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ABSTRACT 18 

Hypoxic cancer cells within solid tumours show radio-resistance, leading to malignant progression in 19 

fractionated radiotherapy. When prescribing dose to tumours under heterogeneous oxygen pressure with 20 

intensity-modulated radiation fields, intercellular signalling could have an impact on radiosensitivity 21 

between in-field and out-of-field cells. However, the impact of hypoxia on radio-sensitivity under 22 

modulated radiation intensity remains to be fully clarified. Here, we investigate the impact of hypoxia 23 

on in-field and out-of-field radio-sensitivities using two types of cancer cells, DU145 and H1299. Using 24 

a nBIONIX hypoxic culture kit and a shielding technique to irradiate 50% of a cell culture flask, oxygen 25 

enhancement ratios (OERs) for double-strand breaks (DSB) and cell death endpoints were determined. 26 

These in vitro measurements indicate that hypoxia impacts out-of-field cells, although the hypoxic 27 

impacts on out-of-field cells for cell survival were dose-dependent and smaller compared to those for 28 

in-field and uniformly irradiated cells. These decreased radio-sensitivities of out-of-field cells were 29 

shown as a consistent tendency for both DSB and cell death endpoints, suggesting that radiation-induced 30 

intercellular communication is of importance in advanced radiotherapy dose-distributions such as with 31 

intensity-modulated radiotherapy.  32 

 33 

INTRODUCTION 34 

   Hypoxia decreases the tumour radio-sensitivity in radiation therapy, leading to malignant 35 

progression.1,2 When eradicating solid tumors containing hypoxic cells, fractionated irradiations by the 36 

use of reoxygenation3 is an effective approach to enhance tumor cell-killing. Such irradiations regimens 37 

use intensity-modulated radiation fields4,5, which enables spatial dose conformation to reduce the 38 

damage to organs at risks and residual tissue. Under such modulated radiation intensity (e.g., intensity-39 

modulated radiation therapy (IMRT) with 5 or 9 fields or volumetric modulated arc therapy (VMAT)4), 40 
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a partial volume of the tumors is irradiated for each field, leading to the intercellular signalling between 41 

in-field cells and out-of-field cells (so called bystander effects).6-8 Several in vitro investigations have 42 

clarified the rules of the intercellular signalling in enhanced out-of-field cell death at various endpoints9-43 

12; however, the impact of hypoxia on radio-sensitivity under intensity-modulated radiation fields 44 

remains uncertain. Out-of-field effects were found to be of importance in normoxia in response to dose 45 

fractionation.10,13 Thus, it is also essential to investigate the out-of-field effects in hypoxia for 46 

modulated-field exposures such as IMRT and VMAT. 47 

   The impact of hypoxia on cancer cells has been generally quantified by the oxygen enhancement 48 

ratio (OER)14,15, which is expressed as the dose ratio between exposure in hypoxia and in air for the 49 

same biological endpoint. Amongst various biological endpoints, DNA damage, i.e., DNA double-50 

strand breaks (DSBs), and cell death are intrinsically related to each other16,17, and investigating these 51 

endpoints is of importance for quantifying responses after radiation exposure. To date, OER values 52 

based on cell survival have been assessed in various types of cancer cell lines, in which the out-of-field 53 

responses were observed to be independent of oxygen concentration.18 Meanwhile, there has been no 54 

reports on the OER for DNA DSBs after modulated exposures. Thus, to further investigate the impact 55 

of hypoxia under modulated-field exposure, we are interested in studying the OER values for the 56 

endpoint of initial DSB induction. 57 

   Here, we investigated OER values for initial DSB formation as well as cell survival following 58 

exposure with modulated radiation fields. Using a half-field exposure where 50% of the area of a cell 59 

culture flask containing cancer cells is irradiated with X-rays, we studied a simplified model of the 60 

situation where a part of the tumor was irradiated for each field in intensity-modulated radiotherapy. 61 

Using the nBIONIX hypoxic cell culture kit, low oxygen concentration was set in vitro. By the 62 

combination of half-field exposure and nBIONIX, we determined the OER values by means of DNA 63 

damage (-H2AX foci formation) assay and clonogenic survival assay. Through these in vitro 64 

measurements, we present in-field and out-of-field radiosensitivity (i.e., DNA damage and tumour cell 65 

killing) and discuss the underlying mechanisms of intercellular signalling under intensity modulated 66 

fields. 67 

 68 

MATERIALS AND METHODS 69 

2-1. Cell culture 70 

Two cancer cell lines, human prostate cancer (DU145) and non-small cell lung cancer (HCI-H1299), 71 

were used for assessing OER values in this study. DU145 and HCI-H1299 cells were obtained from the 72 

RIKEN Science Institute BRC (Ibaraki, Japan) and the American Type Culture Collection (ATCC; 73 

Manassas, VA, USA), respectively. DU145 cells were grown in RPMI-1640 with L-glutamine 74 

supplemented (Thermo Fisher Scientific Inc. Tokyo, Japan) with 10% fetal bovine serum (FBS, 75 

