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Abstract

Objective: The aim of this study is to explore the effect of 2C°* beam irradiation on cell cycle and apoptosis in cervix
adenocarcinoma.

Materials and Methods: The Hela cells were exposed to 2C®* beam/y-ray. Cell viability was determined by clonogenic
assay. Cell cycle was detected by flow cytometric analysis. The apoptosis was detected by fluorence microscope with DAPI
staining.

Results: The Go/G1 cells in the irradiated groups were significantly more than those in the control (p<0.05), the Go/G1 cells
in the 12C%*-irradiated groups were significantly 5-15% more than those in the y-irradiated ones (p<0.05); the G2/M arrest
in 12CO*-irradiated groups occurs later than those in the y-irradiated groups (p<0.05). The apoptotic cells induced by 2C*
beam were significantly more than those by y-ray (p<0.05); the survival fractions for cells irradiated by C°* beam were
significantly less than those by y-radiation (p<0.05).

Discussions: The low-dose 2C%* beam irradiation significantly suppresses Hela cells through the induction of cell cycle
arrest and cell apoptosis as contrast to the low-dose y-ray.
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Ozet
Servikal Adenokarsinom Hiicrelerinde Diigiik Doz 12Cé+ Isin1 ve Y-Isini ile Indiiklenen
Hiicre Siklusu ve Apoptozis Degisiklikleri

Amag: Bu caligmada servikal adenokarsinom hiicrelerinde diisiik doz *C°* 1ginlamanin hiicre siklusu ve apoptozise etkileri
incelenmistir.

Materyal ve Metot: Hela hiicreleri ?C°* ve y-iginina maruz birakildi. Hiicrelerin canliligi klonojenik testlerle degerlendiril-
di. Hiicre siklusu akim sitometrisi ile analiz edildi. Apoptozis DAPI boyastyla floresan mikroskopi ile degerlendirildi.
Sonuglar: Isina maruz birakilan grupta Go/G1 hiicreler, kontrol grubuna gore anlamli derecede fazla idi (p<0.05). Go/G1 hiic-
reler, 1?C°* ile iginlanan grupta y-1ginlanan gruba gore %5-15 daha fazla idi (p<0.05); G2/M arresti 1?C°* ile 1ginlanan grupta
y-isinlanan gruba gore daha geg olmaktaydi (p<0.05). Apoptotik hiicreler 2C%* ile ginlanan grupta y-1ginlanan gruba gére
daha fazla (p<0.05); canliligini devam ettiren hiicrelerin orani *C°* ile 1ginlanan grupta y-iginlanan gruba gére anlamli
derecede daha az idi (p<0.05).

Tartigma: Diigiik doz “C®* 1ginlamasi, y-iginlamast ile karstlagtirildiginda hiicre siklusu duraklamast ve hiicre apoptozisi
indiiksiyonu yolu ile Hela hiicrelerini anlamli derecede fazla baskilamaktadir.

Anahtar sézciikler: karbon-iyon iginlama, y-15in1, hiicre siklusu, apoptozis, servikal adenokarsinom
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Introduction

Cervix cancer is the seventh, in overall frequency and the
second most common cancer among women worldwide (1).
In some countries, the cervix cancer is the leading cause of
cancer in women (2). The overall 5-year survival rate is 40%
(3). Advanced disease is mostly treated by radiotherapy,
sometimes in combination with other therapies, but the con-
ventional radiotherapy often leads to severe side-effect. The
most desirable therapy should efficiently eradicate tumor
cells with minimal deleterious effects to the surrounding
normal tissues and minimal consequent damage to the whole
organism.

High linear energy transfer (LET) charged particle radiation
offers several potential merits over conventional radio-
therapy, such as a reduction in the oxygen enhancement
ratio with proportionately greater killing of hypoxic cells,
less variation in cell cycle-related radiosensitivity, and less
capability for radiation-induced deoxyribonucleic acid
(DNA) damage repair. It has been proved that carbon ion
therapy is safe with respect to toxicity and offers high, local
control rate (4-7).

