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ABSTRACT

Purpose: The number of radio-induced double-strand breaks is correlated with the
number of histone gamma-H2AX (y-H2AX) foci. For this reason, foci quantification
is a useful tool to measure radiation-induced DNA damage and the number of foci
has been suggested as a predictive biomarker of radiosensitivity. The aim of the
present study was to evaluate the reproducibility of different microscopic
methodologies and flow cytometry analysis to score y-H2AX induction, and its
suitability to distinguish a radiosensitive (RS) cell line from a radioresistant (RR)

one.

Materials and methods: y-H2AX analyses were performed by semi-automated
and automated microscopic methods and by flow cytometry before and after
irradiation in two human lymphoblastoid cell lines and in lymphocytes from three

healthy donors.

Results: Reproducible results were obtained by all the methodologies tested,
although not all showed the same sensitivity. The RS cell line always showed
higher foci counts and higher levels of immunofluorescence intensity after

irradiation than the RR cell line.

Conclusions: Our results suggest that microscopic methodologies with z-stage
capacity give the most accurate results after 1 Gy irradiation. However, for high
doses of ionizing radiation, flow cytometry gives reliable results. Further studies
will be necessary to determine the usefulness of y-H2AX analysis to predict

adverse side reactions in radiotherapy patients.



INTRODUCTION

DNA double-strand break (DSB) is considered as a radiation-induced DNA
lesion with the highest biological significance, because it can initiate genomic
instability and eventually lead to cancer (Rothkamm and Lobrich 2003, Bonner
et al. 2008). Detection and repair of DSB in the cell involves the assembly of
several proteins in the vicinity of a DSB. One of the initial steps is the
phosphorylation of the histone H2AX at serine 139, forming, within minutes of
the induction of a DSB, discrete gamma-H2AX (y-H2AX) foci at these sites
(Rogakou et al. 1998, Celeste et al. 2003). y-H2AX foci can be easily detected
using fluorescent specific antibodies (Rogakou et al. 1999), allowing both the
scoring of the foci for quantitative evaluation and the assessment of the
disappearance of DSB with post-irradiation times (Rothkamm and Lébrich 2003,
Olive and Banath 2004, Leatherbarrow et al. 2006). The correlation between the
number of DSB produced after irradiation and the number of y-H2AX foci makes
the number of foci a consistent marker of radiation-induced DSB in single cells

(Rothkamm and Lébrich 2003).

It has been suggested that the phosphorylation of histone H2AX can serve as a
potential predictor of radiation sensitivity (Olive and Banath 2004, Bonner et al.
2008, Sak and Stuschke 2010, Ivashkevich et al. 2012). A high induction of y-
H2AX, a low rate of foci disappearance after irradiation or the presence of
residual foci have been correlated with radiosensitivity (MacPhail et al. 2003a,
Olive and Banath 2004, Taneja et al. 2004, Banath et al. 2004, Vasireddy et al.
2010, Adams et al. 2012, Koch et al. 2013, Maroschik et al. 2014). Previous
studies in tumor cell lines have demonstrated that after exposure to ionizing

radiation (IR), y-H2AX foci persisted longer in radiosensitive (RS) than in
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radioresistant (RR) cell lines (Olive and Banath 2004, Taneja et al. 2004,
Maroschik et al. 2014). A recent in vivo study, using tumor xenografts in animal
models, has shown that the number of residual foci after single or fractionated
radiotherapy is a good indicator of radiosensitivity and is negatively correlated
with TCDso (the dose at which 50% of the tumors are locally controlled) (Koch et
al. 2013). However, others have not found such a clear relationship between y-
H2AX foci and radiosensitivity (Leatherbarrow et al. 2006, Vandersickel et al.

2010).

Furthermore, it has also been described that the number of y-H2AX foci induced
by IR in humans increase linearly with the radiation dose (dose-effect
relationship). Therefore, y-H2AX has also emerged as a potential biodosimeter
to perform a rapid triage in a population that has been exposed to IR (e.g., a
large-scale radiation accident) (Roch-Lefévre et al. 2010, Horn et al. 2011,

Ivashkevich et al. 2012).

