cell culture plate and cultured at 37 °C in a 5 % CO; incu-
bator. Two weeks later, single colonies were selected and cultured in a
96-well plate with complete medium supplemented with 2 % penicillin/
streptomycin. The cells were passaged every two or three days, and 1/3
of the cells were collected for genomic DNA extraction. The ZNF251
target region was PCR-amplified and sequenced.

2.6. Cell viability assay

Cells (1 x 10*) were cultured in 100 pL of complete medium in a 96-
well plate and treated as indicated. Cell viability was measured at
different time points as described in the trypan blue exclusion viability
test. The final number of viable cells was calculated based on a standard
growth curve. All key viability experiments were confirmed by the MTS
assay (Promega, Catalog# G3582) and CCK-8 assay (APExBIO company,
Catalog# K1018).

2.7. Off-target effect examination

Off-target sites were predicted using an online search tool (http
://crispr.mit.edu). 3bp mismatches compared to the target consensus
sequence were allowed. The predicted off-target sequences were
searched using the UCSC browse, and 500bp flanking the sites were
PCR-amplified in primary cells and single mutation clones. The PCR
product was subjected to a T7EN1 assay to determine the mutation. The
PCR product was cloned into a TA vector and Sanger sequenced to
identify the mutations.
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2.8. ZNF251 complementation experiment

Exponentially growing MDA-MB-436 ZNF251 WT and KD cells were
seeded in six-well plates (1 million cells/well) and transfected with
pcDNA3.1 vector or human ZNF251 on pcDNA3.1 plasmid carrying the
neomycin resistance (neo) gene. After transfection with 1 pg and 2 pg
plasmids, the cells were selected with G418 (400 pg/ml) in the culture
medium for 2 weeks to maintain the selection of neomycin-resistant cells
to generate stably transfected cell lines [8,9]. Cells were plated in
96-well plates at a density of 1 x 10* cells/well in triplicate. The next
day, the transfected cells were treated with DMSO or olaparib for three
days, and cell viability was measured.

2.9. Cell viability, apoptosis, and proliferation assays

Apoptosis and proliferation were analyzed using flow cytometry.
Cells were stained using an FITC Annexin V apoptosis detection kit
(BioLegend Catalog#641904) and a Brilliant Violet 423™ anti-Ki67
antibody (BioLegend Catalog#652411) following fixation and per-
meabilization. This process was performed 72 h after treatment with
either 8 pM Olaparib or an equivalent volume of DMSO as a control.

2.10. Immunoblot analysis

Nuclear and total cell lysates were obtained as described previously
[10] and analyzed by SDS-PAGE using primary antibodies against ATM
(Santa Cruz Biotechnology #sc-135663), CtIP (Abcam #ab-70163),
53BP1 (Abcam #ab-175933), SLFN11 (Santa Cruz Biotechnology
#sc-515071), BRCA1 (ThermoFisher Scientific #MA1-23164), BRCA2
(Santa Cruz Biotechnology #sc-28235), PALB2 (Proteintech
#14340-1-AP), RAD51 (Abcam #ab-88572), RAD52 (Santa Cruz
Biotechnology #sc-365341), RAD54 (Santa Cruz Biotechnology
#sc-374598), and the following secondary antibodies conjugated to
horseradish peroxidase (HRP): goat anti-rabbit (EMD Millipore
#12-348) and goat anti-mouse (EMD Millipore #AP181P). ZNF251
western blot analysis was performed using ZNF251 antibody (Pro-
teintech cat# 25601-1-AP) and GAPDH antibody (Cell Signaling Tech-
nology, cat#2118). For quantification of the western blot analysis,
ImageJ software was used to measure the density of the protein bands.