Equitech-Bio Inc., Kerrville, TX, USA) and 1% penicillin/streptomycin (p/s). H1299 cells were grown 76 

in Dulbecco’s Modified Eagle Medium (DMEM, Sigma-Aldrich Co., St. Louis, MO, USA) 77 

supplemented with 10% FBS and 1% p/s. DU145 and H1299 cells were maintained at 37 °C in a 78 

humidified atmosphere of 95% air/5% CO2.  79 
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 80 

 81 

 82 
Figure 1. Irradiation setup for half-field exposure to X-rays: (A) Schematic representation of 83 

irradiation geometry with lead shielding, (B) dose profile obtained by Gafchromic film and by the 84 

PHITS calculation. Note that 150 kVp X-rays with 1-mm Al filtration was used in this study. In the 85 

analysis for cell survival assay, the penumbra regions (− 1   x [cm]   1) were excluded from the 86 

experimental analysis. 87 

 88 

2-2. Irradiation setup 89 

 These cells were irradiated at room temperature with 150 kVp X-rays (1 mm Al filtration and high 90 

dose rate ≥ 1.82 Gy/min) using an X-ray generator (MBR-1520R, Hitachi Medical Co., Tokyo, Japan). 91 

Modulated intensity of radiation was created by shielding 50% area of 25 cm2 cell culture flask (T25) 92 
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(Thermo Fisher Scientific Inc. Tokyo, Japan) or 27-mm glass-based dishes (3960-035, IWAKI) by 93 

using a lead block (15.0 × 10.0 × 5.0 cm3), a so called “half-field exposure”. The dose profiles in areas 94 

of 50% in-field and 50% out-of-field were quantified by the Monte Carlo code of Particle and Heavy 95 

Ion Transport Code System (PHITS ver. 3.17)19 and by calibrated GafchromicTM XR-RV3 film (Ashland, 96 

Covington, KY, USA). The dose was delivered to either 50% of the area of T25 flask containing cells 97 

(half-field exposure) or 100% of the flask (uniform-field exposure). Figure 1 shows the geometry of 98 

half-field exposure with lead shielding and the corresponding relative dose profile obtained by 99 

Gafchromic film by the PHITS calculation. We used the EGS mode20 to simulate the X-rays and the 100 

secondary electrons in the PHITS calculation, where the cut-off energies for photons and electrons were 101 

set to be 1.0 keV. Note that in this experiment, the penumbra regions (−1   x [cm]   1) were excluded 102 

from the experimental analysis.  103 

 104 

2-3. Hypoxic treatment 105 

 We used the nBIONIX-2 hypoxic cell culture kit (Sugiyamagen, Tokyo, Japan) to induce hypoxic 106 

conditions.21 An AnaeroPack (oxygen absorber; Mitsubishi Gas Chemical, Tokyo, Japan) and T25 flasks 107 

were placed inside a gas barrier pouch bag (Mitsubishi GasChemical) 4 h prior to irradiation. Once the 108 

AnaeroPack was placed inside the pouch was closed by plastic clips, and the oxygen concentration 109 

inside the pouch was continuously monitored by using OXY-2 oxygen monitor (JIKCO, Tokyo, Japan). 110 

The pouch remained closed for the period of 4 h and during irradiation to keep hypoxic conditions. The 111 

oxygen concentration for hypoxic condition in this experiment was below the sensitivity threshold of 112 

the monitor (a measurement of 0.0% on the OXY-2 oxygen monitor). This oxygen concentration is lower 113 

than radiobiological hypoxic level of   0.4% O2.22 After irradiation, the flasks were released to normoxia. 114 

 115 

2-4. -H2AX foci formation assay 116 

Radiation-induced DSBs were detected by immunofluorescent staining with anti -H2AX 117 

antibody.23,24 30 min after irradiation, the cells were fixed in 4% paraformaldehyde for 10 min on ice. 118 

The cells were then permeabilized in 0.2% v/v Triton X-100 in phosphate buffered saline (PBS) for 5 119 

min. After that, the cells were blocked in 1% bovine serum albumin (BSA) in PBS for 30 min. Then, at 120 

4°C overnight, the cells were incubated in an anti -H2AX antibody (ab26350, Abcam) diluted 1:400 by 121 

the BSA in PBS. After rinsing with the BSA in PBS three times the cells were incubated for 2 h, in the 122 

dark at room temperature, with Alexa Fluor 594-conjugated goat-anti-mouse IgG H&L (ab150116, 123 

Abcam) diluted 1:250 by a 1% BSA in PBS. Again after rinsing with 1% BSA in PBS three times, the 124 

cells were incubated with 1 g/ml DAPI solution (62248, Thermo Fisher Scientific) for 15 min. After 125 

that, the cells were observed using a High Standard all-in-one fluorescent microscope (BZ-9000; 126 

Keyence, Osaka, Japan). The number of foci was counted by using the ImageJ software.25 This assay 127 

was also performed under standard culture conditions or in the presence of aminoguanidine (AG) 128 

(Fujifilm Wako Pure Chemical Corp., Osaka, Japan) at a concentration of 100 M, which is an inhibitor 129 

for inducible nitric oxide synthase (iNOS). The AG was administered 4 h before irradiation to determine 130 

the contribution of intercellular signalling to out-field effects. The experiments were repeated three times 131 
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and the standard error of the mean (s.e.m) was obtained.  132 

