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SUMMARY:
Radiation-induced DNA damage response activated by neutron mixed-beam used in boron neutron capture therapy (BNCT) has not been fully established. This protocol provides a step-by-step procedure to detect radiation-induced foci (RIF) of repair proteins by immunofluorescence staining in human colon cancer cell lines after irradiation with the neutron-mixed beam.

LONG ABSTRACT: 
[bookmark: _Hlk39482982]The purpose of the manuscript is to provide a step-by-step protocol for performing immunofluorescence microscopy to study the radiation-induced DNA damage response induced by neutron-gamma mixed-beam used in boron neutron capture therapy (BNCT). Specifically, the proposed methodology is applied for the detection of repair proteins activation which can be visualized as foci using antibodies specific to DNA double-strand breaks (DNA-DSBs). DNA repair foci were assessed by immunofluorescence in colon cancer cells (HCT-116) after irradiation with the neutron-mixed beam. DNA-DSBs are the most genotoxic lesions and are repaired in mammalian cells by two major pathways: non-homologous end-joining pathway (NHEJ) and homologous recombination repair (HRR). The frequencies of foci, immunochemically stained, for commonly used markers in radiobiology like γ-H2AX, 53BP1 are associated with DNA-DSB number and are considered as efficient and sensitive markers for monitoring the induction and repair of DNA-DSBs. It was established that γ-H2AX foci attract repair proteins, leading to a higher concentration of repair factors near a DSB. To monitor DNA damage at the cellular level, immunofluorescence analysis for the presence of DNA-PKcs representative repair protein foci from the NHEJ pathway and Rad 52 from the HRR pathway was planned. We have developed and introduced a reliable immunofluorescence staining protocol for the detection of radiation-induced DNA damage response with antibodies specific for repair factors from NHEJ and HRR pathways and observed radiation-induced foci (RIF). The proposed methodology can be used for investigating repair protein that is highly activated in the case of neutron-mixed beam radiation, thereby indicating the dominance of the repair pathway.

INTRODUCTION: 
Radiation-induced DNA damage response activated by neutron mixed-beam used in boron neutron capture therapy (BNCT) has not been fully determined. This protocol provides a step-by-step procedure to perform the detection of radiation-induced foci (RIF) of repair proteins by immunofluorescence staining e.g., in human colon cancer cell line after irradiation with the neutron-mixed beam.

Ionizing radiation (IR) induces a multitude of different types of DNA damage (DNA-DSBs, DNA-SSBs, DNA base damage) out of which DNA double-strand breaks are the most genotoxic DNA lesions1. Unrepaired breaks can cause cell death, while misrepaired breaks raises the probability of chromosome rearrangement, mutagenesis, and loss of decisive genetic information. The damage response pathways responding to DSBs include pathways of DNA repair like non-homologous end joining (NHEJ), a mechanism that requires Ku 70/80, DNA–PKcs, Xrcc4, and DNA ligase IV as key factors2–6. In mammals, the second main DNA repair pathway is homologous recombination repair (HRR) pathway which requires key components - the Rad52 epistasis gene family– Rad51, Rad52, Rad 54, Rad55, Rad57 and Rad 587. Rad51 and Rad54 are key human recombination factors involved in repair mechanisms related to the replication stress and DNA breaks in eukaryotes. Interestingly, it was observed that the downregulation of the HRR pathway enhances the NHEJ pathway which is error-prone pointing at HR pathway relevance for the genome stability8. 

The first step of DSBs formation is the phosphorylation of the γ-H2AX histone at Ser-139 by Ataxia telangiectasia mutated kinase (ATM) from the PI3  kinase family7,8. Interestingly, H2AX phosphorylation can be visualized easily by immunofluorescence technique as foci (γ-H2AX foci) using antibodies specific for phosphorylated H2AX6. There is a 1:1 relationship between the number of DSBs and γ-H2AX foci, therefore, DSB marker, γ-H2AX, is studied extensively through the characterization of foci formation, size, and quantity6-11. Formation of γ-H2AX foci leads to the recruitment and accumulation of DNA damage response (DDR) proteins and chromatin-modifying factors, such as 53BP1 (p53 binding protein 1), MDC1 (mediator of DNA damage checkpoint), BRCA1, Mre11/Rad50/Nbs1, PARP-1, and many others repair factors thus forming radiation-induced foci (RIF). All these proteins co-localize with γ-H2AX through direct or indirect binding1,11,12. 

