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SUMMARY:
RAD51 nuclear foci are a marker of homologous recombination (HR) activity. This manuscript describes a simple immunofluorescence method to detect these foci in cancer cells, enabling assessment of HR function and supporting preclinical investigation of responses to DNA-damaging agents.

ABSTRACT: 
RAD51 is a central protein in the homologous recombination (HR) pathway and is essential for the accurate repair of DNA double-strand breaks (DSBs). Following DSB formation, DNA end resection generates single-stranded DNA substrates that facilitate the recruitment and assembly of RAD51 nucleoprotein filaments at sites of damage. This process results in the formation of discrete nuclear RAD51 foci, which serve as a widely accepted functional readout of HR activity and a surrogate marker of HR proficiency (introduction 30 sec). Because defects in HR are common in several malignancies, particularly ovarian and breast cancers, assessment of RAD51 foci formation has emerged as an important approach for evaluating DNA repair capacity and predicting response to DNA-damaging therapies, including platinum compounds and poly(ADP-ribose) polymerase (PARP) inhibitors, whose efficacy is strongly influenced by HR repair status. This manuscript describes a simple, reliable, and reproducible immunofluorescence-based protocol for the detection and quantification of RAD51 nuclear foci in cultured ovarian cancer cells. The method involves induction of DNA damage by ionizing radiation (IR), followed by fixation, immunostaining with antibodies against RAD51 and γH2AX, confocal microscopy, and manual quantitative analysis of RAD51/γH2AX co-localized foci. The protocol can be applied under basal conditions or after genetic and pharmacological perturbations to determine their effects on HR function. Representative results demonstrate robust induction of RAD51 foci in HR-proficient ovarian cancer cells following DNA damage, whereas RAD51 depletion markedly reduces foci formation despite comparable levels of DSBs, confirming assay specificity. Overall, this protocol provides a robust and reproducible functional assay for assessing HR competency, with broad applications in preclinical and potentially translational cancer research.

INTRODUCTION: 
DNA double-strand breaks (DSBs) are among the most severe forms of DNA damage because inaccurate repair can compromise genome stability and contribute to tumor development or cell death1–3. To counteract these threats, cells employ several DNA repair pathways, including homologous recombination (HR), which is considered the most accurate mechanism for repairing DSBs2,4,5. Unlike error-prone repair pathways, HR utilizes a homologous DNA sequence as a template to restore genetic information at the damaged site. Consequently, HR predominantly functions during the S and G2 phases of the cell cycle, when sister chromatids are available to serve as repair templates2,5. Notably, HR is essential for the accurate repair of DSBs arising from endogenous sources such as replication stress, as well as exogenous insults including ionizing radiation (IR) and DNA-damaging chemotherapeutic agents2,5.

RAD51 is a central effector of the HR pathway and plays a critical role in homology search and strand invasion during HR-mediated repair of DSBs2,5. Following DSB formation, DNA ends undergo resection, a process initiated by the MRE11–RAD50–NBS1 (MRN) complex and associated factors that generates 3′ single-stranded DNA overhangs. These single-stranded regions are initially coated by replication protein A (RPA), which prevents secondary structure formation and stabilizes the repair intermediate4–6. HR is then initiated through the coordinated actions of BRCA1, PALB2, and BRCA2, which facilitate the recruitment and loading of RAD51 onto resected DNA, displacing RPA and promoting the formation of RAD51-containing nucleoprotein filaments4–6. Once assembled, these filaments search for homologous DNA sequences within the sister chromatid and catalyze strand exchange, thereby facilitating faithful restoration of the damaged DNA4–6. The accumulation of RAD51 at DSB sites appears microscopically as punctate nuclear foci that can be detected by immunofluorescence7–10. Because formation of these foci reflects successful engagement of the HR machinery, RAD51 foci analysis has become a widely used functional approach for evaluating HR capacity and DNA repair proficiency in cells7–10. Importantly, this assay measures the ability of cells to execute an HR response following DNA damage rather than relying solely on expression levels of HR-associated genes or proteins.