 133 

2-5. Clonogenic survival assay 134 

Cell survival yields after exposure to half-field and uniform-field under normoxia and hypoxia were 135 

evaluated by means of the clonogenic assay, as reported previously.9 Cells were counted by using a 136 

hemocytometer (Erma, Tokyo, Japan) and plated in T25 flasks. Cells were allowed to adhere overnight 137 

before irradiation. Immediately after irradiation, cells under hypoxia were released to normoxia, and 138 

were incubated for 10-14 days at 37 °C in a humidified atmosphere of 95% air/5% CO2. Colonies were 139 

fixed with methanol and were stained with 2% Giemsa solution (Kanto Chemical Co. Inc.). In the same 140 

manner as the DNA damage assay, this experiment was also performed in the presence of AG at a 141 

concentration of 100 M. It should be noted that the colonies located in the penumbra regions (−1   x 142 

[cm]   1) shown in Fig. 1(B) were excluded from calculating surviving fraction, that is the ratio of 143 

plating efficiency of irradiated group to that of the non-irradiated group. 144 

 145 

2-6. Detection for ROS production level 146 

To discuss the impact of hypoxia on DNA damage induction for in-field and out-of-field cells, we 147 

also measured reactive oxygen species (ROS) using 2’, 7’-chlorofluorescin diacetate (DCFDA) cellular 148 

ROS detection assay kit (ab113851, Abcam). The cultured cells were incubated with 25 M DCFDA 149 

solution containing 5% FBS for 45 min at 37 °C in the dark. The cells were washed 2 times with 1X 150 

Buffer 2 h after irradiation. The mean fluorescence intensity was measured by using fluorescent 151 

microscopy (BZ-9000; Keyence, Osaka, Japan), and the intensity of irradiated cells relative to control 152 

group was quantified by using ImageJ software.25 153 

 154 

2-7. Analysis of cell survival data 155 

   The experimental data obtained for the dose-dependent cell survival response were analysed using 156 

two mathematical expressions. As for the in-field cells (half-field and uniform-field exposure), the 157 

traditional linear-quadratic (LQ) model26,27 was used. The survival probability for in-field cells (SIF) can 158 

be expressed as 159 

 
− ln SIF = αD + βD2 (1) 

where D is the in-field dose and  (Gy-1) and  (Gy-2) are the proportionality factors reflecting single hit 160 

and multiple hit events leading to cell death, respectively. To describe the out-of-field cell survival, the 161 

improved semi-empirical model13 was here used. The survival probability of out-of-field cells (SOF) can 162 

be simply expressed by equation (2): 163 

  
− ln SOF = 𝛿 (1− e−αbD −βbD2

) (2) 

where  b (Gy-1) and  b (Gy-2) are the proportionality factors for out-of-field cells of the D and the D2, 164 

respectively;  is the proportional coefficient representing lethal lesions yield which can be determined 165 
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empirically.13  166 

   To obtain the model parameters in Eq. (1) and Eq. (2), these models were applied to the observed 167 

survival data by means of the least-square method. Using equations (1) and (2), the dose-response curve 168 

of in-field and out-of-field cell survival were interpolated to assess the OER values at different survival 169 

levels. 170 

 171 

2-8. Oxygen enhancement ratios 172 

Two types of oxygen enhancement ratio (OER) were evaluated in this study, one for initial DSB 173 

induction from -H2AX focus formation assay, the other for OER at 37% and 10% survival endpoints 174 

from the clonogenic assay. 175 

The OER for initial DSB induction (OERDSB) can be obtained from the number of radiation-induced 176 

-H2AX foci because initial DSB induction is proportional to the absorbed dose. In this regard, the value 177 

of OERDSB can be expressed by  178 

 
OERDSB =  

YDSB (20%)

YDSB (pO2)
  (3) 

where YDSB(20%) and YDSB(pO2) are the initial number of radiation-induced DSBs, which corresponds 179 

to the number of -H2AX foci, per Gy in normoxia and that at oxygen concentration pO2  < 20%, 180 

respectively. Note that the YDSB was obtained by subtracting the number of foci in non-irradiated cells 181 

from that of irradiated cells. 182 

Meanwhile, the OER for cell survival can be obtained from the absorbed dose leading to specific 183 

cell survival levels, D(S). The value of OERSF can be calculated by 184 

 
OERSF(S) =  

D(S, pO2)

D(S, 20%)
  (4) 

where D(S, 20%) and D(S, pO2) is the absorbed dose leading to S% survival in normoxia and that 185 

at oxygen concentration pO2 < 20%, respectively. D(S) can be obtained from the LQ model parameters 186 

based on equation (5): 187 

 
 D(S) =  

√α2 + 4β (− ln S ) − α

2β
. (5) 

Note that S was set to 10% or 37% in this study.  188 

 189 

2-9. Statistics 190 

We evaluated significant differences in DNA damage induction and ROS level among measured 191 

groups using the ANOVA and the Tukey-Kramer statistical tests. Also, the significance of radio-192 

resistance induced by hypoxia at cell survival endpoint was evaluated using the paired t test. From these 193 

statistical tests, the impact of hypoxia and intercellular signalling on radio-sensitivity was discussed 194 

during this study. Note that the 1% and 5% significant differences between two groups are represented 195 

by ** and *, respectively, throughout this study. 196 

 197 
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RESULTS AND DISCUSSION 198 