It is important to detect DNA damage and repair with a proper sensitive test, therefore, more attention is paid to the development of highly precise techniques13. In the context of DNA damage and repair studies, the methodology is crucial for sensitive detection of genome DNA damage, description of damage category, and quantification of DNA damage and repair mechanisms13.  To detect single cells with damaged DNA, comet assay is used commonly in radiobiological studies14. Other available cytogenetic methods recognize chromosomal aberrations, including dicentrics, translocations, acentric fragments, rings, and chromatid type aberrations, and micronucleus chromosomal damage (Mn). The most frequently used method in radiobiology, especially in biological dosimetry, is the dicentric chromosome assay due to its high specificity for radiation15. For example, PCR, a classic molecular method, cannot recognize the type of detected DNA damage. In this case, the immunometric methods pass the sensitivity level because reactions are specific between the antigen and the antibody. Immunofluorescence imaging provides visual evidence for the appearance of different proteins in distinct foci in response to DNA damaging agents like ionizing radiation16. However, the activation levels of damage and repair proteins’ mRNA levels are easily detectable by real-time PCR which is a proper quantitative method for further molecular studies in the context of DNA damage response17.

Taking into account that γ-H2AX foci attract repair factors18, to monitor DNA damage and repair at the cellular level, we have developed a reliable immunofluorescence staining procedure, based on the analysis of the representative repair protein foci from the NHEJ pathway (DNA-PKcs) and Rad52 from the HRR pathway. 

Here, we propose the use of immunodetection for these proteins as the efficient and sensitive procedure for monitoring DNA-DSB induction and repair. Up till now, there have been no available data on DNA-DSBs based on foci of repair proteins at the cellular level after the neutron mixed-beam irradiation for BNCT, except γ-H2AX and 53BP1 markers19. We suggest the adaptation of the HCT-116 colon cancer cell line, as it is rich itself in DSBs foci, as a standard cell line for DNA damage analysis, because RIFs are easily detectable. This adherent cell line is easy to maintain and proper for irradiation procedures. The proposed procedure is based on a huge amount of previous studies related to the general immunofluorescence procedure of γ-H2AX staining. However, it includes all details regarding the selection of appropriate antibodies with tested dilutions for each representative protein belonging to each repair pathway. Moreover, it describes the utilization of a unique neutron-mixed beam used in BNCT therapy. However, we recommend to extend the studies with both methods, immunofluorescence staining firstly and then, with high-cost molecular analysis as performed previously4,17.

PROTOCOL: 

1. Preparation of cell culture and experimental set-up 

1.1. Maintain human colon cancer cells, HCT-116 as recommended by the supplier, in monolayers in 75 cm2 culture flasks containing 10 mL of formulated McCoy's 5a Medium Modified, supplemented with 10% fetal bovine serum and 1% antibiotic antimycotic solution. 

1.2. Grow cells in a humidified 5% CO2 environment at 37 °C until 70% of confluency with medium renewal every 2 to 3 days. 

1.3. To gain BNCT beam (e.g., neutron beam plus 10BPA) and BNCT effect of killing cancer cells as heavy particles and to deposit most of their energy within the boron-containing cancer cells, the day before irradiation, add boron delivery agent to the cell culture medium – e.g., 10BPA, 4-Borono-L-phenylalanine (10 μg 10B/mL, 0.925 mM final) 12–16 h (maximum uptake of boron) before the irradiation, as previously studied for colon cancer cells and thyroid cancer cells20,21. 

NOTE: If using another cell line, for which no data exists in the case of BNCT study, test the boron uptake for each cell line to obtain optimal boron concentration. Measure the 10BPA cellular uptake by inductively coupled plasma optical emission spectroscopy (ICP-OES) as performed by Dagrosa group21.

1.4. After 12-16 h of boron delivery, aspirate the medium and wash the cells with 10 mL of 1x PBS. Then trypsinize the cells by adding 2 mL of Trypsin-EDTA solution to the cells and incubate for 5 min at 37 °C to enhance the cell detachment. When cells start to detach, stop the trypsin action by adding 10 mL of complete medium. 

1.5. Aspirate the cell suspension in the 15 mL tube and count the cells using an automated cell counter by adding 10 µL of 0.4% trypan blue to 10 µL of cells, mix, and aliquoting 10 µL on a counting slide. Dilute the cell suspension to a concentration of 1 x 106 cells/mL of the medium. Aliquot 1 mL of the cell suspension per cryotube. 