Cell cycle checkpoints play a critical role in the damaged
response system. The radiation-induced cell cycle arrest
provides an opportunity for cells to repair DNA damage
before entering the mitotic phase. It still remains to be
elucidated whether the cell cycle and cell apoptosis induced
by heavy-ion irradiation is different from that induced by
ionizing irradiation, and whether the low-dose carbon-
ion radiation has a better radiosensibilizing effect on cervix
adenocarcinoma than the low-dose ionizing radiation
does. In this study, we will elucidate the alteration of cell
cycle and apoptosis in cervix adenocarcinoma through
comparisons between groups irradiated with 12Co+ ions or

Y-ray.

Materials and Methods

Cell culture

Human cervix adenocarcinoma (Hela cell line with “'p53,
low level p53 expression, ATCC CCL-02) was grown as
monolayers in Dulbecco’s Modified Eagle Medium
(DMEM) media with 10% fetal calf serum (FCS), 0.1%
L-glutamine in 5% CO, at 37°C.

Irradiation procedure

Hela cells were inoculated at densities of 5x105 into 25 cm?
plastic flasks (Corning, USA), 24 hrs later, irradiated with
12C6+ beam at the initial energy of 80.55 MeV/n and LET
of 32.2 keV/um in the water generated from Heavy Ion
Research Facility in Lanzhou (HIRFL, Institute of Modern
Physics, Chinese Academy of Sciences, Lanzhou, China),
with a dose rate of 0.5 Gy/min. The acquisition of data (pre-
set numbers converted by doses of irradiation) was automa-
tically accomplished using a microcomputer during irradiation.
Doses of the beams were determined with air ionization
chamber. The cells irradiated by ®°Co y-ray were similarly
given by a FTC-50H model ®Co teletherapy machine
(Shanghai Nuclear Equipment Factory, China) at a source to
cell surface distance (SSD) of 75 cm, with a dose rate
0.5 Gy/min. Irradiated cells were incubated for an additional
period and thereafter analyzed for cell cycle and cell apopto-
sis (t=24, 72, and 120 h). The doses used for each kind of
irradiation (12C6+/60Co y-ray) were 0, 0.5, 1.0 or 2.0 Gy.

Flow cytometric analysis of cell cycle

Following incubation, the cells were trypsinized, washed
twice with cold phosphate buffered solution (PBS), fixed
with 70% ethanol in PBS for 30 min, and then stained with a
solution containing 5 pg/ml propidium iodide (PI), 10 kU/ml
RNase (Sigma), and 0.005% Triton-100 in the dark for
30 min at room temperature before flow cytometric analysis.
The samples were detected with FASC Calibur (Becton,
Dickinson and Company, USA). A minimum of 10 000 cells
analyzed in each sample served to determine the percentages
of cells in each phase of the cell cycle using WinDMI 2.9 and
Cylchred 1.0 softwares. Three independent experiments
were performed.

Microscopical detection of apoptosis

Hela cells from exponential phase cultures were seeded on
6 mm slide in tissue culture dishes, 24 h later, exposed to
12C6+-jrradiation or y-irradiation and further cultured for an
additional 24, 72, and 120 h. The cells grown on 6 mm slide
were washed twice with PBS and fixed for 30 min in 4% buf-
fered paraformadelhyde at room temperature, washed with
PBS, and then stained with DAPI (4°, 6-diamidine-2-pheny-
lindole dihydrochloride) (Cat No: D212-10, Dojindo, China)
(0.1 pg/ml), incubated for 10 min, and washed again with
PBS for 5 min. Cells were examined by fluorescence micros-

Table 1. The cell cycle alteration induced by 12C5+ beam or y-ray on day 1 (%)

Dose (Gy) Gy/G, s G,/M
12c6+ Y'ray 12c6+ Y'ray 12c6+ Y-I‘ay
0 29.1£0.98 29.1£0.98 56.312.12 56.3+2.12 14.6+0.45 14.6+0.45
0.5 51.2+1.57*2 44.6+1.642 34.2+1.15*2 37.31£1.242 14.6+0.87 13.6+0.76
1.0 52.6+2.01*2 45.4+1.562 28.4+1.26%20 36.8£2.152 19.0+0.542° 17.8+0.482°
2.0 58.4+1.76*2bc 46.4+1.362 28.4+1.16%2P 38.2+1.422 13.2+0.68° 17.8+1.032¢

Data represent mean + SD from triplicate experiments. The significance of differences between radiated groups and controls was determined
by Student’s t-test. *p<0.05, vs the same dose y-ray irradiation; 2p<0.05, vs 0 Gy irradiation; ®p<0.05, vs 0.5 Gy irradiation; ¢p<0.05, vs