Defects in HR are frequently observed in cancer, particularly in tumors harboring defects in BRCA1, BRCA2, RAD51 paralogs, or other genes that are involved in HR, and are especially prevalent in ovarian and breast cancers4,11–14. HR deficiency has important therapeutic implications, as it confers heightened sensitivity to DNA-damaging agents such as platinum therapy and to poly(ADP-ribose) polymerase (PARP) inhibitors through the principle of synthetic lethality4,11–15. Consequently, reliable functional assays to assess HR activity are critical for both mechanistic studies and translational research.

This protocol describes an immunofluorescence-based assay for the detection and quantification of nuclear RAD51 foci following DNA damage in ovarian cancer cells. The workflow involves induction of DNA DSBs using IR, followed by immunofluorescent detection of RAD51 and γH2AX and quantification of co-localized nuclear foci by confocal microscopy. The protocol is demonstrated using HR-proficient OVCAR-8 cells and acquired PARP inhibitor–resistant ABTR2 cells and provides a reproducible functional approach for assessing HR activity after DSB formation. Although RAD51 foci analysis is widely used as a functional measure of HR activity, available methods often focus on specific experimental settings and frequently lack detailed guidance on integrating controlled DNA damage induction, confirmation of DNA DBS formation, assay validation controls, and standardized image-based quantification. In addition, alternative approaches for evaluating HR function, including genomic scar assays, mutational signatures, and gene or protein expression analyses, provide indirect measures of HR status and do not directly assess the cellular capacity to recruit RAD51 to sites of DNA damage. Reporter-based assays such as DR-GFP offer direct measurements of HR activity but require stable genetic engineering and are not readily applicable to many experimental models. Therefore, the workflow described here combines IR-induced DNA damage with dual RAD51/γH2AX immunofluorescence staining to simultaneously verify DSB formation and quantify RAD51 recruitment to damaged chromatin. This approach provides a practical, biologically relevant, and broadly applicable method for direct functional assessment of HR competence in cultured cancer cells, while incorporating assay controls, validation steps, and standardized foci quantification procedures. 

PROTOCOL: 
All materials and reagents used in this protocol are listed in the Table of Materials, including manufacturer information, catalog numbers, and antibody dilutions. An overview of the protocol is shown in Figure 1. 

NOTE: The ovarian cancer cell lines OVCAR-8 and ABTR2 are used in this protocol and have been previously described15–20. OVCAR-8 cells were kindly provided by Dr. Larry Karnitz (Mayo Clinic), who originally received them from Dr. Dominic Scudiero (National Cancer Institute, NIH). The ABTR2 cells were kindly provided by Dr. Scott Kaufmann (Mayo Clinic)20. ABTR2 is a PARPi-resistant derivative of the BRCA2-mutated ovarian cancer cell line PEO1 that acquired resistance through restoration of BRCA2 expression. Because BRCA2 restoration re-established RAD51 loading and HR activity, ABTR2 cells serve as a representative HR-proficient model. Cell line identity was verified based on source provenance and established characteristics reported in the literature15–20. Experiments were performed using low-passage cells (passages 3–12) maintained in culture for no longer than 1 month after thawing. Cell lines were routinely tested for mycoplasma contamination every 6 months using a mycoplasma detection kit, and all cultures used in this study were confirmed to be mycoplasma-free.

CAUTION: Paraformaldehyde is toxic and should be prepared and handled in a certified chemical fume hood while wearing appropriate personal protective equipment. Human-derived cell lines should be handled in accordance with institutional biosafety procedures using appropriate containment practices. Triton X-100, mounting media, and nail polish should be handled according to the manufacturer's safety recommendations. IR should be administered only by trained personnel and in accordance with institutional radiation safety policies. Dispose of chemical, biological, and radiation-associated waste according to local institutional and regulatory requirements.

