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Abstract

Background: Determination of the radiosensitivity of a specific tumor is essential to its precision tumor radiotherapy, but the
measurement of cellular radiosensitivity with a routine colony forming assay is both labor- and time-consuming. An alternative
option allowing rapid and precise prediction of radiosensitivity is necessary.

Methods: In this study, we exposed 4 in vitro cultured cell lines to various doses of X-rays or carbon ions and then measured
their radiosensitivities with a routine colony-forming assay, and monitored the kinetics of cell cycle distribution with routine
propidium iodine staining and flow cytometry.

Results: Based on the results, we correlated cellular radiosensitivity with a dynamic assay of cell cycle distribution, specifically,
the negative correlation of cellular radiosensitivity with the accumulated G2/M arrested cells at 48 hours after exposure. The
higher the proportion of accumulated G2/M arrested cells at 48 hours after exposure, the lower the radiosensitivity of the cell
line, that is, the higher radioresistance of the cell line.

Conclusion: These findings provide an optional application of regular cell cycle analysis for the prediction of tumor

radiosensitivity.
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Introduction

Precision medicine is thought to provide a personalized treat-
ment plan based on the genetic background.' For tumor radio-
therapy, precision treatment depends on the radiosensitivity of
a specific tumor to treatment radiation. Currently, the colony
forming assay is the classic measurement of cellular radiosen-
sitivity.” It usually takes approximately 2 weeks for one repeat,
and it takes more than 1 month to obtain reliable results. For
clinical applications, a rapid assay to determine the radiosensi-
tivity of a tumor is therefore urgently needed.

Cell cycle checkpoint is a highly evolved cellular mechan-
ism by which a cell positively halts progression through the cell
cycle until it ensures the orderly and timely progression and
completion of critical events such as DNA replication and
chromosome segregation .> It is critical for cells to maintain
their genomic stability. Theoretically, any damages to the DNA
or cell cycle checkpoint pathway might lead to cell cycle block
at a certain phase, and the more severe damage ionizing radia-
tion induces, the more sensitive the cells. Even though
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radiation-induced cell cycle arrest has been widely studied, the
correlation between cellular radiosensitivity and cell cycle
arrest is not well-established.

In this study, we conducted quantitative experimental stud-
ies with 4 cell lines, 2 melanoma cell lines, C32TG and MeWo,
and 2 squamous cell carcinoma cell lines, FaDu and SAS. We
measured their radiosensitivities to X-rays and carbon ions
with classic colony forming assays, and measured the dynamics
of cell cycle distribution with routine propidium iodide (PI)
staining and flow cytometry. We established a negative linear
correlation of cellular radiosensitivity (D10, SF2) with the
accumulated G2/M blocked cells at 48 hours after exposure.

Methods
Cell Culture

Human malignant melanoma cell lines, C32TG and MeWo,
and squamous cell carcinoma cell lines, FaDu and SAS, were
purchased from the American Type Culture Collection
(Manassas, Virginia) and stored by the near-infrared spectro-
scopy. The cells were cultured in RPMI-1640 medium (Sigma-
Aldrich, St. Louis, Missouri) containing 10% fetal bovine
serum (FBS; Hyclone, Logan, Utah), 100 pg/mL streptomycin,
and 100 units/mL penicillin in a humidified atmosphere of 95%
air and 5% CO,.

Irradiation

Both X-rays and carbon ion irradiation were conducted at the
National Institute of Radiological Sciences, Chiba, Japan.*
Briefly, X-ray irradiations were performed with a Pantak-
320 S generator (Shimadzu, Tokyo, Japan) operated at 200 kVp
and 20 mA with 0.5 mm Al and 0.5 mm Cu filters. The dose
rate was 1 Gy/min. Carbon ions with an original energy of
290 MeV/u were modified with filters to obtain a linear energy
transfer (LET) of 100 keV/um generated by a heavy ion med-
ical accelerator at Chiba (HIMAC, Chiba, Japan) with a dose
rate of 1 Gy/min. All irradiations were conducted at room
temperature.

