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Abstract

Background: Poly(ADP-ribose) polymerase inhibitors (PARPi) have shown limited efficacy in gastric cancer, primarily due to the rarity
of inherent homologous recombination (HR) deficiency. The nuclear Arp2/3 complex was recently implicated in DNA double-strand
break repair via HR. Here, we investigate whether pharmacological inhibition of Arp2/3 can induce a functional HR-deficient state to
synergize with PARPi in gastric cancer cells. Methods: HR repair efficiency was assessed using a direct repeat green fluorescent protein
(DR-GFP) reporter assay in HEK-293T cells following Arp2/3 inhibition with CK666, siRNA-mediated knockdown, or CRISPR/Cas9-
mediated knockout of ACTR2/ACTR3. HGC-27 and AGS gastric cancer cells were treated with CK666 alone and in combination with
olaparib or niraparib. Cell viability and synergywere evaluated by Cell Counting Kit-8 (CCK-8) and clonogenic assays (n = 3 independent
experiments). DNA damage and apoptosis were assessed by immunofluorescence for gamma H2A histone family member X (γH2AX)
foci (≥100 cells per condition) andWestern blot analysis for cleaved PARP.Results: Arp2/3 inhibitionwith CK666 significantly impaired
HR repair efficiency in theDR-GFP assay (p < 0.01). This effect was recapitulated by genetic knockdown or knockout of ACTR2/ACTR3.
CK666 alone exerted minimal cytotoxicity, but synergized with both olaparib and niraparib to suppress proliferation (Combination Index
<1), reducing the half-maximal inhibitory concentration (IC50) of PARPi by approximately threefold. Combination treatment markedly
enhanced γH2AX foci formation (p < 0.0001) and increased the level of cleaved PARP compared with either monotherapy. Conclusions:
Inhibition of Arp2/3 compromises HR repair capacity, thereby creating a synthetic lethal interactionwith PARP inhibition in gastric cancer
cells. This combination strategy represents a promising therapeutic approach to broaden the clinical utility of PARPi in HR-proficient
tumors and may also enable dose reduction to mitigate associated toxicities.

Keywords: stomach neoplasms; poly(ADP-ribose) polymerase inhibitors; actin-related protein 2-3 complex; homologous recombina-
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1. Introduction
Gastric cancer remains a critical global public health

challenge. According to the most recent estimates from
the World Health Organization’s International Agency for
Research on Cancer (IARC), it ranks as the fifth most
commonly diagnosed cancer and the fifth leading cause
of cancer-related death worldwide, with approximately
970,000 new cases reported in 2022 [1]. Furthermore, the
epidemiology of gastric cancer is evolving, with a con-
cerning trend toward earlier onset. An analysis of one
million patient records from 1980 to 2019 published in
2023 revealed a rising incidence rate among individuals
aged <40 years [2]. The dismal prognosis associated with
gastric cancer stems primarily from the high rate of post-
therapeutic recurrence and the limited efficacy of conven-
tional chemotherapy [3]. While advances in radiotherapy,

chemotherapy, and neoadjuvant therapies have contributed
to modest improvements in survival rates, the clinical ben-
efits are often constrained, and the frequent emergence of
drug resistance poses a significant barrier to durable treat-
ment success [4]. Consequently, there is a pressing and un-
met need for the development of safer, more effective phar-
macological agents and novel therapeutic strategies to ex-
pand the clinical options and improve outcomes for patients
with gastric cancer.

There are at least 17 members of the conserved
poly(ADP-ribose) polymerase (PARP) family. PARP1 is
the most studied and functionally predominant isoform, re-
sponsible for approximately 90% of total cellular PARP ac-
tivity [5]. It acts as a critical DNA damage sensor and re-
pair enzyme, rapidly binding to single-strand breaks (SSBs)
and catalyzing poly(ADP-ribose)ation (PARylation) using
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NAD+ as a substrate [6]. The resulting poly(ADP-ribose)
(PAR) chains promote chromatin decompaction through
electrostatic repulsion and serve as a molecular scaffold for
the recruitment of downstream repair factors [7]. PARP1 is
integral to SSB repair, participating in nearly every step of
the process [8]. Its rapid recruitment and activation facili-
tate the assembly of repair complexes: XRCC1 recognizes
PAR chains and acts as a scaffold to recruit key enzymes
(e.g., PNKP, Aprataxin, POLB, and LIG3) and complete
the repair process [9]. Efficient repair of the numerous
SSBs that occur daily is crucial to prevent collapse of the
replication fork and transcription arrest, thereby maintain-
ing genomic stability and averting associated pathologies
[10].