1.0 Gy irradiation.
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Table 2. The cell cycle alteration induced by '2C6+ beam or y-ray on day 3 (%)

Dose (Gy) Gy/G, S G,/M
12C6+ Y-l‘ay 1ZCB+ Y'ray 1ZCG+ -Y_ray
0 44.1+0.78 44.1+0.78 46.5+1.12 46.5+1.12 9.4+0.36 9.4+0.36
0.5 53.3+1.89%2 45.7+1.58 38.6+1.25*2 44.4+1.15 8.1£0.58 9.4+0.46
1.0 54.8+1.95*2 43.5+1.27 34.7+1.14%ab 46.5+1.32 10.5+0.65 9.9+0.39
2.0 56.2+1.24*2 45.4+1.41 34.2+1.21*ab 49.4+1.36° 9.6+0.45* 5.2+0.81

Data represent mean + SD from triplicate experiments. The significance of differences between radiated groups and controls was determined
by Student's ttest. *p<0.05, vs the same dose y-ray irradiation; 2p<0.05, vs 0 Gy irradiation; ®p<0.05, vs 0.5 Gy irradiation; °p<0.05, vs 1.0 Gy
irradiation.

Table 3. The cell cycle alteration induced by 12C6+ beam or y-ray on day 5 (%)

Dose (Gy) Gy/G, S G,/M
12C6+ V-I‘ay 1ZCG+ Y-l‘ay 1ZCG+ Y-l'ay
0 44.1+0.68 44.1+0.68 47.5+1.23 47.5+1.23 8.4+0.46 8.4+0.46
0.5 45.8+0.89*2 45.7+1.34 43.7+1.34* 46.8+1.35 10.5+0.47*2 7.0£0.34
1.0 58.9+1.84*aP 43.5+1.17 24.9+0.98*aP 45.8+1.45 16.2+0.72*2b 11.9£0.59%°
2.0 50.0+1.71*abe 45.4+1.24 34.0+1.09%2be 41.8+1.4120 16.0+£0.56*2° 12.0£0.722°

Data represent mean + SD from triplicate experiments. The significance of differences between radiated groups and controls was determined
by Student’s t-test. *p<0.05, vs the same dose y-ray irradiation; 2p<0.05, vs 0 Gy irradiation; °p<0.05, vs 0.5 Gy irradiation; °p<0.05, vs 1.0 Gy

irradiation.

cope (Olympus) at 100x magnification using the appropriate
DAPI filter. Apoptotic cells were morphologically defined
by cytoplasmic and nuclear shrinkage and chromatin
condensation or fragmentation. The percentage of apoptotic
cells was calculated as a proportion of 250 total cells visualized
in 10 different fields of each slide per experiment.

Cell viability

The cell viability was determined by clonogenic assay. After
the irradiation, the cells were trypsinized, serial dilutions
performed, and known numbers of cells were replanted in
60 mm culture dishes. In each of at least three independent
experiments, three dilutions were made per radiation dose.
Colonies were counted by staining with 0.4% Giemsa in PBS
after 10 days and each point at survival curve was normalized
against the plating efficiency of control cells. The survival
fractions (SF) as a function of the radiation dose (D) were
fitted to the linear quadratic (LQ) mathematical model
described by the equation SF=exp (-aD-fD?2).

Statistic Analysis

Results are expressed as means = SEM for (n) experiments.
The difference in response between different treated groups
was evaluated using the Student’s #-test with SPSS software.
Statistical significance was defined as p<0.05.

Results and Discussion

The cell cycle alterations in human cervix adenocarcinoma
cells induced by low-dose (0-2 Gy) 12C6* beam and y-ray are
shown in Table 1, 2, 3. The numbers of Gy/G; phase cells in
the irradiated groups are significantly more than those in the
control (p<0.05). There is a dose-related increase Go/G, cells