1. Cell culture and maintenance

1.1. Culture cells in Roswell Park Memorial Institute (RPMI)-1640 growth medium supplemented with 8% fetal bovine serum in a humidified incubator at 37 °C with 5% CO₂.

NOTE: These culture conditions are consistent with those used in our previous studies of OVCAR-8 and ABTR2 cells15–19. Under these conditions, both cell lines exhibit robust growth and reproducible DNA damage response phenotypes.

1.2. If desired, perform perturbations (e.g., gene knockdown/knockout), following optimized experimental conditions15,17. 

NOTE: In this protocol, siRNA-mediated knockdown of RAD51 is provided as a representative example of gene perturbation prior to immunofluorescence analysis.

1.2.1. Prepare 5 × 106 cells in 180 µL RPMI-1640 medium supplemented with 8% fetal bovine serum.

1.2.2. Add 20 µL of 20 µM siRNA solution (2 µM siRNA per transfection) and mix gently.

NOTE: Use the following siRNAs: Non-targeting control luciferase siRNA (siLUC): 5′-CUUACGCUGAGUACUUCGA-3′; RAD51 siRNA (siRAD51): 5′-GGGAUUUGUGAAGCCAAA-3′. All siRNAs were purchased from Horizon Discovery.

1.2.3. Transfer the cell suspension to a 4 mm electroporation cuvette.

1.2.4. Electroporate cells using a BTX ECM 830 electroporator with two 10 ms pulses at 280 V.

1.2.5. Transfer the cells to complete growth medium and incubate under standard culture conditions in a 10 cm dish for 24 h.

1.2.6. Repeat the siRNA electroporation using the same conditions described in Steps 1.2.1–1.2.4.

1.2.7. Incubate the cells under standard culture conditions in a 15 cm dish for an additional 48 h.

1.2.8. Seed a portion of the cells for the immunofluorescence assay as described in Step 2. Reserve the remaining cells for RAD51 knockdown validation by immunoblotting.

1.2.9. Validate RAD51 knockdown by immunoblotting

1.2.9.1. Lyse cells in ice-cold lysis buffer containing 50 mM HEPES (pH 7.6), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 10 mM NaF, 30 mM sodium pyrophosphate, 1 mM Na₃VO₄, 10 mM β-glycerophosphate, and protease inhibitor cocktail (1 tablet per 10 mL lysis buffer).

1.2.9.2. Clarify the lysates by centrifugation at 18,800 × g for 5 min at 4 °C. Transfer the supernatant to a fresh microcentrifuge tube and determine protein concentration using an appropriate protein assay.

1.2.9.3. Mix an appropriate amount of protein lysate with 4× Laemmli sample buffer to achieve a final 1× concentration. 

1.2.9.4. Add β-mercaptoethanol to a final concentration of 20%, and heat the samples at 95 °C for 12 min prior to SDS-PAGE. 

1.2.9.5. Separate equal amounts of protein by SDS-PAGE and transfer proteins to an appropriate membrane for immunoblot analysis.

1.2.9.6. Block the membrane in 5% milk for 30 min at room temperature with shaking.

1.2.9.7. Wash the membrane three times (5 min each) with 1× tris-buffered saline with tween 20 (TBST) at room temperature with shaking.

1.2.9.8. Incubate the membrane with rabbit polyclonal anti-RAD51 antibody (1:1,000 dilution) or anti-ACTIN antibody (1:1000 dilution) at 4 °C for 16–18 h with shaking.

1.2.9.9. Wash the membrane with 1× TBST (5 min each) at room temperature with shaking.

1.2.9.10. Incubate the membrane with horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse IgG secondary antibody (1:10,000 dilution) for 1 h at room temperature with shaking.

1.2.9.11. Wash the membrane with 1× TBST (5 min each) at room temperature with shaking, and detect immunoreactive bands using an appropriate chemiluminescence detection method, and confirm RAD51 depletion relative to cells transfected with the non-targeting control siRNA.

