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Just like chemotherapy and surgery, radiation therapy is an 
important cancer treatment modality. Among the problems 
that have been receiving a lot of attention lately are individual 
sensitivity of patients to radiation and  the choice of adequate 
radiation strategy [1–3]. The efficacy of treatment can be 
improved by applying ultrahigh dose rate radiation, which at 
the same time can reduce the adverse effects of radiotherapy. 

However, some authors report that increased dose rates 
produce no biological effects, whereas others point to severe 
biological damage caused by radiation with ultrahigh dose rates 
[4–7]. Our previous in vitro study [8] has demonstrated that 
exposure of peripheral blood lymphocytes to photon radiation 
with dose rates of ~109 Gy/s entails some effects different from 
those of standard dose rates used in conventional radiation 

Т. М. Кулинич1, Е. Г. Крастелев2, Ю. А. Быков2, В. П. Смирнов2,3, А. М. Шишкин1, А. В. Иванов1, В. К. Боженко1

ИССЛЕДОВАНИЕ УРОВНЯ ДВУНИТЕВЫХ РАЗРЫВОВ ДНК И МЕХАНИЗМОВ 
КЛЕТОЧНОЙ ГИБЕЛИ ПРИ ВОЗДЕЙСТВИИ НА КЛЕТКИ РАКА ЛЕГКОГО 
И МЕЛАНОМЫ ФОТОННОГО ИЗЛУЧЕНИЯ СВЕРХВЫСОКОЙ МОЩНОСТИ

Изучение влияния фотонного излучения сверхвысокой мощности (мощность дозы > 1 × 107 Гр/мин) на биологические 
объекты является новым и перспективным направлением радиобоиологии. Экспериментальная установка «МИР-М» 
обладает уникальными характеристиками, позволяющими проводить на ней медико-биологические эксперименты 
и изучать влияние терапевтических доз при интенсивности дозы до 100 МГр/с. Целью работы было исследовать 
влияние фотонного излучения сверхвысокой мощности на клетки опухолевых линий рака легкого (А549) и меланомы 
(MelMtp-x), провести сравнение полученных эффектов с воздействием на клетки излучения терапевтической гамма-
установки «Рокус-АМ». Показано, что излучение сверхвысокой мощности имеет большее повреждающее воздействие 
на клетки исследуемых опухолевых линий в диапазоне доз от 2 до 7 Гр, при этом радиорезистентная линия меланомы 
более чувствительна к фотонному излучению сверхвысокой мощности.
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(A549) and melanoma (MelMtp-x) cells lines and compare them with those of the therapeutic gamma unit Rokus-AM. We show 
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therapy. Our findings suggest that ultra high-dose photon 
radiation may be more beneficial for the patient in terms of its 
therapeutic ratio and the mechanisms of damage induced. 
Photon radiation delivered at ultrahigh dose rates may one day 
become a new component of cancer treatment. 

The aim of this work was to study the effect of ultrahigh 
dose rate photon radiation generated by the experimental 
Mir-M machine on human cancer cell lines in vitro. 

METHODS

Photon pulses were generated by the experimental high-current 
nanosecond electron accelerator Mir-M developed at the Joint 
Institute for High Temperatures, RAS (Moscow). The dose rates 
ranged from 1 × 109 to 4 × 109 Gy/min. Standard therapeutic 
doses of 1 Gy/min used in patients with malignant tumors were 
generated by the therapeutic Co60-based gamma-ray unit 
Rokus-AM.

To study irradiation effects on a biological model in vitro, 
2 cell lines were chosen: MelMtp-x (human melanoma cells 
from the collection of Blokhin Cancer Research Center, Russia) 
and A549 (human lung carcinoma 300114 from the Cell Lines 
Service repository). We assessed the cytotoxic effect of both 
radiation types by measuring the total number of killed cells, 
the proportion of apoptotic and necrotic cells, and the number 
of double-strand DNA breaks (DSBs).

