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SHORT ABSTRACT: 28 
The presented method combines the quantitative analysis of DNA double-strand breaks (DSBs), 29 
cell cycle distribution and apoptosis to enable cell cycle-specific evaluation of DSB induction and 30 
repair as well as the consequences of repair failure. 31 
 32 
LONG ABSTRACT: 33 
The presented method or slightly modified versions have been devised to study specific 34 
treatment responses and side effects of various anti-cancer treatments as used in clinical 35 
oncology. It enables a quantitative and longitudinal analysis of the DNA damage response after 36 
genotoxic stress, as induced by radiotherapy and a multitude of anti-cancer drugs. The method 37 
covers all stages of the DNA damage response, providing endpoints for induction and repair of 38 
DNA double-strand breaks (DSBs), cell cycle arrest and cell death by apoptosis in case of repair 39 
failure. Combining these measurements provides information about cell cycle-dependent 40 
treatment effects and thus allows an in-depth study of the interplay between cellular 41 
proliferation and coping mechanisms against DNA damage. As the effect of many cancer 42 
therapeutics including chemotherapeutic agents and ionizing radiation is limited to or strongly 43 
varies according to specific cell cycle phases, correlative analyses rely on a robust and feasible 44 
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method to assess the treatment effects on the DNA in a cell cycle-specific manner. This is not 45 
possible with single-endpoint assays and an important advantage of the presented method. The 46 
method is not restricted to any particular cell line and has been thoroughly tested in a multitude 47 
of tumor and normal tissue cell lines. It can be widely applied as a comprehensive genotoxicity 48 
assay in many fields of oncology besides radio-oncology, including environmental risk factor 49 
assessment, drug screening and evaluation of genetic instability in tumor cells. 50 
 51 
INTRODUCTION: 52 
The goal of oncology is to kill or to inactivate cancer cells without harming normal cells. Many 53 
therapies either directly or indirectly induce genotoxic stress in cancer cells, but also to some 54 
extend in normal cells. Chemotherapy or targeted drugs are often combined with radiotherapy 55 
to enhance the radiosensitivity of the irradiated tumor1–5, which allows for a reduction of the 56 
radiation dose to minimize normal tissue damage.  57 
 58 
Ionizing radiation and other genotoxic agents induce different kinds of DNA damage, including 59 
base modifications, strand crosslinks and single- or double-strand breaks. DNA double-strand 60 
breaks (DSBs) are the most serious DNA lesions and their induction is key to the cell killing effect 61 
of ionizing radiation and various cytostatic drugs in radiochemotherapy. DSBs do not only harm 62 
the integrity of the genome, but also promote the formation of mutations6, 7. Therefore, different 63 
DSB repair pathways, and mechanisms to eliminate irreparably damaged cells like apoptosis have 64 
developed during evolution. The entire DNA damage response (DDR) is regulated by a complex 65 
network of signaling pathways that reach from DNA damage recognition and cell cycle arrest to 66 
allow for DNA repair, to programmed cell death or inactivation in case of repair failure8. 67 
 68 
The presented flow cytometric method has been developed to investigate the DDR after 69 
genotoxic stress in one comprehensive assay that covers DSB induction and repair, as well as 70 
consequences of repair failure. It combines the measurement of the widely applied DSB marker 71 
γH2AX with analysis of the cell cycle and induction of apoptosis, using classical subG1 analysis 72 
and more specific evaluation of caspase-3 activation.  73 
 74 
The combination of these endpoints in one assay not only reduces time, labor and cost expenses, 75 
but also enables cell cycle-specific measurement of DSB induction and repair, as well as caspase-76 
3 activation. Such analyses would not be possible with independently conducted assays, but they 77 
are highly relevant for a comprehensive understanding of the DNA damage response after 78 
genotoxic stress. Many anti-cancer drugs, such as cytostatic compounds, are directed against 79 
dividing cells and their efficiency is strongly dependent on the cell cycle stage. The availability of 80 
different DSB repair processes is also dependent on the cell cycle stage and pathway choice which 81 
is critical for the repair accuracy, and in turn determines the fate of the cell9–12. In addition, cell 82 
cycle-specific measurement of DSB levels is more accurate than pooled analysis, because DSB 83 
levels are not only dependent on the dose of a genotoxic compound or radiation, but also on the 84 
DNA content of the cell.  85 
 86 
The method has been used to compare the efficacy of different radiotherapies to overcome 87 
resistance mechanisms in glioblastoma13 and to dissect the interplay between ionizing radiation 88 



  

 
 

and targeted drugs in osteosarcoma14, 15 and atypical teratoid rhabdoid cancers16. Additionally, 89 
the described method has been widely used to analyze side effects of radio- and chemotherapy 90 
on mesenchymal stem cells17–24, which are essential for the repair of treatment-induced normal 91 
tissue damage and have a potential application in regenerative medicine. 92 
 93 
PROTOCOL: 94 
 95 
1. Preparation 96 
 97 
1.1. Prepare ≥ 1 x 105 cells/sample in any type of culture vessel as starting material.  98 
 99 
1.1.1. For example, conduct a time-course experiment after exposure of U87 glioblastoma cells 100 
to ionizing radiation: Irradiate sub-confluent U87 cells in T25 flasks in triplicates for each time 101 
point. Choose early time-points (15 min up to 8 h after irradiation) to follow the kinetics of DSB 102 
repair (γH2AX level) and late time points (24 h up to 96 h) to assess residual DSB levels, cell cycle 103 
effects and apoptosis.  104 
 105 
NOTE: The protocol is not restricted to irradiation experiments or any specific cell line. It has been 106 
tested with numerous cell lines of all types, from different species and for various treatment 107 
conditions. 108 
 109 
1.2. Prepare the following solutions including 10% excess volume. 110 
 111 
1.2.1. Prepare 2 mL per sample of fixation solution composed of 4.5% paraformaldehyde (PFA) 112 
in phosphate-buffered saline (PBS). Prepare the solution fresh. Dilute PFA in PBS by heating to 80 113 
°C with slow stirring under the fume hood. Cover the flask with aluminum foil to prevent heat 114 
loss. Let the solution cool to room temperature and adjust the final volume. Pass the solution 115 
through a folded cellulose filter, grade 3hw (see the Table of Materials). 116 
 117 
CAUTION: PFA fumes are toxic. Perform this step under a fume hood and dispose PFA waste 118 
appropriately. 119 
 120 
1.2.2. Prepare 3 mL per sample of permeabilization solution composed of 70% ethanol in ice-cold 121 
H2O. Store at -20 °C. 122 
 123 
1.2.3. Prepare 7 mL (per sample) of washing solution composed of 0.5% bovine serum albumin 124 
(BSA) in PBS. 125 
 126 
1.2.4. Prepare 100 µL per sample of 3% BSA in PBS as antibody diluent. 127 
 128 
1.2.5. Prepare 100–250 µL per sample of DNA staining solution composed of 1 μg/mL 4’,6-129 
diamidin-2-phenylindol (DAPI) in PBS. 130 
 131 
1.3. Set the centrifuge for 15 mL tubes to 5 min at 200 x g and 7 °C. Let the centrifuge cool down 132 



