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An early molecular response to DNA double-strand breaks (DSBs) is phosphorylation of the Ser-139 residue within the terminal SQEY motif

of the histone H2AX"?. This phosphorylation of H2AX is mediated by the phosphatidyl-inosito 3-kinase (PI3K) family of proteins, ataxia
telangiectasia mutated (ATM), DNA-protein kinase catalytic subunit and ATM and RAD3-related (ATR) The phosphorylated form of H2AX,
referred to as YH2AX, spreads to adjacent regions of chromatin from the site of the DSB, forming discrete foci, which are easily visualized

by immunofluorecence microscopy3. Analysis and quantitation of yH2AX foci has been widely used to evaluate DSB formation and repair,
particularly in response to ionizing radiation and for evaluating the efficacy of various radiation modifying compounds and cytotoxic compounds".

Given the exquisite specificity and sensitivity of this de novo marker of DSBs, it has provided new insights into the processes of DNA damage
and repair in the context of chromatin. For example, in radiation biology the central paradigm is that the nuclear DNA is the critical target with
respect to radiation sensitivity. Indeed, the general consensus in the field has largely been to view chromatin as a homogeneous template for
DNA damage and repair. However, with the use of yH2AX as molecular marker of DSBs, a disparity in y-irradiation-induced yH2AX foci formation
in euchromatin and heterochromatin has been observed™ Recently, we used a panel of antibodies to either mono-, di- or tri- methylated histone
H3 at lysine 9 (H3K9me1, H3K9me2, H3K9me3) which are epigenetic imprints of constitutive heterochromatin and transcriptional silencing

and lysine 4 (H3K4me1, H3K4me2, H3K4me3), WhICh are tightly correlated actively transcribing euchromatic regions, to investigate the spatial
distribution of yH2AX following ionizing radiation®. In accordance W|th the prevailing ideas regarding chromatin biology, our findings indicated a
close correlation between yH2AX formation and active transcrlptlon Here we demonstrate our immunofluorescence method for detection and
quantitation of yH2AX foci in non-adherent cells, with a particular focus on co-localization with other epigenetic markers, image analysis and 3D-
modeling.

Video Link

The video component of this article can be found at http://www.jove.com/video/2203/

Protocol

Cell preparation

1. Human erythroleukemic K562 cells are grown in RPMI-1640 medium supplemented with 10% (v/v) fetal bovine serum and 20 mg/ml
gentamicin in a humidified 5% CO, environment at 37°C.

2. Approximately 18 hours prior to staining wash exponentially growing cells (optimal at 5 x 10° cells/ml) with phosphate buffered saline (PBS),
resuspend in fresh media and return to 37°C, 5% COs,.

3. Wash the cells twice with PBS by centrlfugatlon at apprOX|mater 1500 rpm for 5 minutes and resuspend in fresh media.

4. Count cells and adjust the cell density to approximately 5 x 10° cells/ml.

Cells can be counted either by an automated method (e.g. Sysmex or Coulter counter with fllter size between 5 to 20 microns) or by using the
trypan blue exclusion method and a haemocytometer. Excess number of cells (>800 cells/cm? ) may lead to non-uniform staining.

Irradiation and immunofluorescence staining
1. Assemble cytospin clips, filter cards and slides with appropriate labelling.

When assembling the cytospin apparatus ensure that the hole in filter card coincides with the funnel.

2. Expose cells to either y-radiation or X-rays (2Gy in this example).
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To prevent the formation of foci during the irradiation, keep the cells on ice for 5 to 10 minutes prior to and during irradiation.

Following irradiation incubate the cells at 37°C, 5% CO, for the required time (For peak yH2AX levels 30 minutes to 1 hour; 1 hour in this
example).

3. Wash the cells twice with cold PBS by centrifugation and resuspend in fresh PBS.
4. Dispense 100 to 150 pL of the cell suspension into each cytospin funnel and spin at 500 rpm for 5 minutes.
5. Separate the slides from cytospins and allow the cells to moderately air dry for approximately 15 minutes.