One of the methodologies to score y-H2AX foci is by microscopy, either
manually, semi-automatically or automatically. Although scoring foci directly by
eye is frequently carried out, it is time-consuming and remains subjective and
error-prone (Bdcker et al. 2006), particularly at high doses. For this reason, in
recent years, computational image analysis algorithms have been developed,
allowing fast and consistent scoring of foci, as well as the analysis of other
properties, like fluorescence intensity and size of individual foci as well as the
nuclear area. Available open source programs, such as FociCounter,
CellProfiler and ImageJ, can process the images which have been previously
captured (Cai et al. 2009, Jucha et al. 2010, Gonzalez et al. 2012). Despite the

improvements implemented in these programs, there are some procedural
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steps which still need the operator intervention. To achieve faster analysis and
with the aim of developing fully automated systems, some high-throughput
analysis platforms include a microscope with a motorized z-stage capacity
coupled to specific image processing and automatic counting software (Barber
et al. 2007, Vandersickel et al. 2010, lvashkevich et al. 2011, Runge et al. 2012,

Hernandez et al. 2013).

The issue of overlapping foci is one of the main problems in microscope
analysis, leading to an underestimation of the real number of foci at doses >1Gy
(MacPhail et al. 2003a, Bocker et al. 2006, Sak and Stuschke 2010). Although
some authors have been working on additional algorithms that deal with the
overlapping issue (lvashkevich et al. 2011), flow cytometry has been described
as a complementary method for the quantification of y-H2AX intensity levels
(Sak and Stuschke 2010). This methodology allows high-throughput analysis of
the intensity of y-H2AX immunofluorescence (IF) in thousands of cells,
discriminating cell cycle phases and allowing the combination of the analysis
with the presence of other marker proteins of interest (MacPhail et al. 2003b,

Huang et al. 2004a, Tanaka et al. 2007, Zhao et al. 2008).

Good agreement between microscopic y-H2AX foci scoring and measurement
of their IF intensity has been described (Kataoka et al. 2006, Whalen et al.
2008). However, some studies have shown more satisfactory sensitivity of foci
scoring by microscopy in relation to flow cytometry up to several days post-
irradiation (Horn et al. 2011). In contrast, other studies have suggested flow
cytometry as a more reliable tool for analyzing and quantifying the induction of

y-H2AX (Brzozowska et al. 2012).



Here, we assessed the quantification of y-H2AX foci by two semi-automated
methods, using an epifluorescence and a confocal laser scanning microscopes
along with Fiji image analysis; and by an automated scanning and analysis
system (MetaCyte). Moreover, intensity of y-H2AX IF was assessed by flow
cytometry. Our purposes were to determine how reproducible the results are
and if the different methodologies enable one RS cell line to be differentiated
from a non-RS one. We wanted also to evaluate if inter-individual differences

exist in lymphocytes from three healthy donors.

MATERIALS AND METHODS

Cell lines culture

Two Epstein-Barr virus immortalized B-lymphocytes cell lines from human lung
cancer patients, one RS (4060-200) and another non-RS (20037-200), which
will be named as RR from here onwards, were kindly donated by Dr. Maria
Gomolka and Dr. Sabine Hornhardt from the German Federal Office for
Radiation Protection (BfS). Their radiosensitivity was previously tested by WST-
1 and Trypan-blue survival assays (Guertler et al. 2011) and characterized for
histone post-translational modifications (Maroschik et al. 2014). WST-1 assay is
based on the tetrazolium salt WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-
5-tetrazolio]-1,3-benzene disulphonate). After 10 Gy the survival percentages
by Trypan-blue assay at 24 and 48 h were 80% and 70% for the RR cell line
and around 40% and 25% for the RS cell line. The lymphoblastoid cell lines
were grown in suspension, at 37°C in a 5% CO2 atmosphere, in Roswell Park
Memorial Institute 1640 (RPMI-1640) medium (Biowest, Barcelona, Spain)

supplemented with 15% fetal bovine serum (Life Technologies, Madrid, Spain),



L-glutamine 2 mM (Biowest) and penicillin/streptomycin (100 U/mL and 100

pg/mL, respectively) (Biowest). Cells were irradiated in exponential phase.