1.6. Prepare thermoluminescent dosimeters (TLDs) for the measurement of gamma-ray doses and gold foils for neutron fluencies and attach TLDs to the cryotubes or cell culture flask before the irradiation.

1.7. [bookmark: _Hlk39486256]Irradiate the 1 x 106 cells/mL with the neutron-mixed beam at recommended minimal thermal neutron flux of 5.9 x 1011 (n/cm-2 min−1)4 in culture flasks or cryotubes depending on the facility capabilities.

NOTE: Set up the time of irradiation before to obtain recommended neutron flux.

1.8. [bookmark: _Hlk39482372]After irradiation, seed 1 mL of irradiated cells (1 x 106 cells/mL) on 22 x 22 mm coverslips in 35 mm Petri dishes or 6 well plates, supplement with 2 mL of required medium. Incubate cells for a maximum of 3 h at 37 °C in a humidified 5% CO2 environment to let them attach to the coverslips. Observe the attachment of cells from time to time under an inverted microscope with 20x objective.

NOTE: For HCT-116 cells minimum density is 600,000 cells to seed. For quick further staining procedure use chamber slides, reduce cell density accordingly.

2. Fixation of cells

2.1. After irradiation and incubation of cells, remove the medium from the attached cells and wash cells once with 2.5 mL of PBS.

2.2. Fix cells with 1 mL of 70% ethanol for 10 min at RT.

NOTE: Alternatively use 1%-3.7% paraformaldehyde (PFA) for fixation as recommended previously19. The protocol is paused here. Store fixed cells in ethanol in a freezer at -20 °C for not more than a few weeks for further analysis and immunofluorescence staining.

3. Permeabilization of cells

3.1. After fixation remove ethanol from the Petri dish and wash with 2.5 mL of 1x PBS.

NOTE: Do not let the cells dry between the rinsing steps.

3.2. Gently add 1 mL of 0.2% of Triton X-100/PBS to cover the coverslips with cells in Petri dishes.  

3.3. Incubate for 5 min at RT.

3.4. Wash the cells 3x with 2.5 mL of 1x PBS.

NOTE: Increase the percentage of Triton X-100 in PBS up to 0.5% if needed (more foci detectable, dependent on the tested cell line). Perform additional washes with PBST (PBS with 0.5% Tween) to avoid unspecific binding.

3.5. Block permeabilization step with 1 mL of 2% BSA (Bovine Serum Fraction V albumin) diluted in PBS and incubate for a minimum of 30 min or 1 h with 1% BSA.

NOTE: This step can be omitted and is dependent on the type of antibody used. Alternatively, use 5% FBS as recommended in ref4. 

4. Immunofluorescence staining

4.1. Add the proper amount of primary antibody (Anti-ɣ-H2AX, Anti-DNA-PKcs, and Anti-Rad52) diluted in PBS with BSA (2% Bovine Serum Fraction V albumin) as recommended (see Table 1 with recommended dilutions) (100 µL is needed per sample).

[Place Table 1 here]

4.2. Cover the Petri dish to maintain the humidity in a plastic box with moisturized lignin using distilled water and incubate for 30 min at 37 °C in the incubator.

NOTE: The protocol can be paused here. Incubation can be performed at 4 °C for overnight.

4.3. After incubation perform 3 washes with 2.5 mL of PBS.

NOTE: Do not allow the slide to dry during rinsing steps.

4.4.  Add the proper amount of secondary antibody (anti-mouse IgG FITC, Goat Anti-Rabbit IgG (Alexa Fluor 488) diluted in PBS with BSA (see Table 1) (100 µL is needed per sample). For this and the following steps work in the dark. 

4.5. Cover the Petri dish again to maintain the humidity in a plastic box with moisturized lignin and incubate for 30 min minimum at 37 °C in the incubator. 

4.6. After incubation perform 3 washes with 2.5 mL of PBS.

4.7. Add 100 µL of DAPI diluted in PBS to a final concentration of 1 µg/mL to counterstain the nuclei.

4.8. Incubate shortly, for a maximum of 2 min at RT.

4.9. After incubation perform 3 washes with 2.5 mL of PBS.

4.10. Remove the PBS and gently put a coverslip on the top of the mounting medium, avoiding the formation of air bubbles and seal edges of the coverslip with nail polish. Wait until the varnish will dry and paint the coverslip around.