2. Cell seeding

2.1. When cells reach the logarithmic growth phase (approximately 70–80% confluency), aspirate the culture medium and gently wash the cells once with sterile phosphate-buffered saline (PBS) to remove residual serum. 

2.2. Add sufficient 0.25% trypsin–EDTA solution to cover the cell monolayer (e.g., 1–2 mL per T75 flask) and incubate at 37 °C for 2–5 min, monitoring cell detachment under a microscope.

2.3. Once the cells have detached, immediately neutralize the trypsin by adding an equal volume of complete culture medium containing FBS. 

2.4. Collect the cell suspension into a 15 mL conical tube 

2.5. Determine cell viability and concentration using trypan blue exclusion and a hemocytometer or automated cell counter prior to seeding.

2.6. Prepare a single-cell suspension in complete growth medium at a concentration of 4 × 10⁴ cells/mL.

2.7. Seed 200 µL of the cell suspension into each well of an 8-well glass chamber slide to achieve a final density of 8,000 cells per well.

2.8. Incubate the chamber slides for 24 h at 37 °C with 5% CO₂ to allow cell attachment.

NOTE: The number of cells to seed may vary depending on cell type. Prepare an excess cell suspension sufficient for at least one additional well to account for pipetting variability. Seed each condition in duplicate or more to ensure reproducibility. If pharmacological modulation of HR is desired, cells should be treated after overnight attachment (12–16 h post-seeding). Seeding density should be adjusted as needed to ensure that cells reach the appropriate confluency at the time of treatment and downstream analysis, taking into account expected effects of the pharmacological agent on cell proliferation or viability. Because HR predominantly occurs during S and G2 phases of the cell cycle, maintain cultures in logarithmic growth and avoid over-confluency. For experiments involving treatments that may alter cell-cycle progression, EdU incorporation, DNA-content analysis, or other cell-cycle measurements may be performed to facilitate the interpretation of RAD51 foci results. Include untreated (–IR) and irradiated (+IR) controls in each experiment to establish basal and DNA damage-induced RAD51 foci formation, respectively. When performing siRNA-mediated perturbations, include non-targeting control siRNA (e.g., siLUC) and target-specific siRNA conditions (e.g., siRAD51). No-primary-antibody and no-secondary-antibody controls are recommended during antibody optimization to assess nonspecific staining and background fluorescence.

3. Induction of DNA damage by IR

3.1. Expose cells on the chamber slides to IR at a dose of 6 Gy21 to induce DNA DSBs.

3.2. Immediately return the slides to a humidified incubator at 37 °C with 5% CO₂.

3.3. Incubate the cells for 6 h post-IR.

NOTE: IR was delivered using an RS-2000 Biological Irradiator operated at 160 kV and 25.0 mA (shelf position 5). Cells were irradiated at room temperature with a single 6 Gy dose (approximately 4.8 Gy/min) and immediately returned to a 37 °C incubator with 5% CO₂ for recovery. The irradiator was routinely calibrated according to manufacturer recommendations, and all procedures were performed in accordance with institutional radiation safety guidelines. The 6 h post-IR incubation has been previously established15,17,22. Optimal timing may vary across cell types and should be optimized for each cell line.

4. Fixation and permeabilization

4.1. Carefully aspirate the culture medium from the wells without disturbing the cells.

4.2. Fix the cells using freshly prepared 3% paraformaldehyde in 1× PBS for 12 min at room temperature.

4.3. Gently aspirate the fixative and wash the wells three times with 500 µL of 1× PBS per well.

4.4. Permeabilize cells with 0.2% Triton X-100 in 1× PBS for 12 min at room temperature.

4.5. Wash the wells three times with 1× PBS.

NOTE: Perform fixation, permeabilization, and washing steps gently by adding and removing solutions along the wall of each well to minimize cell detachment. Unless otherwise indicated, use 500 µL of 1× PBS per wash.