2.11. DNA damage/repair assays

DSBs were detected using a neutral comet assay, as described pre-
viously [10] with modifications. Briefly, comet assays were performed
using the Oxiselect Comet Assay Kit (Cell Biolabs #STA-355), according
to the manufacturer’s instructions. Images were acquired using an
inverted Olympus IX70 fluorescence microscope with an FITC filter, and
the percentage of tail DNA in individual cells was calculated using the
OpenComet plugin of ImageJ. HR was measured using the DR-GFP re-
porter cassette as described previously [10]. Briefly, the reporter
plasmid was digested with I-Scel endonuclease, and the repaired GFP
cells were counted by flow cytometry. The result was calculated as the
total number of restored GFP-positive cells/total transfected M-cherry-
or BFP-positive cells.

2.12. Mice and in vivo studies

6-8 weeks-old female NOD/SCID/IL-2Ry (NSG) mice (Jackson Lab-
oratories) were subcutaneously injected with 1 x 105 MBA-MD-436 cells
in the flank. Mice were randomized into treatment groups when the
tumor sizes reached 50-60 mm®. All animals with wild-type or
ZNF251KD tumors of 50-60 mm® were randomized into two groups (n
= 4/group), which were intraperitoneally administered vehicle or ola-
parib (10 mg/kg) daily for four weeks, respectively. From the start of the
experiment, tumor volumes (V) were measured every three days based
on formula V = L x W2 x 0.5, where L represents the largest tumor
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diameter and W represents the perpendicular tumor diameter [11]. After
four weeks, all mice were euthanized, and tumors were dissected,
imaged, weighed, or used for further characterization. All experiments
involving animals were approved by the Institutional Animal Care and
Use (IACUC) Committee of Cooper University.

2.13. Fork protection assay/DNA fiber assay

At stalled forks, the degradation of DNA fibers was assessed as fol-
lows. Exponentially growing MDA-MB 436 ZNF251 WT and KD cells
were treated with 5 pM olaparib for 48 h. Cells were sequentially pulse-
labeled with 50 pM 5-chloro-2-deoxyuridine thymidine (CldU) (Sigma-
Aldrich) and 250 pM idoxuridine (IdU) (Sigma-Aldrich) for 30 min each,
washed once with 1 x PBS, and treated with 4 mM HU for 4 h. The cells
were collected and resuspended in 1 x PBS at a concentration of 500
cells/pL. 2.5 pl of the cell suspension was diluted with 7.5 pl of lysis
buffer (200 mM Tris-HCl pH 7.5, 50 mM EDTA, and 0.5 % [w/v] SDS) on
a glass slide and incubated for 8 min at RT. The slides were tilted at
15°-60°, air-dried, and fixed with 3:1 methanol/acetic acid for 10 min.
The slides were denatured with 2.5 M HCI for 90 min, washed with 1 x
PBS, and blocked with 2 % BSA (Carl Roth) in PBS for 40 min. The newly
replicated CldU and IdU tracks were labeled for 1.5 h with anti-BrdU
antibodies recognizing CldU (1:300, Abcam) and IdU (1:100, BD Bio-
sciences), followed by 1 h incubation with anti-mouse Alexa Fluor 594
(1:500, #A11062, Life Technologies) and anti-rat Alexa Fluor 488
(1:500, #A21470, Life Technologies) secondary antibodies. Incubations
were performed in the dark in a humidified chamber. After five washes
in PBST for 3 min, the coverslips were mounted with 20 pL mounting
media. DNA fibers were visualized using a Leica SP8 Confocal micro-
scope at 63X objective magnification and images were analyzed using
ImageJ software.

2.14. Immunofluorescence (IF) and confocal microscopy

MDA-MB-436 cells of ZNF251WT and ZNF251KD3 were grown on
cover slips, treated with olaparib and processed for IF. Briefly, cells were
fixed with 4 % (v/v) paraformaldehyde for 20 min at 4 °C. and washed
with PBS followed by the permeabilization with 0.5 % (v/v) Triton X-
100 for 10 min. Then, cells were blocked with PBS containing 3 % BSA
for an hour at room temperature and incubated overnight at 4 °C with 5
% BSA in PBS containing RAD51 monoclonal antibody (SantaCruz
Biotechnology #SC-53428). On the next day, cells were washed 3x in
PBST buffer and incubated with fluorochrome conjugated secondary
antibodies for an hour at room temperature. After incubation, cells were
washed 3x in PBST buffer followed by mounting on a coverslip with 20
pl mounting solution containing DAPI. Then cells were visualized and
imaged using a Leica SP8 confocal microscope at a 63X objective
magnification with oil, and images were analyzed using ImageJ soft-
ware. For quantification, integrated density (total density) of RAD51
staining was measured from three independent experiments.