4.11. Wait for the hardening of the mounting medium (up to 3 h) before image analysis under fluorescence microscopy. 

NOTE: The protocol can be paused here. Store glass slides in a plastic box at 4 °C in the dark.

5. Image acquisition and analysis

5.1. Acquire images with a fluorescence microscope under 100x objective with immersion oil.

5.1.1. Analyze foci in the nuclei with a fluorescence microscope equipped with the following filters for: Alexa Fluor 488: excitation⁄emission (nm): 496/519, emission color green; DAPI: excitation⁄emission (nm): 358⁄461, emission color blue. 

NOTE: Analysis of DSBs along single-particle tracks may require advanced microscopy like confocal laser scanning microscopy with higher resolution.

5.2. Save acquired images and process with appropriate imaging software e.g., ImageJ or Image Pro3,20.

NOTE: Use of individual macros and plugins developed for automatic analysis or development/purchase of individual bioinformatic software is recommended.

5.3. If using Image-Pro software for foci analysis, process images in TIFF files: select Count/Size Button, then click Types [choose the type of measurement (e.g., diameter or area)], click Ranges [set range of the measurement], click Split objects if necessary. To adjust brightness, click Bright [adjust treshold]. Then click Count [red button]. 

5.4. To export data, click Data Table | Statistics | Export to Excel. In the spreadsheet software, draw graphs with the required statistical analysis.

REPRESENTATIVE RESULTS: 
Firstly, we performed an analysis of a standard marker of detection of DNA-DSBs, γH2AX foci in colon cancer cells, non-radiated, and irradiated with the neutron-mixed beam. γ-H2AX foci appear as distinct fluorescent dots and show the formation of DNA-DSBs (as each γ-H2AX fluorescent dot represents a single DSB) (see Figure 1).

[Place Figure 1 here]. 

Interestingly, in irradiated cells with the neutron-mixed beam (N+BPA) at a dose of approximately 2.6 Gy (1,33 Gy (γ) + 1,26 Gy (N)), we observed higher diameter levels of γ-H2AX foci (Figure 1B). Moreover, a single track of high LET α-particle was detected (because of BNCT nuclear reaction) crossing the nuclei of the cell (yellow arrow) (Figure 1A). Different types of radiation could cause different effects: the higher the LET radiation, the more complex DNA-DSBs, the greater the γ-H2AX foci and the higher area levels of repair proteins visible as radiation-induced foci18. 

Therefore, we tested levels of representative repair proteins of DNA-PKcs (from NHEJ repair pathway) and Rad52 (from HR pathway) by immunofluorescence microscopy in the same conditions, which was not performed before in the case of BNCT beam. We were able to detect the high mean value of the foci diameter of DNA-PKcs at DNA breaks after a neutron-mixed in comparison with control cells (no radiation) (see Figure 2).

[Place Figure 2 here]. 

In this case, we have observed clustered DNA-DSBs in irradiated HCT-116 cells by the neutron-mixed beam as DNA-PKcs is specific for more complex foci. In irradiated cells, by neutron-mixed beam, these foci were observed only within the cell nucleus as more complex, larger, and clustered with higher intensity (Figure 2A,B). In the case of Rad52, the effect was not as strong as for DNA-PKcs which indicates the dominance of the NHEJ pathway in this type of radiation. Moreover, based on the literature data, complex DSBs are slowly repaired and DNA-PKcs is only recruited to longer-lived complex DSBs which indicates that the neutron-mixed beam leads to the formation of complex DSBs and repair through DNA-PKcs, however, more research is needed at a molecular level to confirm these previously obtained results22. 


FIGURE AND TABLE LEGENDS:

Table 1: Recommended dilutions and notes for the usage of antibodies used in section 4.

Figure 1: Representative images of patterns of γ-H2AX foci in colon cancer cells of the cell line HCT-116 (without radiation) and after neutron-mixed beam irradiation. Neutron-mixed beam irradiation was performed at a dose of 2.6 Gy in cells treated the day before with BPA (N+BPA). (A) The left panel represents the DAPI-staining of nuclei. The right panel, green foci (Alexa 488), corresponds to the immunodetection of γ-H2AX. The yellow arrow indicates track of α-particle crossing the nucleus (scale bar = 10 μm). (B) Representative diagrams illustrating the observed increase in the size of radio-induced foci. The mean of γ-H2AX foci diameter was performed automatically by Image-Pro software.