5. Blocking

5.1. Prepare a blocking solution by dissolving 5% (w/v) bovine serum albumin (BSA) in 1× PBS.

5.2. Incubate the cells in blocking solution for 60 min at room temperature to reduce non-specific antibody binding.

6. Primary antibody incubation

6.1. Remove the blocking solution and wash the cells three times with 1× PBS.

6.2. Prepare primary antibodies at appropriate dilutions in blocking solution. Rabbit polyclonal anti-RAD51 (1:1000) and mouse monoclonal anti-phospho-Histone H2AX (γH2AX) (1:1000) antibodies are used, with γH2AX serving as a marker for DSBs23,24.

6.3. Add 100 µL of diluted primary antibody solution to each well.

6.4. Incubate the slides at room temperature for 16–18 h in a humidified chamber to prevent evaporation.

NOTE: The two primary antibodies can be combined in the same solution for simultaneous staining.

7. Secondary antibody incubation

7.1. Prepare secondary antibodies at appropriate dilutions in blocking solution. Alexa Fluor 488-conjugated goat anti-rabbit IgG (1:350) is used to detect RAD51, and Alexa Fluor 594-conjugated goat anti-mouse IgG (1:350) is used to detect γH2AX.

7.2. Aspirate the primary antibody solution and wash the cells three times with 1× PBS.

7.3. Add 100 µL of diluted secondary antibody solution to each well.

7.4. Incubate slides for 1 h at room temperature in the dark.

NOTE: The two secondary antibodies can be combined for simultaneous detection. From this section onward, perform all steps in a light-protected space to minimize photobleaching.

8. Nuclear counterstaining and mounting

8.1. Prepare Hoechst 33342 solution at a 1:1,000 dilution in 1× PBS to stain nuclei.

8.2. Aspirate the secondary antibody solution and wash cells once with 1× PBS.

8.3. Incubate cells with diluted Hoechst 33342 solution for 90 s at room temperature.

8.4. Aspirate the Hoechst 33342 solution and wash cells three times with 1× PBS.

8.5. Remove the 1× PBS and detach the upper chamber from the glass slides, and add about 25 µL of antifade mountant to each well.

8.6. Place glass coverslips over the mounted cells, ensuring even contact with the mountant.

8.7. Remove air bubbles gently and seal edges with nail polish.

NOTE: Nuclear counterstaining provides a reference for nuclei, facilitating accurate localization and quantification of nuclear RAD51 and γH2AX foci.

9. Imaging and quantification of RAD51 foci at DSBs

9.1. Image slides immediately or store at 4 °C in a slide box in the dark until analysis.
 
NOTE: To minimize potential signal degradation and photobleaching, acquire images as soon as practical, preferably within 1 week of mounting.

9.2. Acquire images using a confocal microscope with appropriate laser lines and filter sets: Hoechst 33342 (405 nm) for nuclei, Alexa Fluor 488 (488 nm) for RAD51, and Alexa Fluor 594 (561/594 nm) for γH2AX.

9.3. Perform confocal imaging using a high-magnification objective suitable for resolving subcellular structures.

9.4. Quantify RAD51 foci manually by counting discrete nuclear foci that co-localize with γH2AX; exclude foci not co-localized with γH2AX.

NOTE: Validate antibody performance before quantitative analysis by confirming IR-induced RAD51 and γH2AX nuclear foci in control cells and reduced RAD51 signal following RAD51 siRNA treatment. Quantify only discrete nuclear RAD51 foci that co-localize with γH2AX in nuclei with intact morphology and clear staining patterns; exclude diffuse or non-nuclear staining, non-colocalized RAD51 signals, overlapping or multinucleated cells, mitotic cells, and apoptotic cells. Maintain identical imaging settings within each experiment and apply consistent manual scoring criteria across all conditions. Analyze ~50 nuclei per condition from multiple fields of view for each biological replicate and perform at least three independent biological replicates. Report the number of RAD51/γH2AX co-localized foci per nucleus using an appropriate statistical analysis.