The therapeutic application of Poly(ADP-ribose)
polymerase inhibitors (PARPi) is founded on the concept
of synthetic lethality in tumors that are deficient for ho-
mologous recombination (HR). These inhibitors competi-
tively bind the PARP1 catalytic site and block its activity
[11]. Inhibition leads to the persistence of SSBs, which
are converted into cytotoxic double-strand breaks (DSBs)
during DNA replication [12]. While HR-proficient cells
can repair these DSBs, tumors with HR defects, such as
those harboring mutations in BRCA1/2, cannot. This fail-
ure leads to genomic instability and ultimately cell death
[13]. Clinically, this strategy has proven successful in treat-
ing advanced ovarian, breast, pancreatic, and prostate can-
cers with BRCA mutations or other HR deficiencies [14].
However, dose-limiting toxicities and the frequent devel-
opment of resistance remain significant challenges to the
broader utility of PARPi [15].

In recent years, the nuclear localization of the Arp2/3
complex and its upstream activators, and their regulatory
functions in DNA damage repair, have gradually been elu-
cidated and have attracted significant attention [16]. Specif-
ically, the nuclear Arp2/3 complex is recruited to DSB sites.
Upon activation by upstream signals, it catalyzes the for-
mation of actin filaments, which in turn drive the move-
ment of DSBs from heterochromatin regions toward the nu-
clear periphery to facilitate repair [17]. Concurrently, stud-
ies have demonstrated that this complex localizes to DNA
ends during HR repair, promoting DNA end resection and
subsequent HR repair by mediating the bundling of dam-
aged DNAmolecules [18]. These findings have established
the crucial role of the nuclear Arp2/3 complex in the DSB
response. However, several critical scientific questions re-
main: can the Arp2/3 complex itself be a viable target for
anticancer therapeutics? Furthermore, given its function
within the HR repair pathway, could inhibitors targeting
Arp2/3 synergize with PARP1 inhibitors to induce synthetic
lethality, thereby offering a novel combinatorial therapeutic
strategy for cancers, including gastric cancer? This consti-
tutes a hitherto unaddressed, yet highly promising area of
research.

To address this gap, we sought to elucidate whether
pharmacological inhibition of the Arp2/3 complex could
be leveraged to induce a state of functional HR deficiency,
thereby sensitizing gastric cancer cells to PARPi. In this
study, we explored the therapeutic potential of combining
the specific Arp2/3 complex inhibitor CK666with two clin-
ically relevant PARPi, olaparib and niraparib. We demon-
strate that CK666 effectively compromises the cellular HR
repair capacity. This induced repair defect creates a robust
synthetic lethal interaction with PARP inhibition, leading
to exacerbated accumulation of DNA damage and syner-
gistic suppression of gastric cancer cell proliferation. Our
findings establish Arp2/3 as a viable therapeutic target and
delineate a novel combinatorial strategy to expand the ef-
ficacy of PARPi. This approach offers a promising avenue
for treating gastric cancers that are otherwise resistant to
PARPmonotherapy. Moreover, it may also allow the use of
reduced doses of PARPi in clinical settings, potentially mit-
igating their dose-limiting toxicities and overcoming mech-
anisms of resistance.

2. Materials and Methods
2.1 Cells, Reagents, and Plasmids

The human gastric carcinoma cell lines HGC-27 and
AGS, along with the HEK-293T cell line, were purchased
from the National Infrastructure of Cell Line Resource.
HGC-27 cells (SCSP-5263, Cell Bank of Chinese Academy
of Sciences) and AGS cells (TCHu232, Cell Bank of Chi-
nese Academy of Sciences) were used within 10 passages;
HEK-293T cells (1101HUM-PUMC000091, Cell Resource
Center, Peking Union Medical College) were used within
20 passages. All cell lines (HEK-293T, HGC-27 and AGS)
were validated by STR profiling and tested negative for
mycoplasma contamination. Isogenic ACTR2 (Arp2) and
ACTR3 (Arp3) knockout (KO) cell lines were generated in
this study. All cells were maintained at 37 °C in a humidi-
fied atmosphere of 5% CO2. HGC-27, AGS, and their de-
rived knockout cells were cultured in RPMI-1640 medium,
while HEK-293T and its derived knockout cells were cul-
tured in DMEM; eachmediumwas supplemented with 10%
fetal bovine serum (FBS). The PARPi olaparib (HY-10162)
and the Arp2/3 complex inhibitor CK666 (HY-16926) were
obtained fromMedChemExpress (Monmouth Junction, NJ,
USA), while the PARPi niraparib (1038915-60-4) was ob-
tained from Aladdin (Shanghai Aladdin Biochemical Tech-
nology, Pudong New Area, Shanghai 201206, China).
Antibody against gamma H2A histone family member X
(γH2AX) (05-636) was purchased from Merck (Merck
KGaA, Darmstadt, Germany), antibodies against Arp2
(10922-1-AP), Arp3 (13822-1-AP), and GAPDH (60004-
1-Ig) from Proteintech Group (Rosemont, IL, USA), anti-
bodies against cleaved PARP (#5625) and Histone H2AX
(#7631) from Cell Signaling Technology (Danvers, MA,
USA), and Alexa Fluor 488-conjugated goat anti-mouse
IgG (A-11001) from Thermo Fisher Scientific (Waltham,
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MA, USA) and Goat Anti-Rabbit IgG H&L (511203)
and Rabbit Anti-Mouse IgG H&L (HRP) (701051) from
Chengdu Zen Bioscience (Chengdu, Sichuan, China). The
reporter plasmids DR-GFP (26475) and pCBASceI (26477)
were obtained from Addgene (Watertown, MA, USA).
Plasmids pCI2-HA-mCherry and pSpCas9(BB)-2A-Puro
(PX459) V2.0 were generously provided by Professor
Daniel D. Billadeau (Mayo Clinic College of Medicine,
MN,USA). Puromycin (HY-B1743) and Cell CountingKit-
8 (CCK-8; HY-K0301) were purchased fromMedChemEx-
press (Monmouth Junction, NJ, USA), Lipofectamine 3000
(L3000015) and Hoechst 33342 (H3570) from Thermo
Fisher Scientific (Waltham, MA, USA), and siRNA-mate
(G04002) from GenePharma (Shanghai, China). Linear
polyethylenimine (PEI; 23966) was purchased from Poly-
sciences (Warrington, PA, USA) and was prepared as a 2
mg/mL stock solution in sterile water.