Figure 2: Representative images of patterns of DNA-PKcs and Rad52 repair foci in colon cancer cells of the cell line HCT-116 (without radiation) and after neutron-mixed beam irradiation. Neutron-mixed beam irradiation was performed at a dose of 2.6 Gy in cells treated the day before with BPA (N+BPA). (A) The left panel represents the DAPI-staining of nuclei. The middle panel represents the detection of radiation-induced foci. The right panel is the merged image. (B) Representative diagrams illustrating the observed increase in the size of radio-induced foci. The mean of Rad52 and DNA-PKcs foci diameter was performed automatically using the image analysis software.

DISCUSSION: 
The frequencies of foci, immunochemically stained for γ-H2AX and 53BP1 are commonly used in radiobiology and are associated with DNA-DSB number and are considered as efficient and sensitive markers for monitoring the induction and repair of DNA-DSBs19. The co-staining procedure of γ-H2AX and 53BP1 is a standard procedure for the detection of DNA-DSBs. Formation of γ-H2AX foci is associated with the recruitment of 53BP1, a regulator of the DNA damage response23. However, different cell lines may vary in the background levels of γ-H2AX /53BP1 foci 11. It has been shown that γ-H2AX foci attract repair factors18, accumulating a higher concentration of repair proteins close to a DSB site. The more complex DNA-DSBs, the greater the γ-H2AX foci and the higher the levels of repair proteins. It activates a cascade of repair pathways, if repair factors are accumulating in a higher concentration in a DSB site, they are easily detectable using specific antibodies and the proposed protocol allows them to be visualized easily. Here we demonstrate a methodology to study the biological effects at the cellular level for BNCT therapy the impact of the neutron-mixed beam on DNA repair using immunofluorescence technique in human colon cancer cells. The authors developed and introduced step-by-step reliable protocol with specific antibodies for detecting DNA repair pathways based on immunofluorescent staining with an antibody specific for repair factors from NHEJ and HRR pathway and observed radiation-induced foci (RIF). Moreover, the authors propose the use of HCT-116 colon cancer cell line as a standard cell line for DNA damage analysis and as a control cell line for the test of DNA repair antibodies because this cell line is itself rich in DSBs foci. DNA-DSBs are easily detectable, and different cell lines, especially cancer cells like the cervical cell line represent different background levels of H2AX foci, and intensity24. 

There are two major critical steps in the protocol, fixation of cells, and immunostaining procedure. The authors recommend the fixation of cells in 70% ethanol as it preserves cells for a long time, and it is incubated in the freezer not more than a few weeks. Also, this step is critical because this can be pause point after irradiation procedure is performed e.g., in another institution/building/another day. Another critical step is the proper concentration of the antibody. The authors have attached in the table the tested concentrations of primary and secondary antibodies. 

The presented procedure provides a step-by-step protocol to obtain reliable results, however,  some parameters could change the results of the experiments, like the proper choice of antibodies used,  different reagents used for the fixation and permeabilization steps, time of incubations, critical percentage of reagents, washing steps, work in the dark, and the proper fluorescent microscope. The authors explain how to obtain reliable and repeatable results in the notes.

A minor limitation of this technique is to have access to the source of radiation like neutron source, however, the protocol can be used as a general protocol for the detection of DNA repair pathways obtained after different types of radiation and can be treated as universal protocol for various types of radiation e.g., comparing low-LET and high-LET radiation repair pathways activation.

We provide a universal, ready-to-use methodology that can be used at the cellular level to analyze biological effects in the context of BNCT therapy. In BNCT, non-radioactive boron‐10 (e.g., after treatment with 4-Borono-L-phenylalanine, BPA – boron delivery agent) is irradiated with low‑energy thermal neutrons and as a result of the nuclear reaction alpha particles and lithium-7 nuclei with high LET are produced25,26. Therefore, our protocol can be useful for the analysis of biological effects at a cellular level also for the radiation represented by other high LET beams like protons used in proton beam therapy27, and carbon-ions used in hadron therapy28. We have observed that more detailed research is needed in the field of high-LET radiation and mixed beams, and knowledge of the DNA repair process is required to develop effective anti-cancer therapies, therefore, we have developed a protocol that allows researching radiation-induced DNA damage response activated by the neutron-mixed beam. Moreover, the immunofluorescence method of detection of DNA damage response and DNA repair could be a potential method for assessing and detection of tumors.
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