10. Statistical analysis

10.1. Quantify RAD51/γH2AX co-localized foci from approximately 50 nuclei per condition.

10.2. Present data as mean ± SD from at least three independent biological replicates.

10.3. Perform statistical comparisons using an appropriate statistical test (e.g., an unpaired two-tailed Student's t-test for two-group comparisons or a one-way ANOVA for multiple-group comparisons)

10.4. Consider p < 0.05 statistically significant.

10.5. Perform statistical analyses and graph generation using GraphPad Prism (version 10.6.1).

REPRESENTATIVE RESULTS: 
IR induces RAD51 foci formation at DNA DSBs in OVCAR-8 cells
To functionally evaluate HR activity, RAD51 foci formation was examined in HR proficient OVCAR-8 ovarian cancer cells following induction of DNA DSBs by IR. To establish assay specificity and confirm that observed foci represent bona fide RAD51-dependent HR events, cells were transfected with either non-targeting control luciferase siRNA (siLUC) or RAD51-targeting siRNA (siRAD51)15–17 prior to IR.

In the absence of IR, both siLUC- and siRAD51-transfected OVCAR-8 cells exhibited minimal γH2AX and RAD51 foci, indicating low basal DNA damage and negligible RAD51 recruitment under unstressed conditions (Figure 2A). Exposure to 6 Gy IR resulted in marked γH2AX foci formation in both siLUC- and siRAD51-transfected cells, confirming effective and comparable induction of DSBs across conditions (Figure 2A). In siLUC-transfected cells, IR induced the formation of discrete nuclear RAD51 foci that co-localized with γH2AX, consistent with active recruitment of RAD51 to DSBs during HR repair. In contrast, RAD51-depleted cells showed a marked reduction in RAD51 foci despite persistent γH2AX staining, demonstrating that RAD51 foci formation is dependent on RAD51 expression and not a consequence of nonspecific antibody staining or incomplete DSB induction (Figure 2A). To objectively validate these image-based observations, RAD51/γH2AX co-localized foci were quantified in approximately 50 nuclei per condition across multiple fields of view within each of three independent biological replicates. For each replicate, the mean number of co-localized foci per nucleus was calculated and used for statistical analysis. Quantitative analysis demonstrated increased RAD51 foci formation following IR in siLUC-transfected cells, whereas RAD51-depleted cells exhibited substantially fewer RAD51 foci despite comparable γH2AX staining (Figure 2B).

PARP inhibitor–resistant ABTR2 cells exhibit robust RAD51 foci formation following DNA damage
To demonstrate the broader applicability of this assay in diverse cell line models with distinct HR status, RAD51 foci formation was evaluated in ABTR2 cells, an acquired  PARP inhibitor–resistant ovarian cancer cell line derived from BRCA2-mutated PEO1 cells that have restored BRCA2 expression19,20. Restoration of BRCA2 promotes RAD51 loading onto single-stranded DNA and re-establishes HR proficiency20,25. Following exposure to 6 Gy IR and a 6 h recovery period, ABTR2 cells exhibited strong γH2AX foci formation accompanied by abundant nuclear RAD51 foci (Figure 2C). Representative quantification of RAD51/γH2AX co-localized foci in ABTR2 cells is shown in Figure 2D. Consistent with the imaging results, numerous RAD51 foci were observed at γH2AX-positive DNA damage sites following IR treatment. Because the analysis was performed in a single biological replicate, these data are presented as a descriptive example illustrating RAD51 foci formation in an independent HR-proficient model and are not intended for statistical inference or comparison. The strong RAD51 response in ABTR2 cells is consistent with restored HR function20 and suggests that this assay can be effectively applied across multiple cell types. 

FIGURES AND TABLE LEGENDS: 
Figure 1: Schematic overview of the RAD51 foci detection and quantification workflow. The workflow consists of (A) cell seeding, (B) induction of DNA damage by ionizing radiation, (C) fixation and permeabilization, (D) blocking, (E) primary antibody incubation, (F) secondary antibody incubation, (G) nuclear staining and slide mounting, and (H) confocal imaging and quantitative analysis. Detailed experimental procedures are provided in the corresponding sections of the protocol. This figure was created by the authors in BioRender. Poncelet, C. (2026). BioRender.com/ i6ymyz8. Publication license is attached.