The cells were thawed and cultured following standard 
protocols. А549 cells were cultured in the DMEM medium 

(PanEco; Russia). MelMtp-x cells were cultured in RPMI 1640 
(Gibco; USA). Both media were supplemented with 10% fetal 
bovine serum (S1800; BioWest; France).

Irradiation of the samples on the "Mir-M" and therapeutic 
gamma-unit "Rokus-AM" were produced by the described 
methods [8].

The cytofluorometric analysis was performed on the Flow 
Cytometer Cytomics FC 500 (Beckman Coulter; USA) equipped 
with an argon ion laser (λ = 488 nm).

The number of double-strand DNA breaks was estimated 
from the levels of phosphorylated Н2А.Х histone using the 
17-344 H2A.X Phosphorylation Assay Kit for Flow Cytometry 
(Millipore; USA) according to the manufacturer’s protocol. 

Cell death pathways in the irradiated samples were studied 
24 and 48 hours after irradiation with the help of the Annexin 
V-FITC Kit (Beckman Coulter; USA). The kit contains annexin V 
and propidium iodide (PI) and can be used to simultaneously 
estimate the proportion of both apoptotic and necrotic cells 
[8]. The significance of differences was assessed by Sudent's 
t-test. Differences were considered significant at p < 0.1. 

RESULTS

The relative number of DSBs did not differ significantly between 
the А549 (human lung carcinoma) cells irradiated at standard 
therapeutic dose rates and those exposed to ultrahigh dose rate 
radiation (Fig. 1А). For MelMtp-x cells irradiated with standard 
therapeutic doses generated by Rokus-AM, the dose-effect 

Fig. 1. Changes in the relative number of double-strand DNA breaks in А549 (A) and MelMtp-x (B) cells irradiated with therapeutic (Rokus-AM) and ultrahigh dose rate 
photon radiation (Mir-M) 

Mir-M

100

120

B

А

0

0

2

2

4

4

6

6

8

8

10

10

12

12

14

14

16

16

18

18

90

80

100

70

80

60

50

60

40

30

40

20

20

10

0

0

Mir-M

Rokus-AM

Rokus-AM

Linear (Mir-M)

Linear (Mir-M)

Linear (Rokus-AM)

R
el

at
iv

e 
nu

m
b

er
 o

f 
d

o
ub

le
-s

tr
an

d
 

D
N

A
 b

re
ak

s 
(%

)
R

el
at

iv
e 

nu
m

b
er

 o
f 

d
o

ub
le

-s
tr

an
d

 
D

N
A

 b
re

ak
s 

(%
)

Linear (Rokus-AM)

Dose (Gy)

Dose (Gy)

Number of double-strand DNA breaks 
in irradiated Mel Mtp-x cells

Number of double-strand DNA breaks 
in irradiated A549 cells



BULLETIN OF RSMU   5, 2018   VESTNIKRGMU.RU| |

ORIGINAL RESEARCH    ONCOLOGY

67

relationship was linear, in contrast to MelMtp-x cells exposed 
to Mir-M pulses that demonstrated a nonlinear relationship 
(Fig. 1B). Photon pulses applied to MelMtp-x cells at doses 
from 2 to 5 Gy caused a sharp increase in the relative number 
of DSBs (65.7–80%; p < 0.1). For doses > 7 Gy, the levels 
of DSBs did not differ significantly between the two studied 
radiation types, reaching their maximum of 95%. 

While analyzing the number of killed cells, we discovered 
a few different patterns possibly related to the radiation type 
applied and the specifics of the used cell lines (Fig. 2). The 24-h 
incubation of А549 cells irradiated with therapeutic gamma 
rays did not result in a significant increase in the number of 
killed cells; PI-positive cells made up only 6% of the total cells 
in the culture (Fig. 2A). But longer post-irradiation incubation 
time (48 h) caused a significant increase in the number of 
killed cells: 32.6% at 8 Gy and 41.2% at 16 Gy. Significant 
differences were also observed for the number of PI-positive 
cells between the MelMtp-x cultures irradiated at ultrahigh 
dose rates and subsequently incubated for 24 h, unirradiated 
controls and MelMtp-x irradiated with therapeutic gamma rays 
generated by Rokus-AM (Fig. 2B). The proportion of killed 
cells grew significantly at a dose of 1.4 Gy and higher (14.8%) 
reaching its maximum at 11.7 Gy (31.2%). At the same time, 
extended 48-h incubation of the samples irradiated by the 
Mir-M machine did not cause a significate rise in the number 
of killed cells. Interestingly, the differences in the proportion of 
killed cells between the cultures undergoing 48-h incubation 
and irradiated by different radiation sources were insignificant. 