Peripheral blood sample processing

Peripheral blood samples from three healthy donors, a 54-year-old male and
two females, one 41 years old and the other 26 years old, with no history of
exposure to clastogenic agents were collected in heparinized tubes. Previous
informed consent was obtained for each donor. This project has been approved
by Animal and Human Experimentation Ethics Committee of the Universitat

Autonoma de Barcelona (Reference: 2624).

Irradiation conditions

Two cultures from each lymphoblastoid cell line and two peripheral blood
samples of each of the three healthy individuals were irradiated at 1 and 4 Gy (1
Gy for microscope analysis, 1 and 4 Gy for flow cytometry). Sham-irradiated
controls were also included. Samples were irradiated with a '3’Cs-irradiator
(IBL437C, CIS Biointernational, Gif-sur-Yvette, France), at a dose rate from
5.08 to 4.96 Gy-min' due to decay of source. During irradiations, International

Atomic Energy Agency recommendations were followed (IAEA 2011).

After irradiation, cell lines cultures were incubated at 37°C for 2 h prior to IF
staining. Blood samples were diluted 1:2 with 37°C pre-warmed RPMI-1640
medium (Roch-Lefevre et al. 2010) and also incubated at 37°C for 2 h followed
by an incubation on ice until processing. Then, 6 mL of diluted blood was
layered onto 3 mL of Lymphocyte Separation Media (Biowest) and centrifuged

at 1,200g for 20 min. Isolated lymphocytes were washed in 1X phosphate



buffered saline (PBS) (Sigma-Aldrich Quimica, Madrid, Spain) and centrifuged

at 200g for 15 min before starting the IF staining protocol.

Immunofluorescence staining for microscopic analysis

y-H2AX foci were assessed by two semi-automated methods: 1)
Epifluorescence microscope (named EM); 2) Confocal laser scanning
microscope (CLSM); and two automated methods: 3) Epifluorescence
microscope coupled to MetaCyte software with polysine slides (named MP); 4)
Epifluorescence microscope coupled to MetaCyte software with cytocentrifuged

slides (named MC).

Cells for EM, CLSM and MP microscopic analysis were spotted onto glass
Polysine Adhesion Slides (Thermo Fisher Scientific, Madrid, Spain) at a
concentration of ~1.5x108 cells/mL. Cells for MC microscopic analysis were
cytospun onto glass slides (Menzel-Glaser, Badalona, Spain) at 500g for 5 min
at a concentration of ~35,000 cells/mL. In both cases, cells were fixed in 2%
paraformaldehyde (Sigma-Aldrich) for 10 min, rinsed with 1X PBS for 5 min,
and then, permeabilized using 1X PBS-0.5% TritonX100 (Sigma-Aldrich) for 15
min. After two washes with 1X PBS, blocking was carried out with 1X PBS-0.1%
Tween20 (Sigma-Aldrich) and 2% fetal bovine serum for 30 min. Cells were
incubated overnight with a 1:500 dilution of mouse monoclonal anti-y-H2AX
(Ser139) antibody (Abcam, Cambridge, UK) in a humid chamber at 4°C, and
with a 1:1000 secondary anti-mouse antibody labeled with cyanine 3 dye (Cy3)
(Amersham Biosciences, Uppsala, Sweden) for 1 h at room temperature. Three
rounds of washes for 5 min each with a 1X PBS-0.1% Tween20 solution, before
and after the secondary antibody incubation, were carried out. Slides were

washed with distilled water, dehydrated with serial ethanol (Merck, Madrid,
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Spain) dilutions (70, 85 and 100%) and dried out. Finally, nuclear staining was
performed with 4’,6-diamidino-2-phenylindole (DAPI) in Vectashield Mounting

Medium (Vector Laboratories, Barcelona, Spain).

Image acquisition by epifluorescence microscopy

Two slides per experiment, one from each culture (cell lines) / sample
(individuals), were viewed with a BX51 EM (Olympus, Barcelona, Spain) using a
100X UPlanSApo objective. Images of foci signals were captured using the

Gold filter with CytoVision software v4.5.2 (Genetix, Berkshire, UK).