2.15. Bioinformatics analysis of ZNF251 expression in the cells sensitive
and resistant to PARPi olaparib

To analyze the expression of ZNF251 in cells sensitive and resistant to
the PARPi olaparib, we performed bioinformatics analysis. Datasets for
the respective inhibitors were downloaded from the Gene Expression
Omnibus database (http://www.ncbi.nlm.nih.gov/geo), a large public
repository for high-throughput molecular abundance data, specifically
gene expression data [12]. Dataset GSE165914 was used for the analysis
of ZNF251 expression in olaparib-sensitive and-resistant cells [13].
Statistical analyses were performed using the GraphPad Prism 9. The
correlation between ZNF251 expression and overall survival was
initially assessed in a cohort of breast cancer patients encompassing all
subtypes using the Kaplan-Meier Plotter (https://kmplot.com/analysis/
), which integrates gene expression and clinical data from 2032 patients
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sourced from GEO, EGA, and TCGA datasets. Subsequently, the rela-
tionship between ZNF251 expression and overall survival was analyzed
specifically in triple-negative breast cancer (TNBC) using The Cancer
Genome Atlas (TCGA) datasets via cBioPortal (https://www.cbioportal.
org). In this analysis, patients were stratified into four groups based on
specific genetic or epigenetic alterations, including BRCA1/2 mutations,
BRCA1 methylation, and homologous recombination deficiency (HRD)
status. For TNBC and high-grade serous ovarian cancer, the threshold of
BRCA1 methylation was set at a beta-value > 0.5. Tumors without BRCA
alterations but classified as HRD were identified using “fraction genome
altered” > 0.5 as a surrogate for the genomic scar score.

2.16. Quantification and statistical analysis

All statistical analyses were performed using the GraphPad Prism
version 8. Cell viability data were analyzed using two-way ANOVA.
Neural comet assay data were analyzed using the Mann-Whitney Rank
Sum Test. Data from the DNA repair assay and in vivo experiments were
analyzed using an unpaired t-test with Welch’s correction.

2.17. Data availability

The data generated in this study are available in the article and its
supplementary files. All deep sequencing data from our CRISPR screen
are available at GEO (series accession number: GSE205221).

3. Results

3.1. A genome-wide CRISPR screen identified ZNF251 as a critical factor
regulating sensitivity of BRCA1-mutated cells to PARPis