Cell Survival

Cell survival was determined using a conventional colony
forming assay. Briefly, the cells were collected by trypsiniza-
tion and resuspended in RPMI-1640 medium containing 10%
FBS immediately after exposure. The cell concentration was
determined using a model Z1 cell Coulter counter with a
100 um aperture tube. The cells were diluted with medium and
seeded in 60 mm Petri dishes (Falcon, Germantown, Washing-
ton, DC) to obtain 10 to 100 colonies per dish. The dishes were
incubated for the appropriate days corresponding to the cell
lines, then fixed with 10% formaldehyde for 10 minutes and
stained with crystal violet to visualize the colonies. Colonies
containing more than 50 cells were counted as survivors. Three
parallel dishes were scored each time for every dose.

Cell Cycle Distribution

The cells were harvested and fixed with 70% prechilled ethanol
for > 24 hours at —20°C. The fixed cells were washed twice
with phosphate-buffered saline, then treated with 100 pg/mL
RNase A and 50 pg/mL PI mixed buffer (BD Biosciences, San
Jose, California) for 30 minutes at 37°C. The cell cycle distri-
bution was analyzed with Modfit software (Verity Software,
Topsham, Maine) from the histogram of the DNA content
measured with a flow cytometer (FACScan, Becton Dickinson,
Franklin Lakes, New Jersey). The increased G2/M cells (%)
were used to quantitate the induction of the G2/M block, which
was obtained by subtracting the number of control G2/M cells
from those of the irradiated samples.’

Statistical Analysis

All the experiments were repeated independently at least 3
times, and the data are presented as the mean + standard error
(SE). All results were plotted and analyzed with Kaleidagraph
(Synergy Software, Philadelphia, Pennsylvania). The survival
data were fitted with a linear quadratic model and the dose
dependency of the induction of G2/M block was fitted with a
linear model.

Results

Different Cell Lines Differ in Radiosensitivity, but Carbon
lon Irradiation Decreases the Difference

For X-ray irradiation, there were shoulders in the survival
curves of C32TG, MeWo, and FaDu cells (Figure 1A). The
ratio of o/p for the MeWo cell line was the highest, while that
for FaDu was the lowest, which meant that MeWo was the
most radiosensitive to X-rays and FaDu was the most radio-
resistant of the 3 cell lines (Table 1). Different from these 3
cell lines, SAS had a tiny shoulder in its survival curves and
thus a high o/p. The sensitivities of the 4 kinds of cell lines to
X-rays were diverse.

High LET carbon ion irradiation changed the shape of the
survival curves dramatically (Figure 1B). The shoulder in the
survival curves of C32TG and MeWo disappeared and there
was rarely a difference in the survival of these 2 cell lines. The
differences between FaDu and SAS also decreased, even
though a tiny shoulder remained for both cell lines. Two mel-
anoma cell lines were relatively more sensitive to carbon ions
than the 2 squamous cell carcinoma cell lines.

Consistently, carbon ions had a better ability to kill cancer
cells. The relative biological effectiveness (RBE) at 10% sur-
vival was 3.19 for C32TG, 2.06 for MeWo, 2.60 for FaDu, and
2.47 for SAS.

Both X-Rays and Carbon lons Induce G2/M Block
in a Both Time- and Dose-Dependent Manner

Dynamic studies on the cell cycle distribution using flow cyto-
metry revealed G2/M arrest in all 4 tested cell lines. Figure 2B
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Figure 1. Cell survival curves of 4 cell lines. Survival was measured with a routine colony-forming assay. (A) X-ray irradiation, (B) carbon ions
with 100 kev/um. Data are presented as the mean + standard error. Experimental data were fitted using a linear-quadratic model. All

experiments were independently repeated at least 3 times.

Table I. Parameters of Cell Survival Curves.