  

 
 

and use these settings for all centrifugation steps. 133 
 134 
2. Sample collection 135 
 136 
2.1. If processing adherent cells (e.g., U87 glioblastoma cells grown in T25 flasks with 5 mL of 137 
Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum at 37 °C and 5% 138 
carbon dioxide atmosphere), continue with steps 2.1.1. and 2.1.2. For suspension cells proceed 139 
directly to step 2.1.2. 140 
 141 
2.1.1. Collect the medium in a centrifugation tube. Detach the cells using a routine cell culture 142 
method, which may include the use of trypsin, ethylenediaminetetraacetic acid (EDTA) or other 143 
cell detachment agents.  144 
 145 
2.1.1.1. For U87 cells, prewarm PBS and trypsin/EDTA (see the Table of Materials) to 37 °C, wash 146 
the cell layer with 1 mL of PBS, incubate the cells for 1–2 min with 1 mL of trypsin/EDTA and 147 
support cell detachment by tapping at the flask. Collect all washing solution and the cell 148 
suspension in the tube with the medium. 149 
 150 
2.1.2. Centrifuge the cells, discard the medium and resuspend the cells in 1 mL of PBS. 151 
 152 
2.2. Pipet the cells up and down several times to ensure a single cell suspension and transfer the 153 
cell suspension into a tube with 2 mL of fixation solution (4.5% PFA/PBS, 3% final concentration). 154 
 155 
CAUTION: PFA fumes are toxic. Perform this step under a fume hood and dispose PFA waste 156 
appropriately. 157 
 158 
2.3. Incubate the cells for 10 min at room temperature. 159 
 160 
2.4. Centrifuge the cells and discard the supernatant by decantation. 161 
 162 
2.5. Loosen the cell pellet by tapping onto the tube and resuspend the cells in 3 mL of 70% 163 
ethanol. Proceed directly with the next step or store the samples at 4 °C for up to several weeks. 164 
 165 
3. Washing and staining 166 
 167 
3.1. Centrifuge the cells and discard the supernatant by decantation. 168 
 169 
3.2. Loosen the cell pellet by tapping onto the tube. Resuspend the cells in 3 mL of washing 170 
solution (0.5% BSA/PBS), centrifuge and discard the supernatant. 171 
 172 
3.3. Repeat the washing step 1x with 3 mL, and then 1x with 1 mL washing solution. In the last 173 
step, discard the supernatant carefully by pipetting. Take care not to aspirate the pellet. 174 
 175 
3.4. Dilute the antibodies against γH2AX, phospho-histone H3 (Ser10) and caspase-3 (see the 176 



  

 
 

Table of Materials) in 100 µL/sample with antibody diluent (3% BSA/PBS). 177 
 178 
3.5. Loosen the cell pellet by tapping onto the tube and resuspend the cells in 100 µL of the 179 
antibody solution prepared in step 3.4. Keep the samples in the dark from this step onward. 180 
 181 
3.6. Incubate the samples for 1 h at room temperature. 182 
 183 
3.7. Centrifuge the cells and discard the supernatant carefully by pipetting. Take care not to 184 
aspirate the pellet. 185 
 186 
3.8. Loosen the cell pellet by tapping onto the tube and resuspend the cells in 100–250 µL of DNA 187 
staining solution (1 µg/mL DAPI/PBS). 188 
 189 
3.8.1. Use 100 µL if 1–2 x105 cells are present and increase the volume for higher cell numbers 190 
(250 µL for ≥ 1 x 106 cells). Proceed directly with the next step or store the samples in the dark at 191 
4 °C for up to 2 weeks.  192 
 193 
NOTE: For some cell types optimizing the DAPI concentration can help to improve the separation 194 
of the cell cycle phases. 195 
 196 
3.9. Pipet the samples through the cell strainer cap of a sample tube with a mesh pore size of 35 197 
µm. 198 
 199 
4. Measurement 200 
 201 
4.1. Place the samples on ice, start the flow cytometer (see the Table of Materials) configured 202 
with an optical setup according to Table 1 and press the Prime button. If required, switch on the 203 
ultraviolet laser (355 nm wavelength) separately and set the power to 10 mW using the 204 
appropriate software. 205 
 206 
4.2. Open the acquisition software (see Table of Materials), log in and create a new experiment 207 
by clicking the New Experiment button on the Browser toolbar. 208 
 209 
4.3. Use the Inspector window to customize the name of the experiment and choose ‘5 Log 210 
Decades’ for plot display. 211 
 212 
4.4. Click the New Specimen button in the Browser toolbar and expand the new entry by clicking 213 
the ‘+’ symbol at its left side to show the first Tube. Select the respective icon and type to rename 214 
the Specimen (e.g., cell type) and the Tube (sample identifier). Click the Tube Pointer of the first 215 
Tube (arrow-like symbol at its left) to turn it green (active). 216 
 217 
4.5. Open the Parameters tab in the Cytometer window and choose the parameters according 218 
to Table 1. Delete all unnecessary parameters.  219 
 220 



  

 
 