3-1. Initial DNA damage induction in hypoxia 199 

   By means of -H2AX foci formation assay, the impact of hypoxia on DNA damage induction under 200 

modulated-field exposure was evaluated. The dependency of OERDSB on oxygen pressure using the 201 

nBIONIX system was also measured, and we obtained the same tendency as in previous reports on -202 

H2AX foci data28 (Fig. S1 in supplementary data). The hypoxic level of 0.0% O2 used in this study is 203 

also estimated to be approximately 0.01% O2 compared to the -H2AX foci data28. Figure 2 shows the 204 

yields of -H2AX foci in normoxia (20% O2) and in hypoxia (0.0% O2) under half-field exposure with 205 

in-field dose of 1 Gy, in which (A) is the microscopic image of -H2AX foci detected 30 min after 206 

irradiation, (B) is the number of nuclear foci of cells under uniform-field (UF) exposure (labelled as UF-207 

DU145 and UF-H1299) and that of cells within in-field (IF) area under half-field exposure (labelled as 208 

IF-DU145 and IF-H1299), (C) is that of cells within out-of-field (OF) area under half-field exposure 209 

(labelled as OF-DU145 and OF-H1299). It should be noted that the foci were detected in cells located 210 

1 cm away from the iso-centre (cells at x = −1 cm and 1 cm in Fig. 1(A)). Also note that the scale bar 211 

shown in Fig. 2(A) represents 20 m length. As shown in Fig. 2(B), the dose of 1 Gy is suitable for 212 

quantifying the number of foci per cell, and the expression level of -H2AX significantly decreased in 213 

hypoxia for UF-DU145, UF-H1299, IF-DU145 and IF-H1299 cells. Also, as shown in Fig. 2(C), the 214 

averaged foci number increased after an in-field dose of 1 Gy compared to the non-irradiated group, 215 

however the DNA damage induced by intercellular communication is very small and not statistically 216 

significant. There was no significant difference for any OF DU145 and H1299 cells in both normoxia 217 

and hypoxia. Note that the out-of-field dose is 2.3% of the in-field dose (0.023 Gy for out-of-field dose, 218 

and 1 Gy for in-field dose in Fig. 2). 219 

The OERDSB values were also calculated and are described inside Fig 2(B) and 2(C). OERs were 220 

highly consistent for UF and IF cells, ranging from 2.26 to 2.38. Within the OF cells, the mean value of 221 

OER is reduced (i.e., 1.89 for DU145 and 1.54 for H1299) compared to those for IF cells (i.e., 2.26 for 222 

DU145 and 2.27 for H1299). There is a less significant difference in induced foci under hypoxia 223 

compared to IF cells, which suggests that intercellular signaling induced damage is less dependent on 224 

the oxygen effect compared to IF cells. However, large uncertainties due to background foci mean these 225 

values have large confidence intervals. Similarly, while the addition of AG appeared to further reduce 226 

the yield of OF foci, this is again small compared to the uncertainties. In this study, we focused on the 227 

initial DSB induction to evaluate OERDSB; however, most of the DSBs induced after X-ray irradiation 228 

can be reparable by DNA repair (i.e., non-homologous end joining (NHEJ) and homologous 229 

recombination (HR))29,30. To further quantify the OERDSB and its relevance to cell fate, the relationship 230 

between misrepared DSBs and cell lethality31,32 have to be experimentally quantified in the future. 231 

  232 

 233 
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 234 

Figure 2. Measured -H2AX foci in hypoxia under modulated radiation intensity: (A) microscopic 235 

image of -H2AX foci, (B) the number of foci per irradiated cell under uniform field (UF) and that per 236 

cell within in-field (IF) area under modulated radiation field, and (C) the number of foci per cell in out-237 

of-field (OF) area under modulated radiation field in the presence or absences of aminoguanidine 238 

(AG)which is an inhibitor for inducible nitric oxide synthase (iNOS). It should be noted that the foci 239 

were detected in cells located 1 cm away from the iso-centre (x = −1 cm and 1 cm in Fig. 1(A)). The 240 

dose of 0.023 Gy is the out-of-field dose for case of in-field dose of 1Gy. The scale bar shown in Fig. 241 

2(A) represents 20 m length. In Fig. 2(B), the symbols * and ** represent 5% and 1% significant 242 

differences between two groups, respectively. The symbols on the error bar represent a significant 243 

increase compared to nonirradiated group. The error bars mean the standard error of the mean (s.e.m). 244 

The OERDSB values are described inside Fig. 2(B) and Fig. 2(C).  245 

 246 

3-2. Impact of hypoxia on cell survival 247 

   We also measured the dose-response curve for cell killing, which is intrinsically related to DSB 248 

induction. The OERSF values calculated by the LQ model are listed in Table 1, in which the values range 249 

from 1.99 to 3.08. These values are consistent to the OERSF values at 10% survival in literature (i.e., 250 

modelling data: 1.78–3.08 (95% confidence interval), experimental data: 2.3 ± 0.1 and 2.8 ± 0.2).17,33,34 251 
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The consistency of these OERSF(10) values are shown in Fig. S2 of supplementary data.  252 