In MelMtp-x cultures irradiated by Rokus-AM the proportion 
of killed cells was no bigger than 7%; incubation time did 
not have any effect on cell mortality. Exposure to ultrahigh 
dose rates followed by 24-h incubation did not produce any 
significant therapeutic effect. But longer 48-h incubation led 
to a sharp rise in the proportion of killed cells in the sample: 
13.4% at 2.5 Gy and 33.8%. at 11.8 Gy.

The analysis of cell death pathways revealed that the 
contribution of apoptosis to cell death was the largest (Fig. 3). 
For А549 cells, significant differences in the levels of apoptosis 
induced by photon radiation as compared to the therapeutic 
gamma rays generated by Rokus-AM were observed at doses 
≥ 1.4 Gy given that the cells were incubated for 24 h (Fig. 3A). 
When incubation time was increased to 48 h, the differences 
were leveled out. However, the rise in the number of apoptotic 
A549 cells was significant for both irradiation types: in A549 
cells exposed to ultrahigh photon radiation doses of 11.7 Gy 
the level of apoptosis was 21.4 ± 3.2% after 24 h of incubation 
and 43.0 ± 5.2% after 48 h of incubation. In the culture exposed 
to 16 Gy doses generated by Rokus -AM and incubated for 
24 h, the proportion of apoptotic cells was 4.8 ± 0.7%; 48-h 
incubation resulted in the higher level of apoptosis (38.4 ± 4.6%).

The proportion of apoptotic MelMtp-x cells measured after 
irradiation with standard therapeutic gamma ray doses did 
not exceed 4%; incubation time did not affect cell mortality in 
the culture. Exposure to ≥ 5 Gy photon radiation followed by 
48-h incubation led to a reliable increase in the proportion of 
apoptotic cells (Fig. 3B).

Fig. 2. Changes in the number of killed cells in А549 (A) and MelMtp-x (B) cell cultures irradiated with therapeutic (Rokus-AM) and ultrahigh dose rate photon radiation (Mir-M) 
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The proportion of necrotic А549 cells measured after 
irradiation with photon pulses generated by Mir-M was 
significant at 4.3 Gy (38.6% of the total killed cells in the culture) 
and at 11.7 Gy (30.6%) if the cells were incubated for 24 h 
(Fig. 4А). This proportion shrank to 7.1% and 6.1%, respectively, 
if the cells were incubated for 48 h. This leads to a supposition 
that in the А549 culture necrotic cells are eliminated within 
48 hours while apoptosis induced by ultrahigh photon radiation 
doses goes on.

While analyzing the level of necrotic cells in the irradiated 
MelMtp-x culture, we found out that it did not differ significantly 
between the cells exposed to different radiation sources 
and incubated for 24 h (Fig. 4B). When incubation time was 
extended to 48 h, the proportion of necrotic cells increased 
in the samples irradiated by Mir-M with 1.58 Gy. At 2.6 Gy 
this proportion was 8.9 ± 1.1% making up 66.4% of total cell 
death; at 11.8 Gy the level of necrosis reached 17.5 ± 2.1% 
(51.8% of total cell death). 

DISCUSSION

Our study demonstrates that cell mortality measured in 
irradiated А549 (human lung carcinoma) and MelMtp-x 
(human melanoma) cells is higher for the cells exposed to 
photon radiation generated by Mir-M, although the number of 

induced DSBs is comparable between these two cell lines. The 
proportion of apoptotic cells is significantly higher in the А549 
culture irradiated at ultrahigh dose rates. 