To identify genes whose deficiency confers drug resistance to the
PARPi olaparib, we performed a genome-wide CRISPR genetic screen in
MDA-MB-436 cells, a human breast cancer line harboring a BRCA1 5396
+ 1G > A mutation in the splice donor site of exon 20, resulting in a
BRCT domain-truncated protein. MDA-MB-436 cells are known to
exhibit sensitivity to PARPis [14]. We used the GeCKO CRISPR library,
which has been demonstrated to be an efficient tool to screen for mu-
tations that confer resistance to a BRAF inhibitor in a melanoma line
[15]. First, we packed the library into lentivirus with an optimal titer at
a multiplicity of infection (MOI) of 0.3-0.4 and transduced
MDA-MB-436 cells. After viral transduction, MDA-MB-436 breast cancer
cells were treated with either 0.3 pM or 1 uM olaparib, an optimal dose
chosen based on our preliminary tests (Supplementary Fig. 1A). After 14
days of treatment, we harvested living cells from the olaparib-treated
group and extracted genomic DNA for polymerase chain reaction
(PCR) of the region containing sgRNAs. Next, we conducted
next-generation sequencing (deep sequencing) to identify sgRNAs that
were enriched in olaparib-resistant cells (Supplementary Fig. 1B). For
several genes, we found enrichment of multiple sgRNAs, suggesting that
deficiency in these genes contributes to olaparib resistance. We then
ranked the positive hits by the number of sgRNAs and enrichment
changes per sgRNA. Interestingly, we identified several zinc finger genes
as the highest-ranking genes in our screen. Among them, ZNF251 and
ZNF518B were the only two top hits recovered in the screen at the two
doses (Supplementary Fig. 1C). Importantly, our screen identified
several known genes whose loss-of-function causes olaparib resistance.
These include TP53BP1 [16], components of the Shieldin complex
(C200rf196 and FAM35A) [17], DYNLL1 [18,19], and EZH2 [20]. This
result, as shown in Supplementary Fig. 1D, validates the effectiveness of
our screening process. Next, we tested both ZNF251 and ZNF518B and
found that targeting ZNF251 resulted in stronger resistance to olaparib.
Therefore, we chose ZNF251 for this study.

To further validate whether deficiency of ZNF251 confers resistance
to olaparib, we used three newly designed sgRNAs to disrupt ZNF251 in
MDA-MB-436 breast cancer cells. We transduced cells with lentivirus-
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carrying sgRNAs specifically for ZNF251 and performed the T7 Endo-
nuclease I assay five days after transduction to determine the disruption
efficiency. The efficiency of gene disruption ranged from 52.3 % to 89 %
for all sgRNAs tested (Fig. 1A, top panel). Next, we used these cells to
test whether the disruption of ZNF251 could confer resistance to ola-
parib. Consistent with our screening data, we found that ZNF251-defi-
cient cells showed marked resistance to olaparib treatment compared to
the parental cells (Fig. 1A, bottom panel). Because the CRISPR/Cas9
genome editing system can create a spectrum of insertions/deletions
(in/dels) in a cell population, we also isolated three ZNF251-deficient
single clones, TOPO-cloned and sequenced the PCR product encom-
passing the targeted region of gRNAs. Approximately 50 % of the clones
contained Cas9-mediated mutations, including deletions and insertions,
at or near the sgRNA PAM sequences (Supplementary Fig. 1E), indi-
cating that the in/dels were all monoallelic mutations. While it is more
common for CRISPR to generate biallelic mutations in a gene, it is not
rare to generate monoallelic mutations. To further confirm the hetero-
zygosity of the ZNF251-deficient clones, we performed western blot
analysis to quantify ZNF251 protein levels in the cells. Our results
showed a significant reduction of approximately 50 % in protein levels
compared to wild-type control cells (Fig. 1B, top panel). These findings
provide strong evidence that ZNF251-deficient clones are heterozygous
knockdowns. Throughout the manuscript, we have referred to the mu-
tation caused by ZNF251 haploinsufficiency as “ZNF251 knockdown”
(ZNF251KD) to accurately describe it.

Next, we tested the drug resistance of three independent ZNF251KD
clones (#1-3) to olaparib. Consistent with the data from the heteroge-
neous population of CRISPR-mutated cells, all three ZNF251KD clones
showed resistance to olaparib compared to the parental (ZNF251WT)
cells (Fig. 1B bottom panel). The ICsy of ZNF251-knockdown clones to
olaparib was between 7.04 and 16.03 pM, whereas the ICs( for parental
cells was 4.36 pM. Importantly, transfecting ZNF251KD cells with an
ectopic expression plasmid carrying wild-type ZNF251 cDNA success-
fully increased ZNF251 expression (1.22-fold relative to wild-type
levels), as confirmed by western blot, and completely reversed their
resistance to olaparib. This result indicate that ZNF251 hap-
loinsufficiency was the cause of the observed resistance (Supplementary
Figs. 1F and G). Consistent with their resistance to olaparib, ZNF251KD
breast cancer cells exhibited increased proliferation and reduced
apoptosis after olaparib treatment (Supplementary Figs. 2A and B). To
address the question of whether resistance is correlated with BRCA1
mutation, we knocked down ZNF251 in isogenic BRCA1-wildtype and
mutated HCC1937 human breast cancer cell lines and confirmed
reduced ZNF251 expression by western blot analysis (Supplementary
Fig. 3C). We found that ZNF251 knockdown caused olaparib resistance
in BRCAI-mutated but not BRCAI-wildtype breast cancer -cells
(Supplementary Figs. 3A and B).

