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INVESTIGATION OF THE LEVEL OF DNA DOUBLE-STRAND BREAKS AND
MECHANISMS OF CELL DEATH UNDER IRRADIATION OF LUNG CANCER AND
MELANOMA CELLS WITH ULTRA-HIGH DOSE RATE PHOTON RADIATION
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Research into the effects of radiation delivered at ultrahigh dose rates > 1 x 107 Gy/min to biological objects is a new promising
area of radiobiology. The unique characteristics of the high-current nanosecond electron accelerator Mir-M enable its use in
medical and biological research, specifically in the experiments aimed at investigating the effect of therapeutic doses at a dose
rate up to 100 MGy/s. In this work we study the effects of ultrahigh dose rate photon radiation on human lung carcinoma
(AB49) and melanoma (MelMtp-x) cells lines and compare them with those of the therapeutic gamma unit Rokus-AM. We show
that ultrahigh dose rates induce more significant damage in the studied cell lines at doses between 2 and 7 Gy, radioresistant
melanoma being more sensitive to photon radiation delivered at ultrahigh dose rates.
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NCCNIEOQOBAHUE YPOBHA OBYHUTEBbBLIX PA3PbIBOB AHK U MEXAHN3MOB
KNETOYHOW NMBENN NPU BO3OENCTBUN HA KITETKW PAKA JIETKOIO
N MENAHOMbI ®OTOHHOIO NU3NMYYEHUNSA CBEPXBbICOKOW MOLLIHOCTU
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" Poccuiicknin Hay4HbIN LIEHTP peHTreHopaanonorumn, Mockea
2 O6bEeOVHEHHDIA MHCTUTYT BbICOKMX TeMnepaTtyp Poccuiickoin akagemmnn Hayk, Mockea
3 AO «Hay4Ho-1ccnenoBaTensCKuii UHCTUTYT TEXHUHYECKOW 3k 1 aBTomaTnaaumm» fockopnopauum «Pocatom», Mocksa

13y4eHme BAVSHNSE DOTOHHOIO U3MYyHEHNsT CBEPXBLICOKOM MOLLIHOCTY (MOLLHOCTb A03bl > 1 x 107 p/MuH) Ha Bronornyeckmne
0OBEKTBI ABNAETCH HOBbIM Y MEPCMNEKTUBHBIM HanpaBeHNeM paamroboMonorim. dkcnepumMeHTansHas yctaHoska «MVIP-M»
06nafaeT YHUKaNIbHbIMI XapakTepUCTUKaMM, MO3BONSIOLLMMY MPOBOAUTL Ha HEW MednKO-O1ONormyeckme aKCnepumMeHTbl
N U3y4aTb BANSIHWE TepaneBTUHECKMX A03 MpPW MHTEHCMBHOCTM A03bl A0 100 MIp/c. Liensto paboTsl 66110 nccnenosatb
BNVSHNE (DOTOHHOMO U3MTY4EHNST CBEPXBLICOKON MOLLIHOCTW Ha KNETKM OMyXOEBbIX NIMHMI paka nerkoro (A549) 1 menaHombl
(MelMtp-x), NpoBeCTM CpaBHeHWEe MNOMyYeHHbIX 3NAEKTOB C BO3AENCTBMEM Ha KIETKM U3MYyHEHMS TepaneBTU4eCKon raMmma-
YCTaHOBKM «Pokyc-AM». Moka3aHo, YTO 13/yHeHe CBEPXBbICOKOM MOLLHOCTI MMEET BoJbLLee MOBPeXJatoLLee BO3AENCTBIE
Ha KNETKM NCCNEAyEeMbIX OMyXONEBbIX IMHM B Ananas3oHe 403 OT 2 A0 7 [p, Mpyn STOM paariope3nCTeHTHAsA NIMHMS MeNaHOMbI
bonee 4YyBCTBUTENBHA K (DOTOHHOMY M3MTyHEHNIO CBEPXBBICOKOM MOLLHOCTU.
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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.
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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 ~10° Gy/s entails some effects different from
those of standard dose rates used in conventional radiation
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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 x 10° to 4 x 10° 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 (DSBSs).

The cells were thawed and cultured following standard
protocols. A549 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 (A = 488 nm).

The number of double-strand DNA breaks was estimated
from the levels of phosphorylated H2A.X 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 (Pl) 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 A549 (human lung carcinoma) cells irradiated at standard
therapeutic dose rates and those exposed to ultrahigh dose rate
radiation (Fig. 1A). For MelMtp-x cells irradiated with standard
therapeutic doses generated by Rokus-AM, the dose-effect
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Fig. 1. Changes in the relative number of double-strand DNA breaks in A549 (A) and MelMtp-x (B) cells irradiated with therapeutic (Rokus-AM) and ultrahigh dose rate

photon radiation (Mir-M)
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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 A549 cells irradiated with therapeutic gamma
rays did not result in a significant increase in the number of
killed cells; Pl-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 Pl-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.

ORIGINAL RESEARCH | ONCOLOGY

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 A549 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).
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Fig. 2. Changes in the number of killed cells in A549 (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 A549 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. 4A). 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 A549 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 A549 (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 A549
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
A549 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 A549 cells from activating their DNA
repair mechanisms, while damage induced by Mir-M ultrahigh
dose rates is soon identified by DNA repair mechanisms as
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Fig. 3. Changes in the proportion of apoptotic cells in A549 (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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radiation (Mir-M). Staining: annexin V/ propidium iodide

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
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generated by the experimental Mir-M machine kills significantly
more cells than therapeutic gamma rays (Rokus-AM) in both
studied cultures: A549 (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 A549 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.
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