X Rays Carbon RBE
o B o/ D50 Dio SF2 o B alP D50 DIo SF2 50 10
C32TG 0.172 0.049 3.55 240 5.34 0.58 1.377 - - 0.50 1.67 0.06 4.77 3.19
MeWo 0.421 0.065 6.48 1.36 3.54 0.33 1.342 - - 0.52 1.72 0.07 2.63 2.06
FaDu 0.133 0.044 3.05 2.74 5.90 0.64 0.897 0.051 17.52 0.74 227 0.14 3.70 2.60
SAS 0.380 0.007 51.73 1.76 5.48 0.45 0.820 0.097 8.43 0.77 222 0.13 2.28 247

Abbreviation: RBE, relative biological effectiveness.

shows that the proportion of GO/G1 phase of C32TG cells
decreased immediately after exposure to 5 Gy of X-rays, while
the proportion of S phase cells increased slightly and then
decreased in 3 hours. The proportion of G2/M phase cells gra-
dually increased after exposure to X-rays and reached a peak at
9 hours, then decreased at 15 hours. However, the proportion of
G2/M phase cells was still higher than the controls at 48 hours.
Obviously, a G2/M arrest was induced in G32TG cells by
X-rays. In a similar manner, the G2/M arrest was induced by
carbon ions and reached a maximum at 12 hours after exposure
(Figure 2C).

However, the dynamics of the G2/M arrest induced by
ionizing radiation differed among cell lines. Figure 3A and
B show that the G2/M arrest of different cell lines reached a
maximum value at different postincubation times; C32TG and
MeWo at 9 hours, FaDu at 12 hours, and SAS at 24 hours after
exposure to X-rays. For carbon ions, all cell lines reached
their maximum G2/M block much faster than X-ray exposure;
SAS at 6 hours, MeWo at 9 hours, and C32TG and FaDu at 12
hours (Figure S1).

The maximum of G2/M blocked cells differed among the
cell lines (Table 2). For X-ray irradiation, the maximal G2/M
arrests were 32.11%, 30.01%, 57.61%, and 53.94% for
C32TG, MeWo, FaDu, and SAS, respectively. For carbon ion

irradiation, the maximal G2/M arrests were 24.01%, 33.46%),
46.37%, and 30.45% for C32TG, MeWo, FaDu, and SAS,
respectively. Because different cell lines reached their maxi-
mum values at different postincubation times, it was not easy
to compare the maximums of G2/M arrests of various cell
lines.

Consistent G2/M Blocked Cells at 48 Hours After
Exposure Might be an Indicator of Cellular
Radiosensitivity

There was a dose-dependent accumulation of G2/M blocked
cells 48 hours after exposure (Figure 2D and E). With increas-
ing irradiation doses, the proportion of GO/G1 phase cells
gradually decreased, while the proportion of G2/M phase cells
gradually increased, and the proportion of S phase cells
showed minimal changes. A similar dose-dependent accumu-
lation of G2/M blocked cells was observed with carbon ions
(Figure 2C).

The dose-dependent accumulation of G2/M blocked cells
was also correlated with cell type (Figure 3C and D). A linear
dependency of accumulated G2/M cells with X-ray irradiation
doses was shown for FaDu, C32TG, and MeWo cells. MeWo
was the most resistant cell line, while FaDu was the most
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Figure 2. Dose- and time-dependency of the cell cycle distribution of C32TG cells exposed to ionizing radiation. (A) the cell cycle distribution
measured with propidium iodide staining and flow cytometry, (B) dynamics of cell cycle distribution after exposure to 5 Gy of X-rays, (C)
dynamics of cell cycle distribution after exposure to 1.7 Gy of carbon ions, (D) the cell cycle distribution 48 hours after exposure to various
doses of X-rays, (E) the cell cycle distribution 48 hours after exposure to various doses of carbon ions. Data are presented as the mean +
standard error. All experiments were independently repeated at least 3 times.

sensitive cell line among the 3 cell lines. The accumulation of
G2/M SAS cells at 48 hours after exposure was slightly differ-
ent from other cell lines.

The dose-dependent accumulation of G2/M blocked cells
was correlated with the type of radiation. Carbon ion irradia-
tion was better at blocking cells in G2/M phase even 48 hours
after exposure, so the RBE was higher than 1, 1.71, 4.00, 2.57,
and 2.20 for C32TG, MeWo, FaDu, and SAS, respectively
(Figure S2).