NOTE: the parameter names may vary depending on the custom presets (e.g., Cy3 instead of 221 
Alexa555). Make sure that the selection matches the optical filters and detectors in Table 1. The 222 
light paths of all fluorophores are fully independent in this setup and compensation of spectral 223 
overlap is not required; however, it might be necessary if another optical setup is used. 224 
 225 
4.6. Open the Worksheet window and create plots according to Figure 1. Draw 2 dot plots and 4 226 
histograms using the corresponding toolbar buttons and click the axis labels to choose the 227 
appropriate parameters (front scatter (FSC-A) versus side scatter (SSC-A), DAPI-W versus DAPI-A 228 
and a histogram for DAPI-A and each antibody-coupled fluorophore. 229 
 230 
4.7. Attach a control sample to the cytometer and press the Run button on the instrument. Select 231 
the first tube in the Browser window of the software and click the Acquire Data button in the 232 
Acquisition Dashboard. Adjust the sample injection volume using the Low, Mid or High buttons 233 
and the fine tuning wheel on the instrument. Preferably work at Low setting, but try to acquire 234 
at least 100 events/second (see Acquisition Dashboard). 235 
 236 
4.8. Adjust the detector voltages for FSC, SSC and DAPI in the Parameters tab of the Inspector 237 
window using the dot plots in Figure 1 as a guideline. Switch to logarithmic scale for the FSC and 238 
SSC parameters if the cell population appears too dispersed on a linear scale. 239 
 240 
4.9. Press the Standby button on the cytometer and continue with the worksheet setup in the 241 
software. 242 
 243 
4.9.1. Use the Polygon Gate tool to define the Cells population in the FSC-A versus SSC-A plot 244 
and the Rectangle Gate tool to define the SingleCells population in the DAPI-W versus DAPI-A 245 
plot. Press Ctrl + G keys to show the Population Hierarchy and click on the default gate names to 246 
rename them. 247 
 248 
4.9.2. Subsequently right-click on all histograms and choose Show Populations | SingleCells from 249 
the context menu. 250 
 251 
4.10. Optimize the detector voltages for the antibody-coupled fluorophores to cover the full 252 
dynamic range by subsequently acquiring control and treated samples. Maximize the signal-to-253 
noise ratio and avoid detector saturation. Make sure that the Alexa488 peak in the SingleCells 254 
population is neither truncated in the control nor the treated sample. 255 
 256 
4.11. Press the Standby button on the cytometer and optionally perform steps 4.11.1‒4.11.3 in 257 
the Worksheet window of the software to get a rough estimate of treatment effects during 258 
sample acquisition. 259 
 260 
4.11.1. Select SingleCells in the Population Hierarchy and use the Rectangle Gate tool to define 261 
the G1 population in the DAPI-W versus DAPI-A plot. Right-click at the Alexa488 histogram and 262 
choose Show Populations | G1 from the context menu. 263 
 264 



  

 
 

4.11.2. Right-click at the Alexa488 histogram and choose Create Statistics View from the context 265 
menu. Right-click at the Statistics View and choose Edit Statistics View. Go to the Statistics tab 266 
and activate the checkbox for the median of the Alexa488 signal in the G1 population (deactivate 267 
all other options). 268 
 269 
4.11.3. Select SingleCells in the Population Hierarchy and use the Interval Gate tool to define 270 
the subG1, M and Casp3+ populations in the DAPI-A, Alexa555-A (Cy3-A in Figure 1) and 271 
Alexa647-A histograms. 272 
 273 
4.12. Press the Run button on the cytometer and measure the samples using the Acquisition 274 
Dashboard in the software. Set the stopping gate to All events or the Cells gate (if numerous 275 
small particles are present) and the number of events to record to 10,000.  276 
 277 
4.13. Click Next Tube to create a new sample, rename it in the Browser window, click Acquire 278 
Data to start the acquisition and Record Data to start recording. 279 
 280 
4.14. Select File | Export | Experiments from the menu bar and choose Directory Export in the 281 
dialog box to save the data as ‘.fcs’ files. Optionally save the experiment as an additional zip file 282 
if to enable reimporting the experiment at a later time point.  283 
 284 
NOTE: The setup of existing experiments can be easily reused with Edit | Duplicate without data. 285 
 286 
5. Data evaluation 287 
 288 
5.1. Drag and drop the ‘.fcs’ files into the sample browser of the flow cytometric analysis software 289 
(see Table of Materials). Apply the gating strategy shown in Figure 2. Make sure that the gates 290 
fit to the corresponding population in all of the samples before proceeding with the next 291 
daughter gate.  292 
 293 
5.1.1. To apply changes to all samples, select the changed gate in the sample browser, copy it by 294 
pressing Ctrl + C, select the parent gate, press Ctrl + Shift + E to select the equivalent nodes in all 295 
samples and press Ctrl + V to paste or overwrite the gate. Do not use group gates. 296 
 297 
5.1.2. Double-click on the first sample in the browser to open the SSC-A vs. FSC-A plot. Use the 298 
Polygon tool in the toolbar to define the Cells population (Figure 2, plot 1), excluding debris from 299 
the analysis. Make sure that the gate is wide enough towards the upper right corner to 300 
accommodate treatment-related shifts, but restrict the border facing to the lower left corner of 301 
the plot to reliably exclude the cell. 302 
 303 
5.1.3. Double-click on the Cells gate to open a new plot window and change the axes to DAPI-W 304 
(vertical) vs. DAPI-A (horizontal) by clicking on the axis labels. Use the Rectangle tool to define 305 
the SingleCells population (Figure 2, plot 2), excluding cell doublets or clumps from the analysis 306 
(doublets of G1 cells have the same DAPI-A intensity as G2 and M cells, but a considerably higher 307 
DAPI-W value).  308 



  

 
 