   To further investigate the effect of intercellular signalling on cell survival in hypoxia, we measured 253 

cell survival in normoxia and in hypoxia after irradiation with a higher dose. Figure 3 shows the 254 

experimental results of cell surviving fraction, where (A) and (B) are the survivals of DU145 and H1299 255 

cells irradiated with 8 Gy in-field dose (0.10 Gy out-of-field dose), respectively, and (C) and (D) are 256 

those of DU145 and H1299 cells irradiated with 15 Gy in-field dose (0.19 Gy out-of-field dose), 257 

respectively. In addition to in-field doses of 8 and 15 Gy in Fig. 3, we also measured the cell survival in 258 

normoxia and in hypoxia at lower absorbed doses (i.e., in-field doses of 2, 4, 6 Gy). The surviving cell 259 

fractions as a function of absorbed dose for UF-cells, IF-cells and OF-cells are presented in Fig. S3 in 260 

supplementary data. Amongst the measured cell survival data, as shown in Fig. 3(A) and Fig. 3(B), the 261 

surviving fractions of the UF- and IF-DU145 and H1299 cells in hypoxia are significantly higher than 262 

those in air. For OF cells, although survival increases in both cell lines under hypoxia, only OF-DU145 263 

cells show a significant radio-resistance. The administration of the AG can significantly supress the cell 264 

death induction via bystander effects for both OF cells under normoxia. However, there is no significant 265 

suppression effects of the AG in the case of hypoxia. Focusing on the reduced out-of-field cell-killing 266 

in hypoxia, we next tested the impact of a 15 Gy high dose exposure. As shown in Fig. 3(C) and Fig. 267 

3(D), OF cell killing becomes high even under hypoxia at sufficiently high doses, and no significant 268 

differences are seen in OF cell survival between hypoxia and normoxia. Therefore, it was found that the 269 

dose response of intercellular signalling is less sensitive in hypoxia compared to normoxia. 270 

 271 

Table 1. Oxygen enhancement ratio at cell survival endpoint 272 

Cell line type Field type pO2 (%) 
LQ model parameters 

OERSF(37)* OERSF(10)* 
 (Gy-1)  (Gy-2) 

DU145 UF 20% 0.118 ± 0.023 0.036 ± 0.003 
2.17 ± 0.10 1.99 ± 0.09 

(prostate cancer)  0.0% 0.011 ± 0.008 0.013 ± 0.001 

 IF 20% 0.127 ± 0.021 0.025 ± 0.003 
2.19 ± 0.25 2.11 ± 0.27 

 (half field) 0.0% 0.045 ± 0.014 0.007 ± 0.002 

H1299 UF 20% 0.205 ± 0.002 0.018 ± 0.000 
2.67 ± 0.71 3.08 ± 1.32 

(lung cancer)  0.0% 0.097 ± 0.016 0.001 ± 0.002 

 IF 20% 0.203 ± 0.020 0.076 ± 0.023 
2.27 ± 0.45 2.15 ± 0.54 

 (half field) 0.0% 0.015 ± 0.003 0.004 ± 0.003 

* The uncertainties of OERSF values were obtained by error propagation 273 

 274 
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 275 
Figure 3. Cell surviving fraction under modulated radiation field: (A) and (B) are the survivals of 276 

DU145 and H11299 cells irradiated with 8 Gy as in-field dose, respectively, and (C) and (D) are those 277 

of DU145 and H1299 cells irradiated with 15 Gy as in-field dose, respectively. In the same manner as 278 

Fig. 2, the symbols * and ** represent 5% and 1% significant differences between two groups, 279 

respectively. Note ns means no significant difference. Note that the out-of-field scattering dose is 1.25% 280 

of in-field dose (0.10 Gy for 8 Gy in-field dose, 0.19 Gy for 15 Gy in-field dose). 281 

 282 

  Figure 4 shows the relationship between surviving fraction in normoxia and that in hypoxia, where 283 

(A) is for DU145 cells and (B) is for H1299 cells. The dashed line in Fig. 4 represents a condition where 284 

survival in normoxia equals that in hypoxia at the same absorbed dose. As shown in Fig. 4, the uniformly 285 

irradiated cells (noted as UF cells) and the IF cells after half-field exposure show significant radio-286 

resistance, and the trends are similar each other. In contrast, the OF cells exhibit a different response 287 

from irradiated cells (UF and IF cells). In particular, as delivered dose increases and OF survival 288 

decreases, the data point moves closer to dashed line, which means that the survival in hypoxia is the 289 

same level as that in normoxia. This suggests that the OF impact of hypoxia is reduced as delivered 290 

doses increase, and the maximum OF level of cell killing is equal in both hypoxia and normoxia. This 291 

trend (shown in Fig. 3(C), Fig. 3(D), Fig. 4(AIII) and Fig. 4(BIII)) is consistent to previous experimental 292 

data reported by Thompson et al.18 The previous experiments with in-field doses of 4 and 8 Gy had 293 

reported that the OF responses were independent of oxygen pressure18, whereas in this study, with 294 

various doses presented, there is a dependency on the oxygen pressure (Fig. 3, Fig. 4 and Fig. S3). These 295 

differences may be due to the experimental hypoxia level used (i.e., OERSF = 1.99-3.08 in this study, 296 