Figure 2: IR induces RAD51 foci formation at DNA DSBs. (A) Representative confocal immunofluorescence images of HR-proficient OVCAR-8 ovarian cancer cells transfected with non-targeting control siRNA (siLUC) or RAD51-targeting siRNA (siRAD51), exposed to 6 Gy IR and allowed to recover for 6 h, or left untreated. Cells were stained for RAD51 and γH2AX, with γH2AX serving as a marker of DSBs. IR induced substantial γH2AX foci formation in both siLUC- and siRAD51-transfected cells, whereas RAD51 foci formation was observed predominantly in siLUC-transfected cells. Full-field images (top) and corresponding cropped insets highlighting regions of interest (bottom) are shown for each condition. (B) Quantification of RAD51/γH2AX co-localized foci per nucleus in OVCAR-8 cells following IR, as shown in (A). Approximately 50 nuclei from multiple microscopic fields were analyzed per condition. Each data point represents a single nucleus scored for RAD51/γH2AX co-localized foci. Cells transfected with siLUC exhibited 23.07 ± 4.36 RAD51/γH2AX co-localized foci per nucleus (mean ± SD), whereas siRAD51-transfected cells exhibited 2.22 ± 1.70 foci per nucleus (mean ± SD). Data are presented as mean ± SD of all nuclei analyzed from three independent biological replicates for each condition. Statistical significance was determined using an unpaired Student's t-test. ***p < 0.0001. Immunoblot analysis of RAD51 and ACTIN (loading control) performed 48 h after transfection with siLUC or siRAD51 confirms efficient RAD51 depletion (top). (C) Representative confocal immunofluorescence images of ABTR2 cells, a PARP inhibitor-resistant derivative of the BRCA2-mutated ovarian cancer cell line PEO1 that has restored HR function through BRCA2 re-expression, following exposure to 6 Gy IR and a 6 h recovery period. Cells were stained for γH2AX and RAD51, showing robust DSB-induced RAD51 foci formation. (D) Quantification of RAD51/γH2AX co-localized foci per nucleus in ABTR2 cells following IR. Approximately 50 nuclei from multiple microscopic fields were analyzed. Each data point represents a single nucleus scored for RAD51/γH2AX co-localized foci. Data are presented as individual nuclei with the mean ± SD from the analyzed population. Because these data were obtained from a single biological replicate, no statistical analysis was performed. This panel is included solely as a descriptive demonstration of RAD51 foci formation in an HR-proficient, BRCA2-restored ovarian cancer cell model and is not intended to support inferential statistical conclusions.

DISCUSSION: 
The immunofluorescence-based detection of nuclear RAD51 foci described here provides a reliable and functional approach to assess HR activity in cultured ovarian cancer cells. Unlike genomic or transcriptomic analyses that infer HR status indirectly, RAD51 foci formation directly reflects the cell’s ability to recruit and assemble the core HR machinery at sites of DNA DSBs. As such, this assay serves as a sensitive readout of HR competency following DNA damage and is well-suited for mechanistic studies investigating HR repair regulation or therapeutic response. IR was used in this protocol to induce a controlled, reproducible level of DSBs, leading to γH2AX formation and subsequent RAD51 recruitment. The selected dose of 6 Gy and a 6 h recovery period was optimized to capture peak RAD51 foci formation during active HR repair21. These parameters may require adjustment depending on cell type, proliferation rate, or baseline DNA repair capacity, and optimization is recommended when adapting the protocol to other cell line models.