Do not let cells dry completely as cellular morphology may disintegrate.

6. Draw a circle around the cells with a hydrophobic pen.
7. Fix cells with 4% paraformaldehyde for 5 minutes at room temperature (RT).

In our experience, fixation with paraformaldehyde is superior to fixing with ethanol or methanol. Suspension cells require fixation for 5 minutes at
RT whereas longer fixation times (15 to 20 minutes) are needed for optimal fixation of adherent cells.

We find that staining immediately yields better results than storing the fixed slides at -20°C which typically results in high background
fluorescence.

8. Wash the cells twice with PBS for 5 minutes each.
9. Permeabilize the cells with 0.1% Triton-X 100 at RT for 5 minutes.

Compared to Tween-80 we typically observe better signals in cells permeabilized with Triton-X 100. Depending on cell type it may be necessary
to change the permeabilisation time. For example, in K562 cells permeabilization for 5 minutes at RT is sufficient whereas in adherent cells a 15
minute permeabilization is required.

10. Wash cells three times with PBS for 5 minutes each.
11. Block cells in 1% BSA for 30 minute (3 x 10 minutes) at RT.

We compared the blocking efficiency using serum (derived from same species as the secondary antibodies) and bovine serum albumin in PBS.
BSA was more efficient in minimizing non-specific binding of secondary antibodies compared to serum. We compared different blocking times,
overnight blocking at 4°C compared to 3 x 10 minute and 3 x 20 minute blocking steps at room temperature, and determined that blocking for 3 x
10 minutes was optimal.

12. Add 50 pL of primary antibody (1: 500 diluted in 1% BSA) to each slide.
Incubation with primary antibody at RT for 60 minutes results in reduced background staining compared to an overnight incubation at 4°C.

13. To stain different markers simultaneously use antibodies raised in different species (e.g. mouse anti-yH2AX and rabbit anti-methylated H3K4
in this example).
14. Incubate with primary antibodies for 90 minutes at RT on a rocking platform at 250 rpm.

All incubations are performed in a humidified staining trough.

15. Wash cells three times with PBS for 5 minutes each.
16. Add 50 pL of (1: 1000 diluted in 1% BSA) secondary antibody to each slide.

To stain for different markers on the same slide use secondary antibodies with different species specificity (according to the primary antibody)
and fluorescence emission wavelength (e.g. anti-mouse Alexa 488 (green) and anti-rabbit Alexa-546 (red) in this example).

17. Incubate cells for 60 minutes at RT on a rocking platform at 250 rpm.
It is recommended to incubate cells in a dark moist chamber to avoid fading and drying of the secondary antibody.

18. Wash cells three times with PBS for 5 minutes each.

19. Add 50 pL of (1:500 diluted in PBS) TOPRO-3 to each slide.

20. Wash slides with PBS for 3X 5 minutes.

21. Remove excess moisture from slides and add anti-fade solution.

It is recommended not to dry cells completely before adding anti-fade solution.
22. Coverslip, seal with nail varnish and leave slides overnight in the dark at room temperature.
It is recommended to use confocal specific coverslips #1.5 (0.16-19 microns thick) and clear nail polish.

While placing the coverslip on slide, care should be taken to avoid the formation of air bubbles.
Image acquisition

1. A Zeiss LSM510 Meta Confocal Microscope is used to acquire images using the standard GFP (green, 488 nm), PI (red 543 nm) and far red
(blue 633 nm) lasers.
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Images acquired using a confocal microscope reveal better spatial resolution.

Since the size of yH2AX foci may be lower than 0.5 picrons, it is recommended to acquire images with at least a 0.5 picron step size along the Z-
axis.

A 63 x oil immersion objective lens is preferred compared to either higher or lower magnification. For imaging many cells for foci counting it is
preferable to use a scan speed of 8 and image size of 1024 x 1024 pixels. To illustrate the spatial relationship between different nuclear proteins
it is recommended to use a scan speed of 6 with image size of 2048 x 2048 pixels.