We subsequently assessed whether ZNF25IKD causes PARPi resis-
tance in vivo. We experimentally tested the effects of olaparib on the
growth of parental (ZNF251WT) and ZNF251KD3 MDA-MB-436 cell
xenografts in immunodeficient NSG mice (Fig. 1C). First, we injected
either 1 x 10° wildtype or ZNF251KD3 cells subcutaneously into the
flanks of 16 NSG female mice (eight and eight mice injected with either
ZNF251WT or ZNF251KD3 cells). Notably, tumors were observed in all
16 animals transplanted with MDA-MB-436 cells for ~3-4 weeks. Next,
all animals carrying ZNF251WT or ZNF251KD3 tumors (50-60 mm>
were randomized into two groups (n = 4/group), which were intra-
peritoneally administered vehicle or olaparib (10 mg/kg daily for four
weeks). As expected, the volume and weight of ZNF251WT tumors were
strongly reduced compared to those of their vehicle-treated counterparts
(Fig. 1D and E). Remarkably, the tumor size and weight of the olaparib-
treated ZNF251KD3 group were not reduced by olaparib treatment,
which is consistent with the resistant phenotype (Fig. 1D and E). This
shows that ZNF251KD breast cancer cells were resistant to olaparib
treatment in vivo.
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Fig. 1. A genome-wide CRISPR screen in MDA-MB-436 BRCAI-mutated breast cancer cells uncovered ZNF251 genes whose haploinsufficiency confers olaparib
resistance. A. Top panel: T7EN1 assay analysis of specific sgRNA-mediated in/dels at ZNF251 locus in MDA-MB-436 cells. Bottom panel: Cell growth curve of pooled
populations of parental (ZNF251 WT) and ZNF251 KD MDA-MB-436 breast cancer cells following treatment with olaparib. The results represent three independent
experiments. B. Top panel: Western blot analysis of ZNF251WT and ZNF251KD clones 1-3 of MDA-MB-436 breast cancer cells. GADPH was used as a loading control.
The abundance of ZNF251 bands relative to the corresponding GADPH bands was assessed densitometrically. Bottom panel: Cell growth curve of parental (ZNF251
WT) and ZNF251 KD MDA-MB-436 breast cancer cells following treatment with olaparib. The results represent three independent experiments. C. Schematic of in vivo
olaparib treatment experiment. D, E. The effect of olaparib on the growth of ZNF251WT and ZNF251KD MDA-MB-436 breast cancer cells xenografts in immune-
deficient NOD/SCID/IL-2Ry (NSG) mice was tested. The results represent three independent experiments. F, G. ZNF251KD caused multiple PARPis resistance in
BRCAI1-mutated breast (MDA-MB-436) and ovarian (Ovcar8) cancer lines. ZNF251KD was constructed in MDA-MB-436 and Ovcar8 cell lines and the resistance to
olaparib, niraparib, NMS-P118, stenoparib was measured. H, I. The resistance of ZNF251WT and ZNF251KDs to cisplatin (H), carboplatin (I) was tested. The results

represent three independent experiments.