An obvious correlation between cellular radiosensitivity and
G2/M block was seen via the shape of the survival curves
shown in Figure 1A and B, and the accumulation of G2/M
arrested cells shown in Figure 3C and D. To quantitate the
correlations, we plotted the accumulations of G2/M arrested
cells at 48 hours versus SF2 and D10 (Figure 4). Positive cor-
relations were found (with D10, R? = 0.79 for X-rays and 0.84
for carbon ions; with SF2, R* = 0.39 for X-rays and 0.88 for
carbon ions).
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Figure 3. Induction of the G2/M block in 4 cell lines by ionizing radiation. (A) Dynamics of G2/M phase cells after exposure to 5 Gy of X-rays,
(B) dynamics of G2/M phase cells after exposure to 1.7 Gy of carbon ions, (C) the dose-dependent induction of the G2/M block 48 hours after X-
ray exposure, (D) the dose-dependent induction of the G2/M block 48 hours after carbon ion exposure. The data are presented as the mean +
standard error. All experiments were independently repeated at least 3 times.

Discussion

Cell cycle checkpoints are well-conserved, self-protective pro-
cesses for cells to ensure proper and intact genetic materials to
segregate into 2 daughter cells.® Tonizing radiation induces
DNA damages and induces DNA repair of cell cycle check-
points.” The more severe the ionizing radiation induces DNA
damages, the longer the cells were blocked in a specific cell
phase. Interference of the cell cycle with chemicals, small
interfering RNA, or inhibitors to cell cycle kinases usually
sensitizes tumor cells to ionizing radiation®'* so there must
be a correlation between cell cycle block and cellular radio-
sensitivity. In the present study, we conducted quantitative
studies with 4 cell lines, to determine the relationship between
cellular radiosensitivity and cell cycle block, and to establish a
negative correlation between cellular radiosensitivity and the
accumulation of G2/M arrested cells at 48 hours after exposure.
Even though the peak of the G2/M induction was correlated
with cellular radiosensitivity, it was hardly detected because
different cell lines reached their peaks at different times after

exposure. The linear dependent accumulation on irradiation
dose and its positive correlation with SF2/D10 made the
increase of G2/M arrested cells at 48 hours a better candidate
indicator of cellular radiosensitivity.

In general, for all cell lines, those cells with minimal dam-
age and efficient repair already finish their DNA damage repair
and reenter the cell cycle in 48 hours after irradiation. How-
ever, if there is anything abnormal in the cells, such as non-
repair, misrepaired DNA damages, or strict cell cycle checking
ability, the cells are likely to be blocked at the G2/M phase for
an extended period of time. For severely damaged cells with
minimal repair capabilities, apoptosis is initiated with resultant
cell death. For those cells with incomplete repair, they are very
likely blocked at the G2/M phase for extended periods of time.
The proportion of these cells is dependent on irradiation dose,
as confirmed by the present study. Proliferative death is prob-
ably the fate of these cells, so the higher the proportion of
death, the more radiosensitive the cell line, which explains
(1) the negative dependency of cell survival on irradiation dose
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Table 2. Parameters of G2/M Block Induction.

X Rays Carbon

Cells Maximum At 48 Hours Slope Maximum At 48 Hours Slope RBE
C32TG 32.11 + 1.96 21.33 + 2.24 3.04 2401 + 1.57 13.14 + 0.59 5.19 1.71
MeWo 30.01 + 2.27 1824 + 4.73 1.85 33.46 + 0.00 14.29 + 0.56 7.39 4.00
FaDu 57.61 + 0.00 50.51 + 0.00 5.04 46.37 + 5.88 2998 + 4.20 12.97 2.57
SAS 53.94 + 0.00 29.07 + 0.00 4.82 30.45 + 4.98 28.56 + 1.85 9.74 2.02
Abbreviation: RBE, relative biological effectiveness.
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Figure 4. Correlation between the G2/M block and cellular radiosensitivity. Based on the dose-dependency of the G2/M block as shown in
Figure 3C and 3D, we fitted the data with a linear mode to obtain the slope. The slopes of the dose-dependent induction of G2/M blocked cells
were plotted versus D10 (A), the dose for 10% survival, and SF2 (B), the survival level induced by 2 Gy of ionizing radiation. The slope of the
accumulation in G2/M arrested cells at 48 hours after exposure was linearly correlated with D10 or SF2.

and (2) the negative correlation of cell cycle block with cellular
radiosensitivity.