OERSF = 1.23-1.55 in the previous report18). It is generally known that precisely controlling the oxygen 297 

level is difficult when irradiating cultured cells. Considering these, the use of the nBIONIX system 298 

appears to be the effective and simple methods for hypoxic study. 299 
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 300 

 301 

 302 

 303 

Figure 4. Relationship between cell survival under normoxia and that under hypoxia: (A) DU145 304 

cell line, (B) H1299 cell line. These relationships between survival under normoxia and that under 305 

hypoxia were obtained from all survival data measured in this study using a dose as a parameter. The 306 

dashed line represents that the survival in normoxia equals to that in hypoxia. The sets of model 307 

parameters for OF cells are (, b, b) = (0.423 ± 0.004, 0.004 ± 0.010, 0.047 ± 0.003) for oxic DU145, 308 

(0.354  ±  0.028, 0.004  ±  0.027, 0.014  ±  0.006) for hypoxic DU145, (0.182  ±  0.006, 0.034  ±  0.014, 309 

0.015 ± 0.003) for oxic H1299 and (0.459 ± 1.91, 0.002 ± 0.009, 0.002 ± 0.009) for hypoxic H1299. 310 

The parameters for UF and IF cells are summarised in Table 1. The error bars of the experimental values 311 

mean the standard error of the mean (s.e.m). 312 

 313 
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 314 
Figure 5. ROS production level measured by DCFDA under modulated field exposure: (A) 315 

microscopic images of DCF fluorescence 2 h after irradiation; (B) and (C) the intensity of DCF of IF-316 

DU145 and OF-DU145 cells, respectively; (D) and (E) the ROS level of IF-DU145 and OF-DU145 317 

cells relative to each control group. In the same manner as Fig. 2, the DCF fluorescence was detected 318 

in the cells located 1 cm away from the iso-centre (x = −1 cm and 1 cm in Fig. 1(A)). The scale bar in 319 

Fig. 5(A) represents 200 m length. The symbols * and ** in Fig. 5(B) represent 5% and 1% significant 320 

differences between two groups, respectively. The error bars mean the standard error of the mean (s.e.m). 321 

 322 

3-3. Role of intercellular signalling in hypoxia 323 

   To further explore the contribution of intercellular signalling to cell death induction in hypoxia, we 324 

measured ROS levels which is intrinsically related to DNA damage induction.35 Figure 5 shows the 325 

measured levels of ROS production in DU145 cells under modulated field exposure, where (A) is the 326 
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microscopic image of DCF fluorescence  h after irradiation, (B) and (C) are the intensity of DCF (ROS 327 

production level) of IF-DU145 and OF-DU145 cells, respectively, and (D) and (E) are the ROS levels 328 

of IF-DU145 and OF-DU145 cells relative to each control group. From the comparison between 329 

normoxia and hypoxia, the ROS production levels are significantly increased after irradiation, and the 330 

level in normoxia is higher than that in hypoxia. For the OF-DU145 cells, the ROS levels within the OF 331 

area after irradiation are also significantly higher than control cells, and that in normoxia is significantly 332 

higher than that in hypoxia. This suggests that even in the OF area the DNA damage yield could be 333 

higher in normoxia compared to hypoxia. However, only single timepoint scoring was used here so 334 

differences related to temporal changes in ROS levels between the different exposure conditions cannot 335 

be ruled out. Based on the premise ROS levels are likely to reflect DNA damage levels in general,35 336 

ROS-mediated DSB production is of importance when considering cell death. Much of this damage is 337 

likely to be easily repaired. Considering this, further investigation of the relationship between ROS level 338 

and DSB level might be needed in the future. 339 

 340 

CONCLUSIONS 341 

In this study, we investigated the DNA damage responses and cell survival in vitro, and evaluated 342 

hypoxic effects under modulated field exposure using the half field radiation exposure method. The 343 

OER values for both DNA damage and cell survival endpoints were determined, and the impact of 344 

hypoxia on out-of-field cells was found to be small but dependent on the in-field absorbed dose. In 345 

particular, it was shown that the maximum level of cell killing induced by bystander effects after high-346 

dose irradiation is less dependent on oxygen concentration. These experimental results imply that 347 

intercellular communication in hypoxia can enhance out-of-field cell killing in the same manner as 348 

normoxia, but requires a greater in-field dose to reach the maximum levels of cell killing seen in 349 

normoxia. Therefore, the out-of-field effects in hypoxia should be considered when undertaking 350 

treatment planning with intensity-modulated radiation fields. 351 

Fractionated irradiation techniques using reoxygenation of solid tumors in the operation of intensity-352 

modulated radiation fields is an effective approach to enhance tumor cell-killing. However, the in vitro 353 

data on hypoxic effects shown in this study are limited. Further experimental investigation for out-of-354 

field effects on normal tissue, translation from in vitro to in vivo and evaluation for impact of 355 

heterogeneous oxygen concentrations within tumours on radiosensitivity for a realistic clinical situation 356 

are necessary. Also, mechanistic studies coupled to modelling approaches offer an effective approach 357 

for mechanistically interpreting the scenario of intercellular communication in hypoxia in the future. 358 