<

3.2. ZNF251 haploinsufficiency confers resistance to multiple PARPis in
BRCAI-mutated cells

To test whether the knockdown of ZNF251 in breast cancer cells
induces resistance to additional PARPis, we tested the resistance of
ZNF251KD MDA-MB-436 clones to several potent PARPis, including
niraparib (PARP1/2 inhibitor), veliparib (PARP1/2 inhibitor), NMS-
P118 (selective PARP1 inhibitor), and stenoparib (PARP1/2 and
PARP5a/5b inhibitor). Consistently, we observed that ZNF251KD breast
cancer cells were resistant to all PARPis tested (Fig. 1F and Supple-
mentary Fig. 4A).

To confirm our findings in a BRCA1-mutated ovarian cancer cell line,
we knocked down ZNF251 in the Ovcar8 cell line and confirmed reduced
ZNF251 expression by western blot analysis (Supplementary Fig. 4C).
Ovcar8 is a well-established human ovarian cancer cell line that has
been shown to be methylated at the BRCAI promoter, resulting in
decreased expression of BRCA1 mRNA and protein [21]. Subsequently,
we tested the responses of these cells to various PARPis. We found that
ZNF251KD ovarian cancer cells were also resistant to PARPis compared
with ZNF251-wild type cells (Fig. 1G and Supplementary Fig. 4B).
Importantly, in the absence of drug treatment, the growth rates of
ZNF251KD breast and ovarian cancer cells were indistinguishable from
those of their wild-type parental cells (Supplementary Figs. 5A and B).

To collect more evidence to support our findings, we also performed
bioinformatic analysis of previously published PARPi resistance studies
and found significantly lower expression of ZNF251 in two olaparib-
resistant breast cancer cell lines (MDA-MB-468 and SUM1315) when
compared to their sensitive counterparts (Supplementary Fig. 6A) [12,
13], showing that low expression of ZNF251 is correlated with olaparib
resistance. Furthermore, using CellMiner database analysis, we found
that ZNF251 expression was positively correlated with sensitivity to
olaparib, cisplatin, and carboplatin in breast cancer cells
(Supplementary Fig. 6B). Consistently, low ZNF251 expression was
correlated with worse survival in patients with breast cancer [22]
(Supplementary Fig. 6C). Notably, TCGA data analysis showed that in
triple-negative breast cancer, patients with BRCA1/2 mutations or high
BRCA1 methylation had worse survival when ZNF251 expression was
low (Supplementary Fig. 6D). Taken together, the downregulation of
ZNF251 was associated with resistance to olaparib and/or platinum
derivatives in breast and/or ovarian BRCAI-mutated cancer cells.
Moreover, cohorts of acute myeloid leukemia (AML) displayed low
levels of ZNF251 (Supplementary Fig. 6E), which may affect the
outcome of clinical trials with PARPis [23].

3.3. ZNF251 haploinsufficiency confers resistance to platinum-based
drugs in BRCA1-mutated cells

Platinum-based anticancer drugs, including cisplatin, carboplatin,
oxaliplatin, nedaplatin, and lobaplatin, are also commonly used as first-
line chemotherapy regimens for cancer treatment. Mechanistically,
these drugs form highly reactive platinum complexes that bind to and
crosslink DNA in cancer cells. The mechanisms of action of platinum-
based drugs and PARP are complementary in many ways and critically
reliant on intracellular DNA damage [24]. It has been previously

reported that resistance to PARPis also results in platinum-based drug
resistance [25,26]. Therefore, we tested whether ZNF251KD breast
cancer cells were resistant to platinum-based drugs. Experimentally, we
treated ZNF251KD MDA-MB-436 clones with two platinum-based drugs,
cisplatin and carboplatin, and tested their drug resistance. As expected,
ZNF251KD MDA-MB-436 cells were resistant to both cisplatin and car-
boplatin (Fig. 1H and I). The ICso of ZNF251KD breast cancer clones to
cisplatin was 12.54-22.35 pM, whereas the ICso for ZNF251WT cells was
1.93 pM. This indicated that ZNF251 haploinsufficiency confers resis-
tance to platinum-based drugs in BRCAI-mutated breast cancer cells.
Interestingly, ZNF251KD BRCA1-mutated cells were not resistant to
5-fluorouracil (5-FU), which is primarily a thymidylate synthase (TS)
inhibitor (data not shown).