Image acquisition by confocal laser scanning microscopy

Two slides per experiment, one from each culture (cell lines) / sample
(individuals), were imaged using a TCS SP5 inverted CLSM (Leica
Microsystems, Mannheim, Germany) equipped with an ultraviolet Diode 405 nm
and a DPSS 561 nm lasers for excitation of DAPI and Cy3, respectively. A 63X
PlanApo objective was used. Twelve-bits 1024 x 1024 images were collected
with a z-step size of 0.17 ym to map the distribution of the y-H2AX foci through

the lymphocyte nucleus.

Digital image analysis using Fiji (ImageJ)

After image acquisition with EM and CLSM, images were analyzed with the Fiji
software (Schindelin et al. 2012). The Imaged distribution package called Fiji
was used to program a customized macro to quantify foci number, cell number
and nuclear area. The custom macro for Fiji software is available as a
Supplementary File 1. The foci were scored in 100 cells for each particular

experimental condition.

Automated slide scanning and scoring of y-H2AX foci



For automated slide scanning and y-H2AX foci scoring, the MetaCyte software
of the Metafer 4 Slide Scanning System v3.10.2 was used (MetaSystems,
Barcelona, Spain) (Vandersickel et al. 2010). Two slides per experiment, one
from each culture (cell lines) / sample (individuals) for MP and three to four
slides for MC were analyzed. Analyses were done with a Zeiss Axio Imager.Z2
microscope (MetaSystems) coupled to a motorized z-stage. The images were
captured using a 63X PlanApo objective. The foci signals in the selected nuclei
were captured using the SpOr filter (red channel). All the SpOr signals were
acquired as a z-stack with a total of 10 focal planes and a z-step size of 0.35
pm between planes. A unique classifier was used to count foci in 100 and 400

cells for each particular experimental condition.

Flow cytometric analysis of y-H2AX

For the quantification of the intensity of y-H2AX IF, cells were prepared
following almost the same protocol as for microscopy, except that all steps were
performed in suspension. Small differences in the protocol were: 1) Cells were
fixed in 2% paraformaldehyde for 10 min on ice, centrifuged at 300g for 4 min
and post-fixed in ethanol 70% at least for 2 h at -20°C, before labeling with y-
H2AX antibody; 2) An incubation of 1 h at room temperature with a 1:400
dilution of secondary anti-mouse antibody labeled with Alexa-488 (Molecular
Probes, Eugene, OR, USA) was performed; 3) DNA staining was done with a
propidium iodide (PIl) staining solution, containing 10 ug/mL Pl (Molecular
Probes) and 100 ug/mL DNase-free RNase A (Sigma-Aldrich) dissolved in 1X
PBS. Samples were analyzed using a BD FACSCanto flow cytometer (BD
Biosciences, San Jose, CA, USA) equipped with a 488 nm blue laser and a 633

nm red laser. Alexa-488 and Pl were excited with the 488 nm blue laser and
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were measured with the D(530/30BP filter) and B(670LP filter) detectors,
respectively. Two independent experiments per dose and culture / sample were
carried out. For each experiment, two rounds of analyses of about 5,000 cells
were done (~10,000 cells per experiment). Gating analysis using bivariate plots
of intensity of y-H2AX IF relative to DNA content were carried out using BD
FACSDiva software v7.0 (BD Biosciences) to obtain the mean of y-H2AX IF
intensity in each cell cycle phase (for cell lines) as well as the mean of y-H2AX
IF for the total cell population (for cell lines and human lymphocytes). Moreover,
in order to make y-H2AX IF intensity independent of histone doubling during the
cell cycle, the data were normalized by presenting per unit of DNA (histone).
This is accomplished by multiplying the means of y-H2AX IF intensity at S- and
G2/M-phases by 0.75 and 0.5, respectively (Huang et al. 2004b). To evaluate
the induction of the H2AX phosphorylation after IR exposure, the mean of y-
H2AX IF intensity for total cell population and for Gi, S and G2/M
subpopulations of unirradiated cells were subtracted from the respective mean
of radiation-exposed cells, obtaining the increase in y-H2AX IF (Ay-H2AX IF)

intensity (Huang et al. 2004a).

Statistical analysis
The Papworth’s u-test was used to determine if foci distribution among nuclei
followed a Poisson distribution. Nonparametric tests, such as Mann-Whitney

and Kruskal-Wallis, were used to compare foci counts between groups.