When imaging from multiple channels a line scan acquisition is recommended compared to a frame scan. This avoids bleaching and better
resolution is achieved. Sequential scanning is used to prevent bleed through between channels.

Foci counting

Image analysis and foci counting can be performed using various software packages (inlcuding Metamorph, Image-J and Imaris). The procedure
for foci counting using Metamorph is described here.

Open YH2AX image stacks either directly from the file menu or by using the build number stacks option.

Go to Process menu and chose stack arithmetic.

Chose Maximum projection and select the planes to be included and click OK.

Save the resulting image as a yH2AX Tiff. file and open the TOPRO-3 (blue) image.

Go to regions and select a region drawing tool and draw regions around nuclei.

Click on yH2AX Tiff image and go to process menu and select morphological filters.

Chose Top-Hat and select yH2AX image as a source image.

Apply Top-Hat filter and resulting image will be a binary image with less noise and reduced variation in foci intensity.

XN R WD~

Care should be taken when choosing Top-Hat values. Optimal values can be obtained by visual comparison of images before and after applying
filters.

9. Go to the process menu and select threshold image.
10. Choose inclusive threshold and select the lower and higher threshold values.

It is typically the threshold values that affect foci number. Therefore, much attention is required when selecting threshold values. This can be
best achieved by the counting foci number using different threshold values in cells exposed to lower than 2 Gy of y-radiation and then compare
foci numbers with manual counting (by eye). The optimal threshold value is the one that minimizes the inclusion of background and maximizes
inclusion of foci.

11. Select the TOPRO-3 image and go to the regions menu and select the transfer regions option. Select the source image as TOPRPO-3 and
the destination as Top-Hat and click OK.

12. Once the nuclear regions are transferred to the Top-Hat image go to the measure menu and select Integrated Morphometry Analysis.

13. In the pop-up window select source image- Top-Hat and measure by area.

14. Select measure all regions and click on measure to obtain the foci number in all of the corresponding nuclei in the Top-Hat image.

15. The foci numbers from each region can be exported into a MS-Excel file by using the log- data option.

3D reconstruction of images

To create a 3D image from a stack using Metamorph:

Go to the stack menu and choose 3D reconstruction.
Select the angle of rotation (e.g. 160°, 320°).

Select the 3D reconstruction type- maximum.

Chose the plane of rotation (horizontal or vertical).
Chose the Z-calibration distance.

arwON -~

It is preferable to use the user specified Z-distance (optimal is 0.5 picrons).

6. Chose OK to create a 3D reconstruction.

Line scan analysis

For line scan analysis using Metamorph:

1. Open either a single plane image or a stacked file.
2. Go to the measure tool bars command and select line scan analysis.
3. Draw a line across the cell and this will automatically reveal the fluorescence intensity and distance of each marker along the path of line.

To elucidate the spatial relationship of various chromatin markers, for example, yH2AX foci and histone methylation, it is preferable to draw lines
which span regions that are both dense and poor in these markers.
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Representative Data

For the purpose of this demonstration we used antibodies to yH2AX foci and to H3K4me, to evaluate the spatial distribution of DSBs to
an epigenetic determinant of actively transcribing euchromatin. As shown in figure 1, following irradiation with 2Gy, yH2AX foci formed
predominantly in regions that were dull for both H3K4me staining and for the DNA stain TOPRO-3 (brightly stained DNA regions are indicative of
heterochromatin).
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Figure 1. yH2AX foci form predominantly in euchromatin in response to ionizing radiation. (A) Immunofluorescence visualization of yH2AX foci
(green) in human erythroleukemic K562 cells, 1 hour after y-irradiation (2 Gy). yH2AX foci are shown in relation to H3K4me, representing actively
transcribing euchromatin (red). DNA is labelled with TOPRO-3 (blue). The merged image (blue, red and green) demonstrates the exclusion
yH2AX foci from heterochromatic regions. The line scan analysis (fluorescence intensity vs distance) indicates the relative distribution of the
markers in a single plane. (B) Slices at different planes from the 3D reconstruction of the merged image described above.
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