2.2 Cell Viability Assay
Cell viability was assessed using the CCK-8 assay.

Cells were seeded in 96-well plates (3000 cells/well) and al-
lowed to adhere overnight. They were then treated with the
indicated concentrations of olaparib, niraparib, or CK666
for 72 h. Subsequently, CCK-8 reagent was added to each
well to a final concentration of 10% (v/v), followed by in-
cubation for 1 h (AGS cells) or 3 h (HGC-27 cells). Ab-
sorbance at 450 nm was measured using a Tecan Spark mi-
croplate reader (Tecan Spark 10M, Grödig, Salzburg, Aus-
tria). Relative viability was normalized to untreated control
wells.

2.3 Colony Formation Assay
Cells were plated in 6-well plates at a density of 500

cells per well and treated as specified. After 7 days of cul-
ture, colonies were fixed with 4% paraformaldehyde and
stained with 0.1% (w/v) crystal violet.

2.4 siRNA Transfection
siRNAs targeting ACTR2 or ACTR3

(Supplementary Table 1) were transfected using siRNA-
mate according to the manufacturer’s protocol. Briefly,
siRNA and transfection reagent were separately diluted in
Opti-MEM, combined, and then incubated for 15 minutes
at room temperature. Complexes were added to cells and
subsequently incubated for 48 h before harvesting for
analysis by Western blot to assess knockdown efficiency.

2.5 CRISPR/Cas9-Mediated Gene Knockout
sgRNAs targeting exon regions of ACTR2 or

ACTR3 (Supplementary Table 2) were cloned into the
pSpCas9(BB)-2A-Puro (PX459) V2.0 vector. Plasmids
were transfected into target cells using Lipofectamine 3000
reagent (Invitrogen) according to the manufacturer’s pro-
tocol. At 48 h post-transfection, positive clones were se-
lected with puromycin for 48 h using the following cell line-

specific concentrations: 2 μg/mL for HEK-293T, 1 μg/mL
for AGS, and 0.66 μg/mL for HGC-27. Cells were then
single-cell cloned by limiting dilution in 96-well plates.
Knockout efficiency was confirmed by Western blot analy-
sis for Arp2 and Arp3 protein loss.

2.6 Homologous Recombination Repair Assay
HR repair efficiency was assessed using the DR-GFP

reporter assay in various genetic and pharmacological con-
texts. HEK-293T wild-type (WT) or isogenic ACTR2- or
ACTR3-KO cells were seeded in 6-well plates and cultured
until ~50% confluency. For siRNA-mediated knockdown,
WT cells were first transfected with 45 nM ACTR2- or
ACTR3-specific siRNA using the siRNA-mate transfection
reagent. For pharmacological inhibition, WT cells were
pretreated with 100 µM CK666 (an Arp2/3 complex in-
hibitor). Both siRNA transfection and drug treatment were
performed 24 h prior to subsequent plasmid transfection.
Following these pretreatments (or directly for KO cells and
untreated controls), all cells were co-transfected with 1 µg
each of the DR-GFP reporter, pCBASceI (I-SceI expression
vector), and pCI2-HA-mCherry (transfection control) plas-
mids, using linear PEI at a DNA-to-PEI mass ratio of 1:10.
Cells were harvested and analyzed by flow cytometry 48 h
after plasmid transfection. HR efficiency was quantified as
the percentage of GFP-positive cells within the mCherry-
positive cell population. Flow cytometric gating was per-
formed as previously described: intact cells were first gated
on the FSC-A/SSC-A plot to exclude debris and doublets.
From the intact cell population, a new plot was generated
with FL1-H (x-axis, GFP) and FL2-H (y-axis, mCherry).
Quadrant gates were positioned using the negative control
(untransfected cells), with GFP single-color and mCherry
single-color controls used to fine-tune discrimination.