3.4. ZNF251 haploinsufficiency confers resistance to DNA polymerase
theta (Pol@) inhibitors in BRCA1-mutated cells

Recent studies have suggested that HR-deficient cancer cells are
sensitive to Pol0 inhibitors owing to synthetic lethality [27,28]. More-
over, HR-deficient PARPi-resistant cells are sensitive to DNA Pol0 in-
hibitors [27,28]. To test whether BRCAI-mutated ZNF251KD breast
cancer cells are sensitive to DNA Pol0 inhibitors, we treated
MDA-MB-436 WT and ZNF251KD cells with the Pol6 polymerase in-
hibitors ART-558 and ART-812(28) followed by a clonogenic assay.
Interestingly, BRCA1-mutated ZNF251KD cells showed resistance to two
Pol6 inhibitors, ART-812 and ART-558, compared to BRCAI-mutated
ZNF251WT cells (Supplementary Figs. 7A and B). These results sug-
gested that ZNF251 haploinsufficiency confers resistance to Pol6 and
PARP inhibitors in BRCA1-mutated cells.

3.5. ZNF251 haploinsufficiency induces upregulation of HR repair in
BRCA1-mutated cells, resulting in olaparib resistance that can be reversed
by a RAD51 inhibitor

To explore the molecular mechanisms by which ZNF251KD confers
drug resistance to PARPi, we first examined DSBs by a neutral comet
assay in BRCA1-mutated wild-type and ZNF251KD MDA-MB-436 cells
treated with olaparib. We found that ZNF251KD MDA-MB-436 cells
accumulated less olaparib-induced DSBs than their wild-type counter-
parts and were similar to those detected in BRCA1-restored cells (data
not shown), which suggests a restoration of DSB repair in ZNF251KD
cells. Reactivation of the HR pathway is a well-established mechanism
associated with resistance to PARPis [21,29]. Therefore, we examined
whether ZNF251 haploinsufficiency affects DSB repair, especially the
HR repair pathway. A specific reporter cassette measuring homologous
recombination (HR) repair activity was used as previously described
[10]. Remarkably, we found that HR was dramatically activated only
after olaparib treatment compared with the ZNF251 wild-type control in
both breast cancer and ovarian cancer cells (Fig. 2A and B). To evaluate
specific alterations in DSB repair HR pathways associated with ZNF251
haploinsufficiency, we performed both RT-PCR and western blot ana-
lyses to examine the expression of the genes and proteins responsible for
DSB repair, especially HR. Importantly, we observed a dramatic increase
in the expression of RAD51 and RAD54, the key elements of the HR
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Fig. 2. ZNF251KD resulted in upregulation of HR activity in olaparib-treated BRCAI-mutated cells. A, B. Reporter assay was carried out to determine the change of
HR repair efficiency in both MDA-MB-436 (A) and Ovcar8 (B) cancer cells. C. Western blots were conducted to assess the expression levels of key components
involved in double-strand break (DSB) repair, especially those related to homologous recombination (HR). D. Quantification of the western blot data. E, F.
ZNF251WT and ZNF251KD MDA-MB-436 cells were treated with olaparib and RAD51 inhibitor RI-1 (16 uM) individually, as well as in combination for 3 days.
Subsequently, a HR repair efficiency reporter assay was performed (E), followed by the assessment of olaparib resistance (F).
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pathway, in olaparib-treated ZNF25IKD MDA-MB-436 cells
(Supplementary Fig. 8A and Fig. 2C, D), consistent with the stimulation
of HR repair in olaparib-treated ZNF251KD cells (Fig. 2A and B).
Consistently, we observed increased RAD51 foci formation in
ZNF251KD cells compared to ZNF251WT cells under vehicle-treated
condition, indicating enhanced baseline HR repair activity. Upon ola-
parib treatment, RAD51 foci formation dramatically increased in
ZNF251KD cells but not in ZNF251WT cells (Supplementary Figs. 8B and
Q).