 309 
NOTE: Varying cell counts in different samples will cause shifts in the overall DAPI-A signal 310 
strength due to equilibrium binding of DAPI to DNA. This will not affect the cell cycle analysis, but 311 
it may be necessary to adjust the right border of the single cell gate sample by sample to account 312 
for these shifts. 313 
 314 
5.1.4. Double-click on the SingleCells gate to open a new plot window and change the axes to 315 
show the DAPI-A histogram. Use the Bisector tool to distinguish single cells with normal DNA 316 
content (CellCycle population) from apoptotic cells with degraded DNA (subG1 population). 317 
Subsequently select the new gates in the browser and press Ctrl + R to rename them accordingly 318 
(Figure 2, plot 3). 319 
 320 
5.1.5. Select the CellCycle gate in the browser and choose Tool | Biology | Cell Cycle... from the 321 
menu bar to open the cell cycle modelling tool. Choose Dean-Jett-Fox25, 26 in the Model section 322 
to estimate the frequency of cells in G1, S and G2/M phase (Figure 2, plot 4).  323 
 324 
5.1.5.1. Use constraints only in case of poor modelling performance (minimize the Root Mean 325 
Square deviation between model and data).  326 
 327 
5.1.6. Create gates for G1 (Ellipse tool), S (Polygon tool) and G2 + M (Ellipse tool) phase in the 328 
DAPI-W vs. DAPI-A plot of the CellCycle population to enable cell cycle-specific γH2AX 329 
measurement (Figure 2, plot 5).  330 
 331 
5.1.6.1. Do not use the modelling tool for automatic cell cycle gating based on the DAPI-A 332 
histogram, as this can be inaccurate.  333 
 334 
NOTE: It may be necessary to move the gates along the DAPI-A axis sample by sample to account 335 
for the aforementioned shifts in overall DAPI signal strength. Only move the three gates as a 336 
group and do not change the shape of individual gates to avoid bias. 337 
 338 
5.1.7. Use the Bisector tool to distinguish phospho-histone H3-positive (M) and -negative (M-) 339 
cells in the Alexa555-A histogram of the SingleCells population (Figure 2, plot 6). Hold Ctrl and 340 
select the gates G2 + M and M-. Press Ctrl + Shift + A to create the G2 (G2+M & M-) gate. 341 
 342 
5.1.8. Use the Bisector tool to distinguish caspase-3-positive (Casp3+) and -negative (Casp3-) 343 
cells in the Alexa647-A histogram of the SingleCells population (Figure 2, plot 7). Set the 344 
threshold such that the average of the Casp3+ population in the untreated controls amounts to 345 
~0.8% to assure high sensitivity and minimize assay-to-assay variations. 346 
 347 
5.1.9. Press Ctrl + T to open the Table Editor and configure it according to Figure 3. Drag and 348 
drop the different populations from the sample browser into the Table Editor and double-click 349 
on the rows to change the statistic, parameter and name settings. Remove the unnecessary rows 350 
that are automatically added after the drag and drop of the cell cycle modelling icon by selecting 351 
the rows and pressing Del. 352 



  

 
 

 353 
5.1.10. Choose To File, the format and destination in the Output section of the menu ribbon and 354 
click Create Table to export the data as ‘.xlsx’ file. 355 
 356 
5.2. Use table calculation software (see Table of Materials) for further data analysis according to 357 
Supplementary File 1 (FACS Analysis Template.xlsx). 358 
 359 
5.2.1. Correct the frequencies of cells in the different cell cycle phases such that their sum 360 
amounts to 100% by applying the formula X’ = X * 100 / Σ(all cell cycle phases), with X’: corrected 361 
value, X: raw value, to each cell cycle phase.  362 
 363 
NOTE: Deviations from a sum of 100% occur due to inaccuracies in the cell cycle modelling, but 364 
are usually small (<5%). 365 
 366 
5.2.2. Normalize the median γH2AX intensities to the DNA content in the different cell cycle 367 
phases by dividing the values in S phase by 1.5 and in G2 and M phase by 2.0. 368 
 369 
5.2.3. To calculate the combined normalized γH2AX level in the whole cell population, use the 370 
formula IA = IG1 * G1 + IS * S + IG2 * G2 + IM * M, where IA, IG1, IS, IG2, IM are normalized median 371 
γH2AX intensities of all, G1, S, G2, M cells respectively and G1, S, G2, M are corrected frequency 372 
of cells in the respective cell cycle phase. 373 
 374 
5.2.4. For the normalized γH2AX levels and the frequency of subG1 and caspase-3-positive cells, 375 
subtract the average value of the untreated controls from each sample. 376 
 377 
5.2.5. Calculate the mean and standard deviation of each parameter from all replicate samples 378 
and plot the results into diagrams. 379 
 380 
REPRESENTATIVE RESULTS:  381 
Human U87 or LN229 glioblastoma cells were irradiated with 4 Gy of photon or carbon ion 382 
radiation. Cell cycle-specific γH2AX levels and apoptosis were measured at different time points 383 
up to 48 h after irradiation using the flow cytometric method presented here (Figure 3). In both 384 
cell lines, carbon ions induced higher γH2AX peak levels that declined slower and remained 385 
significantly elevated at 24 to 48 h compared to photon radiation at the same physical dose 386 
(Figure 4A). This indicated that carbon ions induced higher peak levels of DNA double-strand 387 
breaks (DSBs) than photons that were repaired less efficiently. For both radiation types, the 388 
γH2AX levels were highest in G1 cells, probably because DSB repair is limited to the pathway of 389 
non-homologous end-joining at this stage of the cell cycle. 390 
 391 
In line with the higher DSB induction rate and slower repair kinetics, carbon ions induced a 392 
stronger and longer-lasting cell cycle arrest in G2 phase (Figure 3B) and a higher rate of apoptosis 393 
than photons (Figure 4C). Carbon ion radiation may therefore help to overcome radioresistance 394 
mechanisms observed in glioblastoma upon classical radiotherapy with photons (see Lopez, et 395 
al.1 for detailed discussion). 396 



  

 
 