2.7 Western Blotting
Cells were lysed in RIPA buffer supplemented with

protease inhibitors. Lysates were sonicated briefly and
centrifuged. Equal amounts of protein were separated by
SDS-PAGE (10% or 12% gels) and transferred to PVDF
membranes. Membranes were blocked with 5% BSA in
TBS for 1 h and incubated overnight at 4 °C with pri-
mary antibodies, antibodies against Arp2 (10922-1-AP,
1:2000), Arp3 (13822-1-AP, 1:4000), GAPDH (60004-1-
Ig, 1:2000), PARP (#5625, 1:1000), and H2AX (#7631,
1:1000), followed by incubation with appropriate HRP-
conjugated secondary antibodies Goat Anti-Rabbit IgG
H&L (511203, 1:10,000) and Rabbit Anti-Mouse IgG H&L
(HRP) (701051, 1:10,000). Signals were detected using en-
hanced chemiluminescence.

2.8 Immunofluorescence
Cells grown in 24-well black-walled glass-bottom

plates (Cellvis, #P24-1.5H-N) were fixed with 4%
paraformaldehyde, permeabilized with 0.15% Triton
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X-100, and blocked with immunofluorescence blocking
buffer (PBS containing 5% goat serum, 1% glycerol, 0.1%
BSA, and 0.1% fish skin gelatin). Cells were incubated
overnight at 4 °C with anti-γH2AX antibody (05-636,
1:200), followed by Alexa Fluor 488-conjugated secondary
antibody (A-11001, 1:200) for 1 h at room temperature
in the dark. Nuclei were counterstained with Hoechst
33342. Images were acquired using a Zeiss LSM 710
confocal microscope and analyzed with ImageJ software
(1.54g, National Institutes of Health, Bethesda, MD,
USA). γH2AX foci were counted in at least 100 cells per
condition.

2.9 Statistical Analysis
Statistical analyses were performed using GraphPad

Prism software (GraphPad Prism version 10.5.0, LLC, San
Diego, CA, USA). Data are presented as the mean ± SD
(or SEM, as specified in figure legends). A two-tailed un-
paired Student’s t-test was used for comparisons between
two groups. One-way analysis of variance (ANOVA) was
performed for comparisons among more than two groups,
followed by Dunnett’s post hoc test for comparisons against
a specified control group. A p-value of <0.05 was consid-
ered statistically significant. In the Figure legends, statisti-
cal significance is denoted as follows: ns, not significant;
*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.

3. Results
3.1 Arp2/3 Deficiency Confers Gastric Cancer Cells With
Sensitivity to PARP Inhibitors

Analysis of TCGA and GTEx data using GEPIA2 re-
vealed that transcript levels of ACTR2 and ACTR3, which
encode the core catalytic subunits Arp2 and Arp3 of the
Arp2/3 complex, as well as the DNA repair gene PARP1,
were significantly upregulated in gastric tumor tissues rel-
ative to matched normal controls (Supplementary Fig. 1)
[19]. Integrated transcriptomic and proteomic profiles from
the Human Protein Atlas (HPA) further confirmed elevated
expression of Arp2, Arp3, and PARP1 proteins in the com-
monly used gastric cancer cell lines HGC-27 and AGS
(Supplementary Fig. 2) [20]. Based on their high ex-
pression of these targets, HGC-27 (undifferentiated adeno-
carcinoma) and AGS (moderately differentiated adenocar-
cinoma) were selected as representative models for subse-
quent experiments. To determine whether the Arp2/3 com-
plex represents a druggable vulnerability that can enhance
the efficacy of PARPi, CRISPR/Cas9 was used to gener-
ate isogenic knockout models of its core catalytic subunits,
Arp2 and Arp3 (encoded by ACTR2 and ACTR3, respec-
tively), in both cell lines. Genetic ablation of either sub-
unit resulted in concomitant loss of the other at the pro-
tein level (Fig. 1A–D), confirming effective disruption
of complex integrity. This mutual reduction in Arp2 and
Arp3 protein levels likely reflects the structural interdepen-
dence within the Arp2/3 complex, where unassembled sub-