RESULTS

Microscopic semi-automated versus automated y-H2AX foci scoring
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The mean number of foci per cell from the two cell lines and from the three

healthy donors can be seen in Figures 1 and 2 and in Supplementary Table I.

Regarding cell lines, the RS cell line always showed higher foci counts than the
RR cell line, both in unirradiated and irradiated samples. Microscope images of
y-H2AX foci can be seen in Figure 1A. When scoring was carried out using EM,
no significant differences in the mean number of foci between the two cell lines
were observed (Figure 1B). Using CLSM, no significant differences in the basal
number of foci between the two cell lines were observed, but after 1 Gy
irradiation, the RS cell line showed a significantly higher foci count than the RR
cell line (15.65 £ 0.73 vs. 12.44 £ 0.54) (Figure 1C; p<0.001, Mann-Whitney).
For automated MP scoring, the mean number of foci in the RS cell line was
significantly higher than in RR cell line, before (2.36 + 0.21 vs. 1.16 + 0.18) and
after irradiation (17.53 £ 0.76 vs. 13.97 = 0.76) (Figure 1D; p<0.001, Mann-
Whitney). The results obtained with MC showed a higher basal number of foci in
the RS cell line than in RR one (p<0.001, Mann-Whitney), but the difference

was not significant at 1 Gy (Figure 1E).

Regarding lymphocytes, foci counts were very similar between the three healthy
donors in unirradiated and irradiated samples (Figure 2). Only by CLSM after 1
Gy irradiation, the mean number of y-H2AX foci in individual 3 (11.01 £ 0.23)
was significantly higher than in individuals 1 (9.69 + 0.21) and 2 (10.05 + 0.25)
(Figure 2B; individual 3 vs. 1 p<0.001 and individual 3 vs. 2 p<0.01, Kruskal-
Wallis). A significant difference was also observed by MC between foci counts
of unirradiated samples in individuals 1 (0.18 £ 0.05) and 3 (0.05 £ 0.02) (Figure

2D; individual 1 vs. 3 p<0.05, Kruskal-Wallis).
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When the distribution of y-H2AX foci among cells was checked, by EM the two
cell lines showed a maximum peak at 8-11 foci per cell whereas in lymphocytes
the maximum peak was lower, around 4-7 foci per cell (Figures 3A and 3B). By
CLSM, the RS cell line showed the maximum peak of y-H2AX foci per cell at
12-15, whilst individuals 1 and 2 and the RR cell line showed a maximum peak
at 8-11 foci per cell, and individual 3 at 4-7 foci per cell (Figures 3C and 3D).
Automated y-H2AX foci scoring showed a higher dispersion of foci per cell,
especially in MC (Figures 3E-3H). Notably, only two of the 20 distributions of

foci per cell followed a Poisson (Supplementary Table I).

To assess whether the results could vary if more cells are scored, 400 cells
were analyzed after irradiation by MP (Figure 4). There were no significant
differences in the mean number of y-H2AX foci between the analysis of 100 and

400 cells, for both cell lines and lymphocytes (Figures 4A and 4B, respectively).

Flow cytometric analysis of y-H2AX
The results of y-H2AX IF intensity after irradiation at 1 and 4 Gy are shown in

Figures 5 and 6 and in Supplementary Table II.

In cell lines, the basal levels of y-H2AX IF intensity were similar (Figure 5A), but
after 1 and 4 Gy irradiation the RS cell line showed a significantly higher Ay-
H2AX IF intensity compared to the RR cell line (Figure 5B; p<0.05, Mann-
Whitney). Concerning cell cycle phases, basal y-H2AX IF intensity was higher in
S than in G1 or G2/M-phases (Figure 5C). After 1 and 4 Gy irradiation, the RS
cell line showed a significantly higher Ay-H2AX IF intensity at G1- and S-phases

in comparison with the RR cell line, the highest levels being at Gi-phase
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(Figures 5D and 5E; p<0.05, Mann-Whitney). Nevertheless, no significant

differences between the cell lines were observed at G2/M-phase.

In relation to lymphocytes from healthy donors, no differences in the basal y-
H2AX IF intensity were observed between the three individuals, neither after 1

or 4 Gy irradiation (Figures 6A and 6B).