in all the treated groups compared to controls. Generally
speaking, in normal cells, irradiation-induced DNA damage
results in cell cycle arrest, allowing repair of DNA damage
prior to cell division, during this process, the p53 protein is
stabilized and induces cell cycle arrest at the G;/S boundary
through transcription of the cyclin-dependent kinase inhibi-
tor CDKNI1A (p21) and 14-3-3s (8-10), in heavily damaged
cells, p53 can induce apoptosis. P53 has also been proposed
to contribute to the maintenance of G, arrest after DNA
damage (10-11). The gatekeeper gene p53 is the most com-
monly altered gene in human neoplasms. It inhibits G,/S
phase transition by accumulating p21, which inactivates the
cyclin kinases necessary for initiating DNA synthesis (12).
Despite the reports that p53 mutations have been found to be
rare in cervical neoplasms (13-15), the oncogenic protein E6
of HPV binds to p53 so that the p53 is inactivated and degraded
through the ubiquitin pathway (16-18). The inactivation of the
p53 by HPV E6 probably plays a crucial role in the
development of cervical cancer (19-21). Our data
indicated that both !2C% beam and 60Co y-ray could
significantly lead cell cycle checkpoints (including G arrest
and G, arrest) in Hela cells. Moreover, the cell cycle altera-
tion by 12C6+ beam were more severe than that by 60Co y-ray
(Tablel, 2, 3), for example, on day 1, 3, there are 51.2-58.4%
Gy/G; cells in the 12C6+irradiated groups and only
43.5-46.4% G/G, cells in the cells exposed to ©0Co y-ray; on
day 5, the numbers of Gy/G; cells in the 1.0, 2.0 Gy 12C6+-
irradiated groups were 5-15% more than those in the cells
which received 1.0, 2.0 Gy y-ray. The G,/M arrest by 12C6+
ion occurs later than those by y-ray (Tablel, 2, 3), for instance,
on day 1, the G,/M cells in 2.0 Gy '2C6*-irradiated group is
significantly less than that in the same dose y-irradiated
group (p<0.05), and on day 3, the G,/M cells in 2.0 Gy 12C6+-
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Figure 1. Dose-response time-course of low-dose 2C+ beam or y-ray-induced apoptosis in Hela cell lines. Cell cultures were grown for 24 h
(A), 72 h (B), and 120 h (C). W y-ray irradiation; CJ'2C%+ jon beam. Typical morphological changes associated with apoptosis were recognized
using DAPI staining and visualized by fluorescence microscopy analysis. The number of apoptotic cells were quantiated at the indicated time
points after radiation. Data represent mean £SD from triplicate experiments.
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Figure 2. Clonogenic radiosensitivity of the Hela cell line. Survival
data as a function of radiation treatment dose (0, 0.5, 1.0 and 2.0 Gy)
were fitted to the LQ model described by the equation SF=exp
(-aD-BD2).

irradiated group is significantly more than that in the same
dose 7y-irradiated group (p<0.05); on day 5, the number of
G/M cells exposed to 12C6+ beam were significant more than
those exposed to y-ray (p<0.05). It may be possible that there
is an interaction between the DNA damage and a block in
cell cycle, especially in irradiation of 12C6*+ beam which in-
duced more irrepairable break in DNA than 60Co y-ray. The
majority of heavily damaged cells was arrested in the G,
phase and cannot proceed to mitosis or meiosis. This effect
will be helpful for continuous radiotherapy because the cells
in G, phase are sensitive to radiation.

Our results also showed that there are dose-dependent
increases in the cell apoptosis induced by 12C¢* ion and 60Co
y-ray, this effect was low-dose dependent manner
(Figure 1A-C). The cell apoptosis by !2Co* jon is signifi-
cantly more than that by ©0Co y-ray (p<0.05). The survival
curves of Hela cells by 12Co* jon and by 60Co y-ray are shown

300

in Figure 2. Our data suggested that the 12C* jon irradiation
has a greater effect on cell viability than the ¢0Co y-ray
irradiation does (p<0.05). The mechanism of decrease in
survival fraction may be through the cell cycle blocks and
cell apoptosis by p53-independent mechanisms of p21 induc-
tion, for example, activation of Map kinase pathway and
cytokines and inhibitory concentrations of growth factors
like EGF (22,23).

In conclusion, 12Co* beam irradiation significantly leads to
cell cycle checkpoint blocks, promotes cell apoptosis compared
with 60Co y-ray. Our results may offer useful information for
assessment of biological effects of heavy-ion radiation in
tumor. Heavy ions with high LET have a greater RBE, and a
greater effect on cells and biological molecules than the
conventional radiation does. Hence, there is a need for further
investigation of the mechanism of cell cycle and apoptosis
alteration induced by heavy-ion.
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