units may be targeted for proteasomal degradation, consis-
tent with previous reports [21]. We then tested whether
Arp2/3 deficiency could hypersensitize cells to PARP in-
hibition. CCK-8 viability assays demonstrated that Arp2 or
Arp3 KO cells exhibited significantly greater suppression
of proliferation following treatment with the PARPi ola-
parib or niraparib compared with wild-type controls (Fig.
1E–L). To further characterize this sensitivity over time,
we performed time-course CCK-8 assays (0–72 h) using
the same PARPi concentrations as in Fig. 1. The results
showed that Arp3 KO cells displayed a progressive and
time-dependent decrease in viability compared toWT cells,
with the most pronounced differences observed at 48 and 72
h (Supplementary Fig. 3). Given the established role of
the Arp2/3 complex in promoting HR-mediated repair of
DSBs [18], these findings suggest that loss of Arp2/3 func-
tion compromises HR proficiency, thereby establishing a
synthetic lethal interaction with PARP inhibition in gastric
cancer cells.

3.2 Arp2/3 Inhibitor Synergizes With Olaparib to Inhibit
Gastric Cancer Cell Proliferation and Induce Apoptosis

Building on our findings that genetic deficiency of the
Arp2/3 complex sensitizes gastric cancer cells to PARP in-
hibition (Fig. 1), we hypothesized that pharmacological in-
hibition of Arp2/3 would similarly synergize with PARP
blockade. To test this, HGC-27 and AGS cells were treated
with the Arp2/3 inhibitor CK666 in combination with the
PARPi olaparib. Cell viability after 72 h of co-treatment
was assessed by CCK-8 assay. Analysis revealed strong
synergistic growth inhibition in both cell lines (Fig. 2A–
D). This synergy was not attributable to additive cytotox-
icity, as the concentration of CK666 used alone exhib-
ited minimal effect on clonogenic survival (Fig. 2E–H).
Dose-response analysis further demonstrated that CK666
reduced the half-maximal inhibitory concentration (IC50) of
olaparib by approximately threefold in both gastric cancer
models (Fig. 2I,J). To determine whether the synergistic
interaction induced apoptotic cell death, we examined the
cleavage of PARP, a hallmark of apoptosis. Western blot
analysis showed that combination treatment markedly in-
creased the level of cleaved PARP compared to either agent
alone (Fig. 2K,L), suggesting that enhanced apoptosis con-
tributes to the observed synergistic lethality.

3.3 Arp2/3 Inhibitor Synergizes With Niraparib to Inhibit
Gastric Cancer Cell Proliferation and Induce Apoptosis

To determine whether the synergistic lethality ob-
served between CK666 and olaparib extends to other
PARPi, we next evaluated the combination of CK666 with
niraparib. In HGC-27 and AGS wild-type cells, a 72-h
co-treatment assessed by CCK-8 assay revealed significant
synergistic growth inhibition (Fig. 3A–D). This synergy
was corroborated by clonogenic assays, where the combina-
tion profoundly suppressed colony formation compared to
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Fig. 1. Arp2/3 deficiency confers gastric cancer cells with sensitivity to PARP inhibitors. (A–D) Western blot confirmation of
Arp2 or Arp3 KO in HGC-27 and AGS cells generated by CRISPR/Cas9. Blots are representative of three independent experiments.
(E–L) Dose-response curves from a representative experiment showing the viability of HGC-27 and AGS cells with Arp2 or Arp3 KO
treated with gradient concentrations of olaparib or niraparib for 72 h (CCK-8 assay). Similar results were obtained in three independent
experiments. Data are presented as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. PARP, Poly(ADP-ribose) polymerase; KO,
knockout; HGC-27, human gastric cancer cell line 27; AGS, adenocarcinoma of the gastric stomach; CRISPR/Cas9, Clustered Regularly
Interspaced Short Palindromic Repeats/CRISPR-associated protein 9; Arp2, Actin-related protein 2; CCK-8, Cell Counting Kit-8; SD,
standard deviation.

either agent alone (Fig. 3E–H). Dose-response analysis fur-
ther demonstrated that CK666 reduced the IC50 of niraparib
to an extent similar to that observed with olaparib (approx-
imately a threefold decrease) in both cell lines (Fig. 3I,J).
Western blot analysis for cleaved PARP confirmed that the
combinatorial treatment markedly increased apoptotic sig-