DISCUSSION

In the present study, four different microscopic methodologies have been
applied to analyze y-H2AX foci as a marker of DNA damage after irradiation.
Foci counts by EM after 1 Gy irradiation were lower than by CLSM, MP and MC,
indicating that the z-stage capacity improves the accuracy of the analysis.
Image foci scoring using the Fiji customized macro gave reproducible results,
less influenced by operator subjectivity. However, the slightly lower foci counts
obtained with CLSM in relation to MetaCyte were probably due to the analysis
of a maximum projection image by Fiji in case of CLSM. The automated
analysis by MetaCyte software represented an improvement of the speed of
analysis when compared with CLSM. In addition, we obtained similar results
using both polysine and cytocentrifuged slides. Choosing a method will depend

on the equipment available in each laboratory.

After irradiation, CLSM and MP y-H2AX analysis showed that the RS cell line
presented a significantly higher number of foci than the RR one. Moreover, by
flow cytometry after 1 and 4 Gy irradiation, the RS cell line showed a
significantly higher Ay-H2AX IF intensity compared to the RR cell line. From
these results, we can conclude that the RS cell line had higher levels of H2AX

phosphorylation than the RR one. Regarding lymphocytes from the three
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healthy donors, significant differences between individuals were observed only
by CLSM. For this reason, although we cannot conclude that the slight
differences among these three individuals are indicative of inter-individual

variability, this possibility cannot be discarded.

To ascertain the influence of the sample size, 400 cells from the two cell lines
and the three individuals were also analyzed by MP. In the two cell lines, a
slight decrease in the number of foci per cell was observed, and in the three
individuals no change was observed, indicating that at least at this dose, the

number of foci scored in 100 cells is enough to obtain a satisfactory result.

Some authors have described that the distribution of y-H2AX foci per cell in
unirradiated samples or irradiated at low doses fits to a Poisson (Rothkamm
and Lobrich 2003, Rothkamm et al. 2007). Other authors adjust the observed
distribution of foci per cell or its frequency to a theoretical or to a bi-modal
Poisson distribution (Rube et al. 2008, Kato et al. 2007, Martin et al. 2013). In
our study, the closest distribution to a Poisson was obtained by EM. The semi-
automated analysis by CLSM and the automated one by MP showed
distributions farther from a Poisson when compared with EM but closer when
compared with MC. This is in agreement with a previous study where the foci
distribution obtained by automated scoring gave extreme over-dispersion
(Rothkamm et al. 2013). It is important to highlight that, although automated
scoring clearly showed higher numbers of y-H2AX foci after irradiation, it would
appear that it is not as sensitive and accurate as CLSM, as was shown by the
results of foci scoring and distribution. Nevertheless, it should be noted that the
automated classifier with validated parameters could be useful as a rapid

biodosimetry tool in a triage, although some laboratory inter-comparisons have
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found out discrepancies in terms of robustness and reproducibility in foci
detection, even keeping constant irradiation conditions and using a standard
protocol for all the participants (Rothkamm et al. 2013, Barnard et al. 2014).
Further work will be necessary to establish dose-effect curves in reference

samples as well as standard protocol procedures to ensure consistent results.

The results obtained with flow cytometry point out that this methodology is
clearly effective to quantify the increment of H2AX IF intensity after 1 and 4 Gy
irradiation in cell lines and in lymphocytes. The relationship observed by flow
cytometry between cell lines and between individuals was very similar to the
one observed by CLSM; these findings are in line with those from other authors,
indicating a good agreement between the y-H2AX IF intensity and the number
of foci scored microscopically (Kataoka et al. 2006, Whalen et al. 2008).
Moreover, it is well known that the different DNA repair processes take place
depending on the cell cycle phase. Flow cytometry allows the detection of the
phosphorylation of H2AX in relation to cell cycle phase (Kataoka et al. 2006). In
the present study, S-phase cells showed the highest y-H2AX IF intensity in both
cell lines before irradiation, suggesting that these basal foci could be produced
by replication forks during the synthesis phase (MacPhail et al. 2003b). The Ay-
H2AX IF intensity after irradiation appeared to be greatly induced in G
compared to the other phases of the cell cycle, as previously reported (Whalen
et al. 2008, Chappell et al. 2010). A possible explanation could be that S-phase
cells are more resistant to damage (lliakis and Okayasu 1990, Freyer et al.
1991) and that G2-phase cells have increased repair efficiency as compared to
G1-phase cells because of an enhanced function of a backup non-homologous

end joining pathway (Wu et al. 2008, Singh et al. 2011).
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Despite the advantages that flow cytometry offers, some limitations have been
described in relation to its sensitivity. Studies in tumor cell lines have shown that
the high background in S- and G2-phases causes a two- to three-fold reduction
in the sensitivity for detecting DSB, so this is a limitation to consider especially if
the goal of using this methodology is to measure low numbers of DSB