 359 

CONFLICT OF INTEREST 360 

The authors declare that they have no conflict of interest. 361 

 362 

FUNDING 363 

This work was supported by the Japan Society for the Promotion of Science KAKENHI (Grant no. 364 

19K17215). 365 



14 

 

 366 

AUTHOR CONTRIBUTIONS 367 

Y. Matsuya, S.J. McMahon, K.T. Butterworth and K.M. Prise designed this study. K.T. Butterworth and 368 

R. Saga advised the cell experimental protocols. Y. Matsuya, S. Naijo and Y. Yachi performed cell 369 

experiments. I. Nara and M. Ishikawa supported to measure dose profile of half-field exposure. T. Sato 370 

and H. Date supported the analysis for measured data. K.M. Prise supervised this study. Y. Matsuya 371 

wrote the manuscript. All authors reviewed the manuscript. 372 

 373 

REFERENCES 374 

1 Gray LH, Conger AD, Ebert M, Hornsey S, Scott OC. The concentration of oxygen dissolved in 375 

tissues at the time of irradiation as a factor in radiotherapy. Br. J. Radiol. 26, 638–648 (1953). 376 

2 Wright EA, Howard-Flanders P. The influence of oxygen on the radiosensitivity of mammalian 377 

tissues. Acta. Radiol. 48, 26–32 (1957). 378 

3 Withers, H.R. “The four R’s of radiotherapy,” Adv. Radiat. Biol. 5, 241–271 (1975) 379 

4 McGarry, C.K., Butterworth, K.T., Trainor, C., O’Sullivan, J.M., Prise, K.M., Hounsell, A.R. 380 

Temporal characterization and in vitro comparison of cell survival following the delivery of 381 

3Dconformal, intensity-modulated radiation therapy (IMRT) and volumetric modulated arc therapy 382 

(VMAT). Phys Med Biol. 56, 2445–2457 (2011). 383 

5 Garibaldi E, Gabriele D, Maggio A, Delmastro E. External beam radiotherapy with dose escalation 384 

in 1080 prostate cancer patients: definitive outcome and dose impact. Panminerva Med. 58, 121–129 385 

(2016). 386 

6 Morgan, W.F., Sowa, M.B. Non-targeted bystander effects induced by ionizing radiation. Mutat. Res. 387 

616(1), 159-164 (2007). 388 

7 Prise, K.M., O’Sullivan, J.M. Radiation-induced bystander signalling in cancer therapy. Nature 389 

Reviews Cancer 9, 351-360 (2009). 390 

8 Butterworth, K.T., McGarry, C.K., Trainor, C., O’Sullivan, J.M., Hounsell, A.R., Prise, K.M. Out-391 

of-field cell survival following exposure to intensity modulated radiation fields. Int. J. Radiat. Oncol. 392 

Biol. Phys. 79(5), 1516-1522 (2011). 393 

9 Trainor, C., Butterworth, K.T., Mcgarry, C.K., Liberante, F., Sullivan, J.M.O., Hounsell, A.R., 394 

Sullivan, O., Prise, K.M. Cell survival responses after exposure to modulated radiation fields. Radiat. 395 

Res. 51, 44-51 (2012). 396 

10 Ghita. M., Coffey, C.B., Butterworth, K.T., McMahon, S.J., Schettino, G., Prise, K.M. Impact of 397 

fractionation on out-of-field survival and DNA damage responses following exposure to intensity 398 

modulated radiation fields. Phys. Med. Biol. 61(2), 515-526 (2016). 399 

11 Butterworth, K.T., McGarry, C.K., Trainor, C., McMahon, S.J., O’Sullivan, J.M., Schettino, G., 400 

Hounsell, A.R., Prise, K.M. Dose, dose-rate and field size effects on cell survival following exposure 401 

to non-uniform radiation fields. Phys. Med. Biol. 57, 3197-3206 (2012). 402 

12 Butterworth, K.T., McMahon, S.J., McKee, J.C., Patel, G., Ghita, M., Cole, A.J., McGarry, C.K., 403 

O’Sullivan, J.M., Hounsell, A.R., Prise, K.M. Time and Cell Type Dependency of Survival Responses 404 



15 

 

in Co-cultured Tumor and Fibroblast Cells after Exposure to Modulated Radiation Fields. Radiat. Res. 405 

183, 656-664 (2015). 406 

13 Matsuya, Y., McMahon, S.J., Ghita, M., Yohii, Y., Sato, T., Date, H., Prise, K.M. Intensity modulated 407 

radiation fields induce protective effects and reduce importance of dose-rate effects. Sci. Rep. 9, 9483 408 

(2019). 409 

14 Hall EJ, Giaccia AJ. Oxygen Effect and Reoxygenation. In: Hall EJ, Giaccia AJ. Radiobiology for 410 

the Radiologist. 7th ed. Philadelphia: Lippincott Williams & Wilkins, 96-103 (2010). 411 

15 Horsman, MR, Wouters BG, Joiner MC, Overgaard J. The oxygen effects and fractionated 412 

radiotherapy. In: Michael, J., van der Kogel, A.J. (eds). Basic Clinical Radiobiology, 4th edn. London: 413 