naling compared to monotherapies (Fig. 3K,L). Collec-
tively, these data indicate the synergy between Arp2/3 inhi-
bition and PARP blockade is generalizable across different
PARPi, with the potentiation of apoptosis being a consistent
underlying mechanism.
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Fig. 2. Arp2/3 inhibitor synergizes with olaparib to inhibit gastric cancer cell proliferation and induce apoptosis. (A–D) Synergy
analysis of CK666 and olaparib in HGC-27 and AGS cells. Cells were treated with the indicated drug combinations for 72 h, and viability
was then measured by CCK-8 assay. The Combination Index (CI), where a value <1 indicates synergy, was calculated using CompuSyn
software. Data are presented as the mean ± SEM of three independent experiments. (E–H) Clonogenic survival assays of cells treated
for 7 days with CK666, olaparib, or the combination. HGC-27 cells were treated with 0.08 μM olaparib and/or 1.5 μM CK666. AGS
cells were treated with 0.03 μM olaparib and/or 0.75 μM CK666. Representative images (E,G) and quantification (F,H) of colonies are
shown. Quantification data are presented as the mean ± SD of three independent experiments. Statistical significance was determined by
one-way ANOVAwith Dunnett’s post hoc test against the vehicle control. (ns, not significant; *p < 0.05; ***p < 0.001; ****p < 0.0001).
(I,J) Dose-response curves of olaparib alone or in combination with a fixed concentration of CK666 (50 μM for HGC-27; 75 μM for
AGS) for 72 h. Curves were fitted, and the half-maximal inhibitory concentration (IC50) was derived. Data are presented as the mean
± SEM of three independent experiments. (K,L) Western blot analysis of cleaved PARP in cells treated for 24 h with CK666, olaparib,
or the combination (HGC-27: 120 μM olaparib alone, or combined with 100 μM CK666; AGS: 150 μM olaparib alone, or combined
with 150 μM CK666). Blots are representative of three independent experiments. SEM, standard error of the mean; ANOVA, analysis
of variance.
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Fig. 3. Arp2/3 inhibitor synergizes with niraparib to inhibit gastric cancer cell proliferation and induce apoptosis. (A–D) Synergy
analysis of CK666 and niraparib. Cells were treated and analyzed as in Fig. 2A–D. Data are presented as the mean ± SEM of three
independent experiments. (E–H) Clonogenic survival assays of cells treated for 7 days with CK666, niraparib, or the combination.
HGC-27 cells were treated with 0.25 μM niraparib and/or 1.5 μM CK666. AGS cells were treated with 0.125 μM niraparib and/or 1.5
μM CK666. Data are presented as the mean ± SD of three independent experiments. Statistical significance was determined by one-way
ANOVA with Dunnett’s test against the vehicle control (ns, not significant; ***p < 0.001; ****p < 0.0001). (I,J) Dose-response curves
of niraparib alone or in combination with a fixed concentration of CK666 (50 μM for HGC-27; 75 μM for AGS) for 72 h. Data fitting and
presentation are as in Fig. 2I,J. Data are presented as the mean ± SEM of three independent experiments. (K,L) Western blot analysis of
cleaved PARP in cells treated for 24 h with CK666, niraparib, or the combination (HGC-27: 20 μM niraparib alone or combined with 100
μM CK666; AGS: 20 μM niraparib alone or combined with 150 μM CK666). Blots are representative of three independent experiments.

3.4 Arp2/3 Inhibition Sensitizes Gastric Cancer Cells to
PARP Inhibitors by Amplifying DNA Damage
Accumulation

To elucidate the molecular mechanism of synergy be-
tween Arp2/3 complex inhibitors and PARPi, we assessed
drug-induced DNA damage in gastric cancer cells by mon-

itoring the DNA DSB marker γH2AX [22]. Immunofluo-
rescence analysis revealed that treatment with the Arp2/3
inhibitor CK666 alone did not elicit a substantial increase
in γH2AX foci. However, co-treatment with CK666 and
either olaparib or niraparib potently amplified γH2AX foci
formation in both HGC-27 and AGS cell lines compared
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Fig. 4. Arp2/3 inhibition sensitizes gastric cancer cells to PARP inhibitors by amplifying DNA damage accumulation. (A–H) DNA
damage was assessed by immunofluorescence staining for γH2AX foci in cells. HGC-27 cells were treated for 24 h with olaparib (120
μM) with or without CK666 (100 μM), or niraparib (20 μM) with or without CK666 (100 μM). AGS cells were treated for 24 h with
olaparib (150 μM) with or without CK666 (150 μM), or niraparib (20 μM) with or without CK666 (150 μM). Representative images
and quantification of foci per nucleus (at least 100 cells scored per condition) are shown (scale bar = 20 μm). Data are presented as
the mean ± SEM of three independent experiments. Statistical significance was determined by one-way ANOVA with Dunnett’s test,
comparing each combination treatment to its corresponding PARPi monotherapy (ns, not significant; ****p < 0.0001). (I–L) Western
blot analysis of γH2AX protein levels in cells treated as described in (A–H). Blots are representative of three independent experiments.
γH2AX, gamma H2A histone family member X.

to PARPi monotherapy (Fig. 4A–H). This marked increase
in the DNA damage response was confirmed at the protein
level by Western blot analysis, which showed significantly
intensified γH2AX signaling specifically in the combina-
tion treatment groups (Fig. 4I–L). Together, these data indi-
cate that pharmacological inhibition of the Arp2/3 complex
does not directly inflict severe DNA damage, but instead
markedly potentiates the DNA-damaging effects of PARPi,
thus providing a mechanistic basis for their synergistic in-
teraction.