 397 
The results shown in Figure 4 are examples of an optimal outcome of this method, showing clear 398 
differences between untreated and irradiated cells and statistically significant differential effects 399 
between different treatments. In cases where induction of DSBs and apoptosis is less clear, it is 400 
important to include positive controls. As shown here, cells fixed 1 h after photon irradiation are 401 
good positive controls for γH2AX induction. Photon radiation is also known to efficiently induce 402 
apoptosis in lymphocytes, which makes them useful as positive controls for apoptosis 2-4 days 403 
after irradiation. Another possibility is to use drugs for apoptosis induction, such as the 404 
proteasome inhibitor MG132 or a death receptor ligand (Figure 5).  405 
 406 
Another important aspect for an optimal outcome of the assay is the quality of the cell cycle 407 
profiles. In Figure 4B the G1 and G2 peaks were narrow and clearly separated, making it easy to 408 
apply cell cycle modelling and to define the gates for cell-cycle-specific measurement of γH2AX. 409 
Depending on the cell type and the strength of the treatment effect (Figure 6A,B), the resolution 410 
of the different cell cycle phases can be significantly worse. In some cases, the DAPI concentration 411 
has a big impact on the quality of the cell cycle profile and needs to be adjusted (Figure 6C). In 412 
cases where no clear G1 peak is detectable due to the treatment, the cell cycle modelling tool 413 
cannot be applied accurately. It is advisable then to only use manual gating in the DAPI-A versus 414 
DAPI-W plot based on controls with a well-defined cell cycle profile, as described in the protocol.  415 
The analysis of a cell cycle profile without a clear G1 peak can be further complicated if the 416 
treatment leads to low cell numbers that result in large shifts in the overall DAPI signal strength. 417 
In this situation, it can be difficult to judge, if a peak is the G1 or the G2 peak. To avoid this 418 
problem, the cells can be counted with a Neubauer chamber or by other means after the last 419 
washing step (step 2.3) and the cell numbers can be adjusted. The peak positions in the treated 420 
cells will then match with the controls. 421 
 422 
FIGURE AND TABLE LEGENDS: 423 
 424 
Figure 1: Worksheet setup for sample acquisition. Plots and gates for signal display in the 425 
Worksheet window of the flow cytometer software (see the Table of Materials). 426 
 427 
Figure 2: Gating strategy for data evaluation. Population tree and diagrams showing how the 428 
gates are set to define the different sub-populations in the flow cytometric analysis software. DJF 429 
refers to the cell cycle modelling tool using the Dean-Jett-Fox method25, 26. 430 
 431 
Figure 3: Raw data export table. Setup of the ‘Table Editor’ for raw data export in the flow 432 
cytometric analysis software. 433 
 434 
Figure 4: DNA damage response of human U87 and LN229 glioblastoma cells after irradiation 435 
with 4 Gy of photon versus carbon ion radiation. (A) DSB induction and repair measured by 436 
γH2AX levels. The median fluorescence intensity was normalized to the relative DNA content in 437 
each cell cycle phase (G1 = 1.0, S = 1.5, G2 = 2.0) and control levels were subtracted. Symbols 438 
indicate mean and error bars indicate SD values. Solid lines represent fits according to the 439 
function I(t) = (p1*t² + p2*t) / (t² + q1*t + q2) | t ≥ 0, p1 < 0, p1, q1, q2 > 0. (B) Cell cycle distribution 440 



  

 
 

(mean and SD) and representative histograms of the DNA content marker DAPI at 24 h after 441 
photon or carbon ion irradiation. (C) Apoptosis induction, as measured by caspase-3 and subG1 442 
positive cells (mean and SD). *P < 0.05, **P < 0.01, ***P < 0.001 (two-sided Student’s t test). This 443 
figure has been modified from Lopez, et al.1 with permission. 444 
 445 
Figure 5: Drug-mediated apoptosis-induction in U87 glioblastoma cells. U87 cells were treated 446 
with 5 ng/mL of a modified TNF-related apoptosis-inducing ligand (see Table of Materials) plus 447 
2.5 µM MG132 for 20 h before fixation to validate the apoptosis measurement by active caspase-448 
3 and subG1 analysis. (A) Histogram of the caspase-3 signal of treated versus untreated cells. (B) 449 
DAPI histogram of treated cells with a subG1 population, indicating DNA degradation. The 450 
histogram of caspase-3-positive events is overlaid in red, demonstrating that most of the 451 
apoptotic cells had not yet degraded their DNA at this time point.  452 
 453 
Figure 6: Factors influencing the quality of cell cycle profiles. Too harsh treatments complicate 454 
cell cycle analysis. (A) No G1 peak is detectable 48 h after treatment of LLC cells (Lewis lung 455 
carcinoma) with 20 Gy of photon radiation or (B) 96 h after treatment of HS68 fibroblasts with 456 
100 mJ of UV radiation. (C) DAPI concentration in different cell lines: In HS68 fibroblasts (upper 457 
panel) the G2/M peak (see arrows) was equally well-separated from the G1 peak for DAPI 458 
concentrations between 0.01 and 1.0 µg/mL. In contrast, DAPI concentrations below 0.75 µg/mL 459 
resulted in poor separation and shape definition of the G2/M peak (see arrows) in MRC-5 460 
fibroblasts (lower panel). 461 
 462 
Table 1: Typical flow cytometer configuration. λ = wavelength of the excitation laser, U = 463 
detector voltage, log = logarithmic scale (otherwise linear), -A = signal area, -H = maximum signal 464 
height, -W = signal width (duration), FSC = front scatter, SSC = side scatter. Optical filter 465 
specifications are given as central wavelength/bandwidth in nanometers. Settings may vary for 466 
different flow cytometers and detector voltages need to be adjusted for different cell lines. 467 
 468 
Supplementary Figure 1: Microscopic images of γH2AX foci. U87 cells were irradiated with 469 
different doses of photon radiation, fixed and stained after 30 min according to the presented 470 
protocol and prepared for microscopy as described in the discussion. At 2 Gy, individual foci could 471 
be easily distinguished, while at 8 Gy foci counting was biased due to considerable overlap. 472 
 473 
DISCUSSION: 474 
The featured method is easy to use and offers a fast, accurate and reproducible measurement of 475 
the DNA damage response including double-strand break (DSB) induction and repair, cell cycle 476 
effects and apoptotic cell death. The combination of these endpoints provides a more complete 477 
picture of their interrelations than individual assays. The method can be widely applied as a 478 
comprehensive genotoxicity assay in the fields of radiation biology, therapy and protection, and 479 
more generally in oncology (e.g., for environmental risk factor assessment, drug screening and 480 
evaluation of genetic instability in tumor cells). 481 
 482 
The most critical step in this protocol is the fixation of the cells. To obtain a clean sample with a 483 
clearly defined cell population and optimal resolution of different cell cycle phases, it is important 484 