However, there is another possible fate for those cells with
incompletely repaired DNA damages that reenter the cell cycle
with damaged DNA if their cell cycle machinery is either
abnormal or damaged and their cell cycle checkpoints do not
strictly work. High LET radiations such as carbon ions not only
damage genetic materials but also probably damage cell cycle
checkpoint machinery, which impairs the monitoring effi-
ciency of cell cycle checkpoints and results in cell cycle
suspension,'® implying (1) the high RBE of carbon ions in
inducing the accumulation of G2/M blocked cells at 48 hours
after exposure and (2) the high radiosensitivity of cells to car-
bon ions. When cells reenter the cell cycle with incompletely
repaired DNA damage, there is a negative correlation between
G2/M block at 48 hours after exposure and cellular radiosensi-
tivity, which no longer exists. This is the reason why we could
not exclude exceptions, for example, the 92-1 and OCM-1
melanoma cell lines. As we previously reported, OCM-1 cells
are extremely resistant to both X-rays and carbon ions, whereas
92-1 cells are extremely sensitive even though both are mela-
noma cell lines.'

Cellular radiosensitivity has a critical impact on clinical
prognoses. Our data on cellular radiosensitivity has shown that
the sensitivities of different cell lines were diverse, implying
that for radiotherapy with X-rays, it is essential to consider the
radiosensitivity of a specific tumor. However, consistent with
other reports that the difference in cellular radiosensitivity
decreases along with increasing LET, "> our results also showed
that carbon ion irradiation diminished the difference in radio-
sensitivities between cell lines, implying that for carbon ion
therapy, the difference in radiosensitivities among individuals
are minimal, especially for the same kind of tumor.

However, the time taken for the establishment and culturing
of skin fibroblasts and for the clonogenic assay of cell killing
currently precludes the use of fibroblasts in a predictive assay.
Clonogenic assay is still not applicable to other cell lines that
are difficult to form clones. Attention has, therefore, focussed
on the use of unrepaired DSB, rH2AX, micronuclei, chromo-
somal aberrations, cell cycle which are more readily available.
A potentially more rapid (< 3 day) involves quantifying
radiation-induced cells damage."® In order to assess the applic-
ability of the micronucleus (MN) and G2 assays as biomarkers
of in vitro radiosensitivity and cancer susceptibility, De Ridder
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et al'’ investigated the inter- and intraindividual variation of

these end points. Multiple blood sampling may be necessary to
draw reliable conclusions. G2 and MN assay can be used in a
confident way as biomarkers of individual radiosensitivity or
cancer susceptibility. Vral et al'® assessed the chromosomal
radiosensitivity with the G2 and the GO-micronucleus assay.
The results demonstrated that the group of patients with breast
cancer with a known or putative genetic predisposition was on
the average more radiosensitive than a population of healthy
women, and this with the G2 as well as with the high dose rate
and low dose rate MN assay. With the G2 assay, 43% of the
patients were found to be radiosensitive. A higher proportion
of the patients were radiosensitive with the MN assay (45%
with high dose rate and 61% with low dose rate). For us, we
hope to develop cell cycle as a biomarker of cell radiosensi-
tivity. This method can reflect radiation damage to cells or
tissues more quickly.

Determination of cellular radiosensitivity is important for
precision treatment of patients with cancer who require radio-
therapy, especially photon treatment, as suggested by the pres-
ent study. Overall, we have shown that a cell cycle assay with
routine PI staining and flow cytometry can determine the cel-
lular radiosensitivity in 3 days, which might be optional for
clinical applications.
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