Several technical considerations are critical for the successful execution of this assay. Fixation and permeabilization conditions must preserve nuclear architecture while allowing sufficient antibody penetration, as suboptimal fixation can lead to diffuse or weak RAD51 staining. Additionally, the use of high-quality, well-validated RAD51 antibodies is crucial, as nonspecific nuclear staining can complicate the quantification of foci. Here, antibody specificity was assessed using functional and perturbation-based controls. RAD51 antibody performance was supported by loss of RAD51 immunofluorescence foci and reduced RAD51 immunoblot signal following RAD51 siRNA transfection. γH2AX antibody performance was supported by low basal staining in untreated cells and robust induction of nuclear γH2AX foci following IR. For quantification, only discrete nuclear RAD51 foci co-localized with γH2AX were scored, providing an additional specificity criterion for DNA damage–associated RAD51 recruitment. 

Common assay failure modes should also be considered during implementation. Weak RAD51 staining may result from suboptimal fixation, insufficient antibody performance, or inadequate DNA damage induction and can often be improved by optimizing fixation conditions, antibody concentrations, and IR parameters. High background fluorescence may arise from nonspecific antibody binding or insufficient washing and may be reduced through optimization of blocking conditions, antibody dilutions, and wash stringency. Cell loss during staining procedures can occur with excessive washing or poor cell attachment and may be minimized by gentle handling and optimization of cell seeding density. Low γH2AX induction following IR may indicate insufficient DNA damage, variability in irradiation delivery, or altered cellular responses to DNA damage, warranting verification of irradiation conditions and optimization of dose and recovery time for individual cell models.

Although RAD51 foci analysis provides a valuable functional measure of HR activity, several limitations should be considered when interpreting the results. Because HR predominantly occurs during the S and G2 phases of the cell cycle2,5, RAD51 foci formation is influenced by cell-cycle distribution, and differences in proliferation or cell-cycle progression may affect the number of RAD51-positive cells detected. To mitigate this limitation, it may be advantageous to incorporate cell-cycle markers such as EdU, BrdU, cyclin A, or geminin alongside RAD51 immunofluorescence, enabling quantification of RAD51 foci specifically within S/G2-phase cells. In addition, manual foci quantification may introduce observer-dependent variability, particularly when foci are small, closely spaced, or weakly stained. 

Additional studies may be required to establish inter-operator reproducibility, define scoring thresholds, and evaluate assay robustness across varying experimental conditions and cell densities, particularly in settings where the assay is being developed for broader translational or biomarker applications. Antibody performance, staining specificity, image acquisition settings, and foci-scoring criteria can also influence foci detection and quantification, underscoring the importance of maintaining consistent experimental conditions within a study. Furthermore, optimal IR doses, recovery times, seeding densities, and staining conditions may vary among cell lines and should be empirically determined when adapting the assay to new models. Importantly, RAD51 foci formation reflects successful recruitment of RAD51 to sites of DSBs but does not directly assess completion of downstream HR repair steps, such as DNA synthesis, Holliday junction resolution, and ligation, that are required for complete and error-free repair8,9,26,27. RAD51 foci can also form at stalled replication forks or during non-productive repair attempts, complicating interpretation8,9,26,27. Accordingly, RAD51 foci analysis should be viewed as one functional readout of HR competency and, when appropriate, interpreted alongside complementary approaches such as functional HR reporters15,17,28 and clonogenic survival assays with DNA-damaging agents (e.g., platinum or PARP inhibitors) to provide a comprehensive assessment of HR function. 

Overall, this protocol provides a simple, scalable, and reproducible method to functionally assess HR capacity in cultured ovarian cancer cells. Although this protocol was developed and demonstrated using ovarian cancer cell lines, the workflow is readily adaptable to other cultured cancer cell models following optimization of experimental parameters, including cell density, DSB induction, staining conditions, and imaging settings. In addition, adaptation of this protocol to formalin-fixed, paraffin-embedded tumor specimens may be feasible but would require further optimization and validation of tissue processing, antigen retrieval, staining, and scoring procedures. Given the established association between HR deficiency and sensitivity to platinum agents and PARP inhibitors11,13,29 RAD51 foci analysis may serve as a useful preclinical tool for investigating mechanisms of therapeutic response and resistance. 
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