  

 
 

to give adherent cells enough time to detach from the culture vessel and form a completely round 485 
shape. The cells should be transferred into the fixation solution as a single cell suspension without 486 
cell clumps. To separate them, the cells must be pipetted up and down or passed through a fine 487 
needle several times in difficult cases. The fixation time should be kept constant between all 488 
samples and should not exceed 20 min including the time for centrifugation before resuspension 489 
of the cells in 70% ethanol. Prolonged fixation will lead to loss of accessible epitopes for antibody 490 
binding and will decrease the signal strength and sensitivity of the method. 491 
 492 
The main limitation of the technique is that it does not provide information on the quality of the 493 
γH2AX foci other than the intensity in the whole nucleus. Particularly large γH2AX foci as well as 494 
the occurrence of a pan-nuclear γH2AX staining have been linked to clustered DSBs1, 27–29, which 495 
are highly complex lesions are very difficult to repair30. Such clustered lesions seem to be 496 
characteristic of particle radiation such as clinically applied carbon ion radiation and may be the 497 
reason for the superior biological effectiveness of heavy ion radiation compared to photons31–33. 498 
Analysis of the γH2AX foci size may therefore be of interest as an indicator of the damage 499 
complexity. Although it is possible to use the present protocol with an image stream cytometer 500 
to visualize the γH2AX foci, the achievable resolution cannot compete with a classical microscopic 501 
approach. However, we have successfully prepared microscopic slides from the remaining 502 
samples after flow cytometric measurement (Supplementary Figure 1) and evaluated several 503 
features including γH2AX foci count, size and pan-nuclear intensity using a semi-automated 504 
imaging and analysis system. To prepare the samples for microscopy, 30–50 µL of the stained 505 
cells were spread over the surface of a 24 mm x 24 mm cover glass, air dried overnight at room 506 
temperature in the dark and then embedded with mounting medium on a glass slide. 507 
 508 
In comparison with microscopic evaluation of DSB levels by γH2AX foci counting, the flow 509 
cytometric measurement is superior in throughput, sampling rate, dynamic range and accuracy. 510 
The dynamic range of microscopic foci counting is limited by the optical resolution, leading to the 511 
inability to distinguish overlapping foci29, 34. In practice, we have observed a linear relationship 512 
between radiation dose and γH2AX foci numbers below 2 Gy, and a strong saturation effect 513 
above 2 Gy in U87 glioblastoma cells1. In contrast, the intensity of the γH2AX signal measured by 514 
flow cytometry increased linearly with dose for the whole dose range tested (0–8 Gy).  515 
 516 
The accuracy of microscopic foci counting is limited by the inability to distinguish between 517 
different cell cycle phases without additional stainings35. The number of DSBs induced in a cell is 518 
not only dependent on the radiation dose, but also on the DNA content, and hence the cell cycle 519 
stage. G2 cells for example have twice as much DNA as G1 cells and the average number of DSBs 520 
induced at a certain radiation dose is twice as high for G2 cells compared to G1. This is clearly 521 
reflected in the γH2AX signal intensity of G2 versus G1 cells at early time points after radiation 522 
measured by flow cytometry. Therefore, it is important to evaluate DSB levels in a cell cycle-523 
specific manner to obtain accurate results. A pooled analysis of cells in different cell cycle phases, 524 
like usual in microscopic approaches, can be biased by shifts in the cell cycle distribution 525 
particularly due to radiation-induced G2 arrest. To account for this effect and to compare DSB 526 
repair characteristics between different cell cycle stages, the γH2AX levels can easily be 527 
normalized to the DNA content in the flow cytometry method as indicated in the protocol.  528 



  

 
 

 529 
Extensions of the present protocol are possible with relatively little extra effort. Additional 530 
antibodies with compatible fluorophores labels can be included in step 3.4 without the need for 531 
any extra steps during sample preparation. If a more detailed analysis of apoptosis is desired, 532 
caspase-7, -9 and -8 antibodies could be included. As another extension, we have recently 533 
included a live and dead cell dyes, a troponin T antibody and counting beads in the protocol to 534 
specifically analyze cardiomyocytes co-cultured with fibroblasts after irradiation. The addition of 535 
the live/dead cell stain and the counting beads expands the capability of the method to include 536 
fibroblast proliferation and non-apoptotic cell death of the cardiomyocytes as further endpoints 537 
that provide useful additional information on the cell fate after genotoxic stress. The extended 538 
protocol is available upon request. 539 
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Parameter Significance

λ (nm) P (mW) Filter U (V) log -A -H -W

FSC front scatter (size) 488 100 488/10 50 ● ●

SSC side scatter (granulity) 488 100 488/10 50 ● ●

Alexa488 γH2AX (double-strand breaks) 488 100 525/50 420 ● ● ●

Alexa555 phospho-histone H3 (M phase) 561 150 586/15 420 ● ● ●

Alexa647 active caspase-3 (apoptosis) 640 40 670/14 480 ● ● ●

DAPI DNA (cell cycle, apoptosis) 350 20 450/50 350 ● ● ●

Excitation laser Detector Signal
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Name of Material/ Equipment Company

1000 µL filter tips Nerbe plus

100-1000 µL pipette Eppendorf

12 x 75 mm Tubes with Cell Strainer Cap, 35 µm mesh pore size BD Falcon

15 mL tubes BD Falcon

200 µL filter tips Nerbe plus

20-200 µL pipette Eppendorf

4’,6-Diamidin-2-phenylindol (DAPI) Sigma-Aldrich

Alexa Fluor 488 anti-H2A.X Phospho (Ser139) Antibody                                               

RRID: AB_2248011

BioLegend

Alexa Fluor 647 Rabbit Anti-Active Caspase-3 Antibody                                                

RRID:  AB_1727414

BD Pharmingen

BD FACSClean solution BD Biosciences

BD FACSRinse solution BD Biosciences

Dulbecco’s Phosphate Buffered Saline (PBS) Biochrom

Dulbecco's Modified Eagle's Medium with stable glutamin Biochrom

Ethanol absolute VWR

Excel software Microsoft

FBS Superior (fetal bovine serum) Biochrom

FlowJo v10 software LLC

Fluoromount-G SouthernBiotech

folded cellulose filters, grade 3hw NeoLab
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LSRII or LSRFortessa cytometer BD Biosciences