(MacPhail et al. 2003b).

In conclusion, the methodologies tested to quantify histone H2AX
phosphorylation provide reproducible results, e.g. the RS cell line showed with
all the methodologies higher foci counts or higher increase in IF intensity after
irradiation than the RR cell line. However, the chosen methodology for a
particular study could be different depending on the goal of such a study. For
high doses of IR, where overlapping foci could make a proper scoring more
difficult, flow cytometry is probably a good choice. In case of a large-scale
radiation accident, where a considerable number of individuals could be
exposed, MC methodology may be useful for a rapid triage, because of its
speed of analysis. Before radiotherapy, and as a predictive biomarker of
radiosensitivity, H2AX foci scoring by CLSM gave the most accurate results,
opening the door for further studies to analyze more deeply its usefulness to

predict adverse side effects in patients treated with radiotherapy.
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Figure 1. CLSM images of y-H2AX foci in the 4060 (RS) cell line (A) and
mean number of y-H2AX foci per cell in 4060 and 20037 (RR)
lymphoblastoid cell lines by EM (B), CLSM (C), MP (D) and MC (E) analysis
2 h after irradiation. Foci were counted in 100 cells. Error bars indicate
standard error of the mean. Asterisks denote significant differences (*<0.05,

**<0.01, ***<0.001, Mann-Whitney test).

Figure 2. Mean number of y-H2AX foci per cell in lymphocytes by EM (A),
CLSM (B), MP (C) and MC (D) analysis 2 h after irradiation. Foci were
counted in 100 cells. Error bars indicate standard error of the mean. Asterisks

denote significant differences (*<0.05, **<0.01, ***<0.001, Kruskal-Wallis test).

Figure 3. Distribution of y-H2AX foci per cell by EM (A and B), CLSM (C
and D), MP (E and F) and MC (G and H) analysis after 1 Gy irradiation.
Analysis was carried out in two lymphoblastoid cell lines (A, C, E and G) and

lymphocytes from three healthy donors (B, D, F and H).

Figure 4. Mean number of y-H2AX foci per cell by MP analysis of 100 and
400 cells after 1 Gy irradiation. Analysis was carried out in two lymphoblastoid
cell lines (A) and lymphocytes from three healthy donors (B). Error bars indicate

standard error of the mean. No significant differences were observed.

Figure 5. y-H2AX IF intensity in lymphoblastoid cell lines by flow
cytometry analysis 2 h after irradiation. y-H2AX IF intensity for the total cell
population (A and B) and for each cell cycle phase (C, D and E) are displayed.
Data were normalized per unit of DNA (histone). Basal levels (A and C) and
increase (A) in y-H2AX IF intensity after the subtraction of the basal IF are

shown (B, D and E). The mean and the standard error of the mean (error bars)
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from two independent experiments (two replicas each) are indicated. Asterisks

denote significant differences (*<0.05, **<0.01, ***<0.001, Mann-Whitney test).

Figure 6. y-H2AX IF intensity in lymphocytes by flow cytometry analysis 2
h after irradiation. Basal levels (A) and increase (A) in y-H2AX IF intensity
after the subtraction of the basal IF are shown (B). The mean and the standard
error of the mean (error bars) from two independent experiments (two replicas

each) are shown. No significant differences were observed.
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Fiqure 3. Distribution of y-H2AX foci per cell by EM (A and B), CLSM (C and D), MP (E and F) and MC (G and
H) analysis after 1 Gy irradiation. Analysis was carried out in two lymphoblastoid cell lines (A, C, E and G)
and lymphocytes from three healthy donors (B, D, F and H).
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