Hodder Arnold, 207-216 (2009). 414 

16 Carlson, D.J., Stewart, R.D., Semenenko, V.A. Effects of oxygen on intrinsic radiation sensitivity: a 415 

test of the relationship between aerobic and hypoxic linear-quadratic (LQ) model parameters Med. 416 

Phys. 33, 3105–3115 (2006). 417 

17 Matsuya, Y., Sato, T., Nakamura, R., Naijo, S., Date, H. A theoretical cell-killing model to evaluate 418 

oxygen enhancement ratios at DNA damage and cell survival endpoints in radiation therapyPhys. 419 

Med. Biol. 65, 095006 (2020). 420 

18 Thompson, H.F., Butterworth, K.T., McMahon, S.J., Ghita, M., Hounsell, A.R., Prise, K.M. The 421 

Impact of Hypoxia on Out-of-Field Cell Survival after Exposure to Modulated Radiation Fields. 422 

Radiat. Res. 188 (6), 716–724 (2017). 423 

19 Sato, T., Iwamoto, Y., Hashimoto, S., Ogawa, T., Furuta, T., Abe, S., Kai, T., Tsai, P-E., Matsuda, 424 

N., Iwase, H., Shigyo, N., Sihver, L., and Niita, K. Features of Particle and Heavy Ion Transport code 425 

System (PHITS) version 3.02. J. Nucl. Sci. Technol.1881–1248 Online (2018). 426 

20 Hirayama, H., Namito, Y., Bielajew, A.F., Wilderman, S.J., Nelson, W.R. The EGS5 Code System; 427 

Office of Scientific and Technical Information (OSTI). Oak Ridge, TN, USA (2005). 428 

21 Kaida, A., Miura, M. Differential dependence on oxygen tension during the maturation process 429 

betweenmonomeric Kusabira Orange 2 and monomeric Azami Green expressed in HeLa cells. 430 

Biochem. Biophys. Res. Commun. 421, 855–859 (2012). 431 

22 McKeown, S.R., Defining normoxia, physoxia and hypoxia in tumours—implications for treatment 432 

response. Br. J. Radiol. 87, 20130676 (2014). 433 

23 Mori, R., Matsuya, Y., Yoshii, Y., Date, H. Estimation of the radiation-induced DNA double-strand 434 

breaks number by considering cell cycle and absorbed dose per cell nucleus. J. Radiat. Res. 59 (3), 435 

253–260 (2018). 436 

24 Matsuya, Y., Satou, Y., Hamada, N., Date, H., Ishikawa, M., Sato, T. DNA damage induction during 437 

localized chronic exposure to an insoluble radioactive microparticle. Sci. Rep. 9, 10365 (2019). 438 

25 Rasband, W. S., ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, 439 

http://imagej.nih.gov/ij/ (1997–2012). 440 

26 Joiner, M.C. Quantifying cell kill and cell survival. In: Joiner, M., van der Kogel, A.J. (eds). Basic 441 

Clinical Radiobiology. London: Edward Arnold, p41–p55 (2009). 442 

27 Brenner, D. J. The linear–quadratic model is an appropriate methodology for determining isoeffective 443 



16 

 

doses at large doses per fraction. Semin. Radiat. Oncol. 18, 234–239 (2008). 444 

28 Kumareswaran, R., Ludkovski, O., Meng, A., Sykes, J., Pintilie, M., Bristow, R.G. Chronic hypoxia 445 

compromises repair of DNA double-strand breaks to drive genetic instability. J. Cell Sci. 125, 189–446 

199 (2011). 447 

29 Rothkamm, K., Krüger, I., Thompson, L.H., Löbrich, M. Pathways of DNA Double-Strand Break 448 

Repair during the Mammalian Cell Cycle. Mol. Cell Biol. 23(16), 5706–5715 (2003). 449 

30 Shrivastav, M., De Haro, L. P., Nickoloff, J.A. Regulation of DNA double-strand break repair 450 

pathway choice. Cell Res. 18, 134–147 (2008). 451 

31 Siddiqui, M.S., François, M., Fenech, M.F., Leifert, W.R. Persistent γH2AX: A promising molecular 452 

marker of DNA damage and aging. Mutat. Res.—Rev. Mutat. Res. 766, 1–19 (2015). 453 

32 Noda, A., Hirai, Y., Hamasaki, K., Mitani, H., Nakamura, N., Kodama, Y. Unrepairable DNA double-454 

strand breaks that are generated by ionising radiation determine the fate of normal human cells. J. 455 

Cell Sci. 125, 5280–5287 (2012). 456 

33 Ma, N-Y., Tinganelli, W., Maier, A., Durante, M., Kraft-Weyrather, W. Influence of chronic hypoxia 457 

and radiation quality on cell survival. J. Radiat. Res. 54, i13–22 (2013) 458 

34 Hirayama, R., Furusawa, Y., Fukawa, T. et al. Repair kinetics of DNA-DSB induced by x-rays or 459 

carbon ions under oxic and hypoxic conditions. J. Radiat. Res. 46, 325–332 (2005). 460 

35 Rowe, L.A., Degtyareva, N., Doetsch, P.W. DNA Damage-induced Reactive Oxygen Species (ROS) 461 

Stress Response in Saccharomyces cerevisiae. Free. Radic. Biol. Med. 45(8), 1167–1177 (2008). 462 