MG132 Calbiochem

Multifuge 3SR+ Heraeus

Paraformaldehyde AppliChem

Phospho-Histone H3 (Ser10) (D2C8) XP Rabbit mAb (Alexa Fluor® 555 Conjugate) 

RRID: AB_10694639

Cell Signaling Technology

PIPETBOY acu 2 Integra Biosciences

Serological pipettes, 10 mL Corning

Serological pipettes, 25 mL Corning

Serological pipettes, 5 mL Corning

SuperKillerTRAIL (modified TNF-related apoptosis-inducing ligand) Biomol

T25 cell culture flasks Greiner bio-one

Trypsin/EDTA PAN Biotech

U87 MG glioblastoma cells ATCC



Catalog Number

07-693-8300

3123000063

352235

352096

07-662-8300

3123000055

D9542

613406

560626

340345

340346

L 182

FG 0415

20821.330

S 0615

online order

0100-01

11416



474787

A3813

#3475

155 016

4488

4489

4487

AG-40T-0002-C020

690160

P10-025500

ATCC-HTB-14



Comments/Description

Dissolve in water at 200 µg/ml and store aliquots at -20 °C

Dilute 1:20

Dilute 1:20

For cytometer cleaning routine after measurement

For cytometer cleaning routine after measurement

Dissolve in water to 1x concentration

Routine cell culture material for the example cell line used 

in the protocol

Routine cell culture material for the example cell line used 

in the protocol

Embedding medium for optional preparation of microscopic 

slides from stained samples



optional drug for apoptosis positive control

Prepare 4.5% solution fresh. Dilute in PBS by heating to 80 

°C with slow stirring under the fume hood. Cover the flask 

Dilute 3:200

optional drug for apoptosis positive control

Routine cell culture material for the example cell line used 

in the protocol

Routine cell culture material for the example cell line used 

in the protocol

Example cell line used in the protocol
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Responses to the reviewer comments 

Reviewer #1: 
 
Manuscript Summary: 
The reviewed masnuscript will be very helpful for all users of flow cytometry. The authors describe 
protocol for cell cycle-specific measurement of the DNA damage response after genotoxic stress by 
flow cytometry. They propose the solution for measure during one experiment of all stages of the 
DNA damage response, cell cycle and cell death by apoptosis in a case of repair failure. The all 
procedures are described in details. 
 
So, I recommend this manuscript to publication in JoVE without any revision. 
 
Thank you for reviewing our manuscript and for the positive comments. 
 
Reviewer #2:  
 
Manuscript Summary: 
Authors describe a useful method for determining, at the same time, γH2AX, caspase-3, subG1 and 
cell cycle distribution. They present some experiments with U87 and LN229 cells treated with 
radiation. 
Overall, the method is useful also for other applications upon appropriate adaptation. 
 
Thank you for reviewing our manuscript. 
 
Major Concerns: 
There is only one caveat. The title and terminology throughout the manuscript suggests that the DNA 
damage response (DDR) has been measured. DDR is complex involving apical and downstream 
kinases such as ATM/ATR/DNA-PK, CHK1, CHK2, and a plethora of targets of ATM/ATR. In this 
manuscript, only γH2AX is determined as a specific outread of DDR, while caspase-3 and subG1 can 
also be induced by non-genotoxic exposures (e.g. TRAIL activation). Thus, the title is somewhat 
misleading and should be changed to what is actually demonstrated here: Cell cycle specific 
measurement of γH2AX and apoptosis after genotoxic stress by flow cytometry. 
 
We thank the reviewer for the clarifications. We do agree that our method only covers some specific 
aspects of the DDR, albeit important ones from all stages of the DDR. Therefore, we have changed 
the title of the manuscript in the revision as suggested by the reviewer. 
 
Minor Concerns: 
 
Specific comments: 
- Line 195: specify "DNA damage response" (γH2AX was measured together with...) 
 
The sentence was changed to “Cell cycle-specific γH2AX levels and apoptosis were measured…”. 
 
- Line 204: "higher rate of apoptosis", and line 208: "statistically significant different effects". 
However, in Fig. 3C, subG1 is only slightly enhanced, in LN229 borderline (1 or 2% apoptosis). Is this 
significant compared to the control? What is the level in the non-treated control? Why is the yield so 
low? 
 
The differences in apoptosis induction between carbon ion and photon radiation were indeed 
statistically significant for caspase-3 activation, as well as subG1, at least at 48 h (even though the 
statement "statistically significant different effects" is not used in that specific context, but rather for 
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the whole dataset as an example of an optimal outcome). This was also true when looking at the raw 
subG1 values without subtraction of control levels (~0.5% subG1 in LN229 and ~1% in U87). 
In comparison to caspase-3 activation, the subG1 levels were however much lower in both cell lines. 
Possible reasons for this include: 

1) DNA degradation happens downstream of caspase-3 activation and was probably not yet at 
its peak level at the observed time points (as also mentioned in the legend of Figure 4) 

2) Our gating strategy ensures that only cells of normal size are evaluated; apoptotic bodies are 
excluded to avoid overestimation of the subG1 population (we do not know in how many 
bodies one cell may decompose). On the other side, we might miss some subG1 cells in this 
way 

3) We have observed that the consistency between caspase-3 and subG1 levels varies a lot 
between different cell lines and treatments and it might well be that it also depends on the 
pathway choice of apoptosis or apoptosis-like processes 

While some of the aspects are covered in the manuscript, a full discussion of these points would 
probably go beyond the scope of the results section and the methodical aspects that we wanted to 
focus on. Therefore, for a more in-depth-discussion we referred to our published work, which also 
covers the potential discrepancies between the caspase-3 and subG1 levels. 
 
- Line 220: Fig. 5C. I cannot see much difference with increasing concentration of DAP1. Remove this 
statement or specify more precisely. 
 