3.5 Arp2/3 Inhibition Impairs Homologous Recombination

The findings described above demonstrate that com-
bining CK666 with PARPi results in substantial DNA dam-
age accumulation. Given that Arp2/3-driven movement of
broken chromatin ends has been implicated in HR repair
[18], we employed aDR-GFP reporter system to investigate
whether Arp2/3 inhibition affects HR efficiency [23]. To
assess whether PARPi directly affects HR repair or modu-
lates the effect of Arp2/3 inhibition, we performed DR-GFP
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reporter assays with olaparib and niraparib. As shown in
Fig. 5A–D, neither olaparib nor niraparib alone altered HR
efficiency relative to the DMSO control. However, CK666
alone significantly reduced HR efficiency. Notably, com-
pared with CK666 alone, combined treatment of CK666
and PARP inhibitors does not markedly affect HR effi-
ciency. These data indicate that CK666 is the major driver
of HR impairment, and that PARPi does not intrinsically in-
terfere with HR, nor do they significantly exacerbate or res-
cue the HR defect caused by Arp2/3 inhibition. Consistent
with this, siRNA-mediated transient knockdown of Arp2
or Arp3 resulted in a marked reduction in HR efficiency
(Fig. 5E–J). Finally, genetic KO of Arp2 or Arp3 led to a
consistent decline in HR function (Fig. 5K–P), reinforcing
that the Arp2/3 complex is indispensable for maintaining
robust HR function. Collectively, these results indicate that
Arp2/3 inhibition disrupts HR repair. Based on the well-
established synthetic lethality paradigm between PARP in-
hibition and HR deficiency, our data provide a mechanis-
tic explanation for the synergy observed in gastric cancer
cells, i.e., Arp2/3 inhibitors pharmacologically induce an
“HR-deficient” state, thereby creating a conditional vulner-
ability that can be exploited by PARPi.

4. Discussion
The clinical success of PARP inhibition is firmly

rooted in the synthetic lethality paradigm for tumors with
inherent HR deficiency [24]. This therapeutic strategy has
limited benefit for the majority of cancers that are HR pro-
ficient, including most gastric cancers [25]. Our study ad-
dresses this fundamental limitation by identifying the actin-
nucleating Arp2/3 complex as a druggable vulnerability
whose inhibition induces a functional HR-deficient state.
We demonstrate that genetic ablation or pharmacological
inhibition of Arp2/3 strongly sensitizes gastric cancer cells
to PARPi like olaparib and niraparib. This synergy is mech-
anistically driven by the impairment of HR-mediated DNA
repair, leading to exacerbated DNA damage and apoptotic
cell death. By establishing Arp2/3 as a key regulator of
HR proficiency, our work reveals a novel combinatorial
strategy to expand the therapeutic reach of PARPi through
pharmacologically-induced HR deficiency.

The observed synthetic lethal interaction is firmly
grounded in the established nuclear functions of the Arp2/3
complex. Prior work has shown that Arp2/3-mediated actin
polymerization facilitates the mobilization of DSBs from
repressive chromatin environments and promotes DNA end
resection, both of which are critical steps for efficient HR
[17,18,26]. Our data directly link this molecular function
to therapeutic outcome. Using a DR-GFP reporter assay,
we provide direct evidence that CK666-mediated Arp2/3
inhibition, as well as genetic knockdown or KO of its core
subunits, significantly compromises HR efficiency. This
creates a conditional genomic instability that is selectively
lethal upon PARP trapping and subsequent collapse of the

replication fork. The consistency of synergy across two
structurally distinct PARPi underscores the generality of
this mechanism, positioning Arp2/3 inhibition as a broad
strategy for PARPi potentiation.

Beyond elucidating a new mechanistic vulnerability,
our findings carry significant translational implications.
First, the robust in vitro synergy suggests that combining
an Arp2/3 inhibitor with a PARPi could significantly lower
the clinically effective dose of the latter. Given that hema-
tological toxicities and fatigue associated with PARPi are
often dose-limiting, such a dose-reduction strategy could
markedly improve the therapeutic index and patient toler-
ability [27]. Second, by targeting a proximal component
of the HR machinery, Arp2/3 inhibition presents a promis-
ing avenue to counteract or delay the emergence of PARPi
resistance, which is frequently driven by mechanisms that
restore HR function [28]. This combination strategy could
therefore benefit a broader patient population, including
those with initially HR-proficient tumors, or those who
have developed acquired resistance.