To confirm ZNF251KD induces PARPI resistance by restoring HR, we
exposed ZNF251KD cells to RI-1, a potent and specific inhibitor of
human RAD51 [30]. We found that treatment with RI-1 effectively
inhibited HR repair (Fig. 2E) and reversed olaparib resistance in
ZNF251KD cells (Fig. 2F), consistent with numerous previous observa-
tions that the restoration of HR repair can lead to PARPi resistance [16,
17,291.

3.6. ZNF251 haploinsufficiency causes replication fork protection in
olaparib-treated BRCA1-mutated cells

It has been reported that resistance to PARPi-induced synthetic lethality
may result from enhanced DSB repair as well as enhanced fork stabili-
zation [31]. To further explore the molecular mechanism underlying
ZNF251 haploinsufficiency-induced olaparib resistance, we tested
whether ZNF251KD affected stabilization of the DNA replication fork.
We performed a DNA replication fork protection assay (Supplementary
Fig. 9A) in olaparib-treated wildtype and ZNF251KD cells. As expected,
we found that olaparib treatment caused abundant DNA replication fork
degradation in MDA-MB-436 wild-type cells, whereas ZNF251KD cells
showed significant protection of the replication fork (Supplementary
Fig. 9B). This result suggested that ZNF251 haploinsufficiency protects
replication forks from olaparib-induced degradation in BRCA1-mutated
cells, leading to olaparib resistance. This observation is in line with
multiple previous studies of PARPis resistance [32,33].

4. Discussion

Four main mechanisms of acquired PARPi resistance have been
identified in BRCA1/2-mutated cancer cells: alteration of drug avail-
ability, modulation of de-PARylation enzymes, restoration of HR, and
enhanced replication fork stability [34,35]. Using a positive
whole-genome CRISPR/Cas9 library screen and several BRCAI-mutated
breast and ovarian cancer cell lines, we discovered that hap-
loinsufficiency of ZNF251 which belongs to the Kruppel-associated box
(KRAB) zinc-finger gene family cluster, caused resistance to multiple
PARPis. Mechanistically, we discovered that ZNF251 haploinsufficiency
triggered PARPi resistance and was associated with the stimulation of
HR repair, independent of the restoration of BRCA1 expression. The lack
of BRCA1 is most likely compensated by the downregulation of 53BP1
(limits DNA end-resection) and upregulation of CtIP (promotes DNA
end-resection) in olaparib-treated cells, causing an imbalance between
CtIP and 53BP1, thus favoring DNA end-resection and generating sub-
strates for HR [36].

First characterized as binding to DNA, ZNFs display extraordinary
binding plasticity and can also bind to RNA, lipids, and proteins [38].
ZNFs have been reported to directly regulate DSB repair [37,38]. For
example, ZNFs were capable of stimulating (ZNF506, ZNF384, and
E4F1) and repressing (ZNF280C, ZNF432) NHEJ and HR by interacting
with DNA to regulate end resection and by protein-protein interaction
[39-42]. However, we show here that ZNF251 haploinsufficiency
enhanced the expression of multiple key HR proteins, such as BRCA2,
PALB2, RAD51, and RAD54, in olaparib-naive and/or treated BRCA1--
mutated cells, suggesting that ZNF251 negatively regulates their
transcription.

Moreover, increased replication fork stability may also contribute to
PARPi resistance in ZNF251 haploinsufficient BRCA1-mutated cells. This

Cancer Letters 613 (2025) 217505

speculation is supported by previous reports that replication fork sta-
bility confers PARPis resistance [25,33].

Although the detailed molecular mechanism of ZNF251 function in
PARPi resistance still warrants further investigation, alterations in
ZNF251 expression may represent a novel diagnostic tool for pre-
screening patients with BRCAI-mutated tumors for potential treat-
ment with RAD51 inhibitors.
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