To make this point clearer, we have highlighted the position of the G2/M peak in the histograms with 
an arrow and rephrased the text to draw the attention of the reader to the poor definition of the 
G2/M shape and separation from G1 at DAPI concentrations below 0.75 µg/mL in MRC-5 cells. 
 
- Line 227: I, personally, like the Neubauer chamber. But there are others, even more elegant 
methods, of cell number determination that others prefer to use. Therefore, add…."or by other 
means". 
 
The sentence was changed as suggested in the revision. 
 
- Line 300: Is it clear that true DSBs have been measured by flow cytometry in the high dose range or 
can the linear dose-response also be due to caspase-CAD-mediated DNA cleavage, which is an 
outread of apoptosis? Is caspase-3/7 already activated at these early time points? 
 
It has indeed been described that γH2AX induction can occur in the course of DNA degradation 
during apoptosis. However, in this case a very strong pan-nuclear induction is observed instead of 
discrete foci. From quantitative microscopic measurements of foci and pan-nuclear intensity, we 
know that this was not the case in our cells and context. In addition, we have not observed caspase-3 
activation at time points earlier than 24 h. 
 
- Line 323-328: This is an interesting point raised by the authors. The paper would benefit much, if a 
picture of γH2AX foci was shown. 
 
In the revision we have now included a picture of γH2AX foci prepared and acquired in the described 
way that also demonstrates the problem of foci overlap at high levels of DNA damage 
(supplementary figure 1). 
 
- Can the method be extended with caspase-7, -9 and -8 antibodies? Please, discuss this briefly. 
 
This is of course an option if apoptosis is the main process of interest. As suggested, we have 
included this possibility in the revised discussion. 
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Treatment 1
Sample  subG1  G1  S  G2 M G1_DJF S_DJF G2/M_DJF  Casp3-A+

control1_t1-1

control1_t1-2

control1_t1-3

treatment1_t1-1

treatment1_t1-2

treatment1_t1-3

control1_t2-1

control1_t2-2

control1_t2-3

treatment2_t2-1

treatment2_t2-2

treatment2_t2-3

Treatment 2
Sample  subG1  G1  S  G2 M G1_DJF S_DJF G2/M_DJF  Casp3-A+

control2_t1-1

control2_t1-2

control2_t1-3

treatment2_t1-1

treatment2_t1-2

treatment2_t1-3

control2_t2-1

control2_t2-2

control2_t2-3

treatment2_t2-1

treatment2_t2-2

treatment2_t2-3
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  γH2AX total  γH2AX G1 γH2AX S  γH2AX G2   γH2AX M  

  γH2AX total  γH2AX G1 γH2AX S  γH2AX G2   γH2AX M  



Treatment 1
Sample  subG1  G1  S  G2 M Sum  G1_DJF  S_DJF  G2/M_DJF Sum

control1_t1-1 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control1_t1-2 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control1_t1-3 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment1_t1-1 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment1_t1-2 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment1_t1-3 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control1_t2-1 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control1_t2-2 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control1_t2-3 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t2-1 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t2-2 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t2-3 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

Treatment 2
Sample  subG1  G1  S  G2 M Sum  G1_DJF  S_DJF  G2/M_DJF Sum

control2_t1-1 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control2_t1-2 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control2_t1-3 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t1-1 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t1-2 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t1-3 ##### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control2_t2-1 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control2_t2-2 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

control2_t2-3 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t2-1 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t2-2 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####

treatment2_t2-3 ###### #### #### #### ### ##### #DIV/0! #DIV/0! #DIV/0! #####



G2_DJF  Casp3-A+   γH2AX total Norm  γH2AX G1 γH2AX S Norm  γH2AX G2 Norm γH2AX M Norm

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

G2_DJF  Casp3-A+   γH2AX total Norm  γH2AX G1 γH2AX S Norm  γH2AX G2 Norm γH2AX M Norm

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! #DIV/0! #DIV/0! 0.00 0.00 0.00 0.00



  γH2AX total NPC  γH2AX G1 NPC γH2AX S NPC  γH2AX G2 NPC γH2AX M NPC

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

  γH2AX total NPC  γH2AX G1 NPC γH2AX S NPC  γH2AX G2 NPC γH2AX M NPC

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00

#DIV/0! 0.00 0.00 0.00 0.00



Mean Mean Mean Mean Mean

Treatment Time  subG1  Casp3-A+  G1_DJF  S_DJF G2_DJF

Control1 t1 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Treatment 1 t1 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Control1 t2 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Treatment 1 t2 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Control2 t1 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Treatment 2 t1 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Control2 t2 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

Treatment 2 t2 #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
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Mean SD SD SD SD SD SD

M  subG1  Casp3-A+  G1_DJF  S_DJF G2_DJF M

#DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
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#DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!
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t test t test t test t test t test t test

 subG1  Casp3-A+  G1_DJF  S_DJF G2_DJF M

#DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

#DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0! #DIV/0!

#DIV/0! #DIV/0! #DIV/0! #DIV/0!

#DIV/0! #DIV/0! #DIV/0! #DIV/0!

 subG1  Casp3-A+

Apoptosis

Treatment 1 t1 Treatment 2 t1 Treatment 1 t2 Treatment 2 t2



Mean Mean Mean Mean Mean SD

Treatment Time   γH2AX Norm total γH2AX G1 γH2AX Norm S γH2AX Norm G2γH2AX Norm M  γH2AX Norm total

Treatment 1 t1 #DIV/0! 0.00 0.00 0.00 0.00 #DIV/0!

Treatment 1 t2 #DIV/0! 0.00 0.00 0.00 0.00 #DIV/0!

Treatment 2 t1 #DIV/0! 0.00 0.00 0.00 0.00 #DIV/0!

Treatment 2 t2 #DIV/0! 0.00 0.00 0.00 0.00 #DIV/0!
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SD SD SD SD t test t test t test t test

 γH2AX G1 γH2AX Norm S γH2AX Norm G2γH2AX Norm M  γH2AX Norm total γH2AX G1 γH2AX Norm S γH2AX Norm G2

0.00 0.00 0.00 0.00 #DIV/0! #DIV/0! #DIV/0! #DIV/0!
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