The number of radiation-induced DSBs characterizes the 
DNA-damaging capacity of radiation and largely determines 
the fate of the affected cell [9]. The cell responds to this 
traumatic event by activating DNA repair pathways; if DNA 
integrity cannot be restored apoptosis is launched. Problems 
at any stage of DNA repair lead to chromosomal aberrations 
and eventually to cell death [10]. 

The number of DSBs estimated in our experiment is 
determined by the parameters of the radiation type and 
the state of DNA repair systems, in the first place. The 
relationships between the number of DSBs in A549 cells 
and the radiation type applied turned to be linear and almost 
identical, meaning that the damage caused by ultrahigh 
and standard therapeutic dose rates was comparable or 
that DNA repair mechanisms were intact in this cell line. In 
А549 cells irradiated at ultrahigh dose rates, apoptosis is 
induced 24 h after the exposure, whereas therapeutic gamma 
rays trigger it only 48 h after irradiation. One can assume 
that damage caused by the energies generated by Rokus-
AM does not prevent А549 cells from activating their DNA 
repair mechanisms, while damage induced by Mir-M ultrahigh 
dose rates is soon identified by DNA repair mechanisms as 

Fig. 3. Changes in the proportion of apoptotic cells in А549 (A) and MelMtp-x (B) cell cultures irradiated with therapeutic (Rokus-AM) and ultrahigh dose rate photon 
radiation (Mir-M). Staining: annexin V/ propidium iodide
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irreversible, and apoptosis is triggered as early as 24 h after 
the exposure. The proportion of apoptotic cells remains high 
48 h after irradiation at ultrahigh dose rates but the level of 
necrosis drops. 

The number of DSBs was significantly higher in the 
MelMtp-x culture irradiated with doses ranging from 2.15 to 
7.6 Gy generated by the Mir-M machine. Possibly, at doses 
starting from ~2 Gy the type and extent of DNA damage in 
the cell prevent DNA repair systems from exerting their 
function. The results of cell death analysis in MelMtp-x cells 
are consistent with the reports of melanoma radioresistance 
[11, 12]; exposure to radiation generated by the therapeutic 
gamma ray machine Rokus-AM hardly induces cell death, 
which means that either apoptosis is not activated in response 
to DSBs [13], or DSB reparation is effective [14]. Cell death 
was observed in melanoma cells irradiated at ultrahigh dose 
rates with the same doses (≥ 2.15 Gy) that caused an increase 
in the number of DSBs. Cell death was induced on day 2 
after irradiation. Both apoptosis and necrosis pathways were 
equally involved. Perhaps, exposure of melanoma cells to 
ultrahigh dose rates causes their irreversible damage, which in 
some cases both triggers apoptosis and activates other death 
pathways. To sum up, we have demonstrated that radiation 

generated by the experimental Mir-M machine kills significantly 
more cells than therapeutic gamma rays (Rokus-AM) in both 
studied cultures: А549 (human lung carcinoma) and MelMtp-x 
(human melanoma), although the number of induced DSBs is 
comparable between the cultures at the highest doses applied. 
In А549 cells irradiated by the Mir-M machine, apoptosis was 
more extensive.

The use of ultrahigh dose rate radiation holds promise 
for the treatment of radioresistant cancers and can minimize 
damage to the surrounding tissues when applied to solid 
tumors [15, 16].

Our findings may be interesting for clinicians looking for an 
alternative to conventional radiotherapy and for researchers 
studying the mechanisms of radioresistance and the ways to 
overcome it. 

CONCLUSIONS

Our findings pave the way for further research of the effect of 
photon radiation delivered at ultrahigh dose rates on biological 
objects. This type of radiation may help to improve the efficacy 
of radiotherapy of radioresistant tumors and mitigate their 
detrimental effect on the surrounding healthy tissue. 

Fig. 4. Changes in the proportion of necrotic cells in А549 (A) and MelMtp-x (B) cell cultures irradiated with therapeutic (Rokus-AM) and ultrahigh dose rate photon 
radiation (Mir-M). Staining: annexin V/ propidium iodide
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