Interestingly, in our study, pharmacological inhibition
of Arp2/3 with CK666 produced a more pronounced syn-
ergistic effect with PARP inhibitors than genetic knockout
of Arp2 or Arp3. Several factors may explain this discrep-
ancy. First, residual expression of Arp2/3 in knockout cells,
possibly below the detection limit of Western blotting, may
still support some level of homologous recombination re-
pair. Second, long-term culture of knockout cells may al-
low compensatory mechanisms to partially restore HR ca-
pacity, whereas CK666 provides rapid and complete inhi-
bition. Third, although CK666 is widely used as a specific
Arp2/3 inhibitor, potential off-target effects cannot be com-
pletely excluded and may contribute to the enhanced syn-
ergy.

While our study highlights the nuclear role of Arp2/3
in HR repair, the complex also regulates cytoplasmic pro-
cesses such as cell migration, adhesion, endocytosis, and
cytokinesis. Consistent with prior reports, we observed
morphological changes in Arp2/3 KO cells, suggesting that
cytoplasmic functions may also contribute to the pheno-
types seen with CK666 treatment. Moreover, although
CK666 is widely used as a specific Arp2/3 inhibitor, po-
tential off-target effects cannot be fully excluded. Future
studies using structurally distinct Arp2/3 inhibitors (e.g.,
CK548 or CMD-39) and additional genetic validation will
be essential to confirm the specificity of the observed syn-
ergy. This observation highlights the potential translational
challenge of achieving a therapeutic window in which nu-
clear DNA repair functions are selectively impaired with-
out incurring toxicity from cytoplasmic inhibition. The de-
velopment of next-generation, context-specific inhibitors
or targeted delivery systems may therefore be essential to
overcome this hurdle.
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Fig. 5. Arp2/3 inhibition impairs homologous recombination. (A,C) Representative flow cytometry plots (gated onmCherry+ cells) of
HEK‑293T cells treated for 48 h with the indicated agents (DMSO, olaparib, niraparib, CK666, or their combinations). (B,D) Quantifica-
tion of homologous recombination efficiency, expressed as the percentage of GFP+ cells among mCherry+ cells, from three independent
experiments. Data represent the mean ± SD of three independent experiments. Statistical significance was determined by one-way
ANOVA with Dunnett's test. (E–J) HR efficiency following siRNA-mediated knockdown of Arp2 or Arp3. (E,F) Western blot analysis
confirms depletion of Arp2 (E) or Arp3 (F), with GAPDH serving as the loading control. (G,H) Representative flow cytometry plots
gated on mCherry+ cells (to exclude non-transfected cells). (I,J) Quantification of HR efficiency (expressed as the percentage of GFP+

cells among mCherry+ cells); data represent the mean ± SD of three independent experiments. For (I,J), statistical significance relative
to the siControl group was determined by one-way ANOVA with Dunnett’s test. (I–N) HR efficiency in HEK-293T cells with KO of
Arp2 or Arp3. (K,L) Western blot analysis confirms KO of Arp2 (K) or Arp3 (L), with GAPDH serving as the loading control. (M,N)
Representative flow cytometry plots gated on mCherry+ cells. (O,P) Quantifications of HR efficiency (GFP+% of mCherry+ cells); data
represent the mean ± SD of three independent experiments. For (M,N), statistical significance relative to the wild-type (WT) control was
determined by unpaired t-test (ns, not significant; *p < 0.05; ***p < 0.001; ****p < 0.0001).
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5. Limitations
Several limitations should be kept in mind. First, all

our experiments are in vitro—using gastric cancer cell lines
and HEK-293T cells—so we cannot say how the combi-
nation would behave in a living animal. The lack of in
vivo data means it remains unknown about systemic tox-
icity, pharmacokinetics, or the tumor microenvironment’s
influence. Animal studies (xenografts or PDX models) are
clearly needed next. Second, because gastric cancer cells
are notoriously hard to transfect, our HR assays had to be
done in HEK-293T cells instead. While the results are con-
sistent, we still need direct evidence of HR impairment in
gastric cancer models with Arp2/3 perturbation. Also, we
noticed that knocking out Arp2/3 changed cell shape and
adhesion, pointing to its broader cytoskeletal roles [29]—
this raises the question of whether inhibiting Arp2/3 thera-
peutically might cause unwanted side effects beyond block-
ing DNA repair.

6. Conclusions
We identified the Arp2/3 complex as a novel and vi-

able therapeutic target for enhancing PARPi efficacy in gas-
tric cancer cells. By demonstrating that CK666-induced in-
hibition of Arp2/3 compromises HR repair and establishes
a synthetic lethal interaction with PARP blockade, we pro-
vide a robust preclinical rationale for a new combination
therapy. This strategy not only promises to enhance anti-
tumor efficacy, but also offers a potential path to reduce
PARPi-related toxicities and overcome resistance. Future
studies employing patient-derived xenografts and in vivo
models will be essential to translate these promising in vitro
findings into a viable therapeutic approach for gastric and
other HR-proficient cancers.
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