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Carbon and iron ion radiation-induced
cytotoxicity and transformation in vitro
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Abstract. The present study was undertaken to characterize
carbon and iron ion radiation-induced adverse biological
effects in terms of toxicity and transformation in vitro. HTori-3
human thyroid epithelial cells were irradiated with 0.3-GeV/n
(13.6 KeV/um) carbon ions and 1-GeV/n (150 KeV/um)
iron ions, both of which represent high-mass, high atomic
number (Z) and high-energy particles known as HZE
particles, as well as y-rays. The survival of the irradiated cells
was determined by a clonogenic survival assay. The yield of
colonies growing in soft agar was used as a surrogate endpoint
biomarker for transformation in vitro. The results showed that
HZE particles and y-ray radiations are effective in increasing
the yield of anchorage-independent colonies. Based on the
relative biological effectiveness (RBE) values in the clono-
genic survival assays, 0.3-GeV/n carbon ions and 1-GeV/n
iron ions were 2.9 and 2.4 times, respectively, as effective
as y-rays at killing the irradiated HTori-3 cells. At a dose of
200 cGy, 0.3-GeV/n carbon ions and 1-GeV/n iron ions were
found to be 3.5 and 7.3 times, respectively, as effective as
v-rays at inducing anchorage-independent growth. These
results suggest that the carcinogenic potential of 0.3-GeV/n
carbon ions, as represented by the ability to induce anchorage-
independent growth, may be lower than that of 1-GeV/n iron
ions.

Introduction

As previously reviewed (1), the main components of radiation
in interplanetary space are galactic cosmic rays (GCR) and
solar cosmic radiation. GCR originate from outside of the
Solar System and consist of 2% electrons and 98% baryons,
which in turn are composed of 87% protons (hydrogen
nuclei), 12% a particles (helium nuclei) and approximately 1%
of heavier nuclei with atomic numbers (Z) up to 92 (uranium).
The heavier nuclei include highly energetic, heavy and charged
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particles, also known as HZE particles. Although iron ions,
as a specific type of HZE particle, only account for less than
1% of the GCR particle fluxes, they contribute significantly to
the total radiation dose received by individual cells exposed
to GCR due to the fact that the dose to an individual cell is
proportional to the square of the particle's energy dependent
effective charge (2). Thus, iron ion radiation is of special
interest in space radiation research.

Exposure to space radiation may place astronauts at
significant risk of developing both acute and long-term
radiation-induced adverse biological effects. Acute effects
arising from exposure to solar particle event (SPE) radiation
includes radiation sickness (nausea and/or vomiting), skin
injury, changes in hematopoietic and immune system functions
and fatigue. Exposure to either SPE or GCR radiation results in
long-term effects, such as the induction of cancer. Depending
on the radiation dose, dose rate and quality, exposure to
radiation during space missions may immediately affect the
probability for successful mission completion (mission critical)
or result in late radiation effects in individual astronauts (1).

Although iron ion radiation is of special interest in space
radiation research, carbon ion radiation is more widely used
for cancer radiotherapy. Compared to protons, which have
increasingly become an accepted part of radiation therapy,
carbon ions have higher Linear Energy Transfer (LET) than
protons, which allows carbon ions to kill tumor cells more
efficiently (3).

Previously, we evaluated the adverse biological effects
of y-rays and iron ions in MCFI0 human breast epithelial
cells and HTori-3 human thyroid epithelial cells (4,5). The
present investigation extended the previous studies using
three different types of radiation, i.e., y-rays and two types of
different HZE particles (0.3-GeV/n carbon ions and 1-GeV/n
iron ions).

Materials and methods

Cells and cell culture. HTori-3 cells are a human thyroid
epithelial cell line immortalized by transfecting primary
cultures of human thyroid epithelial cells with an origin-
defective SV40 genome. This cell line is not tumorigenic and
unirradiated HTori-3 cells form colonies in soft agar with a
relatively low efficacy of approximately 0.3% (6). In this
study, HTori-3 cells were maintained in Dulbecco's modified
Eagle's medium (DMEM) supplemented with 7% fetal bovine
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serum (FBS). The cells were dissociated by trypsin-EDTA
treatment and sub-cultured as required.

Radiation sources and dose. The radiation experiments were
performed using a Cesium-137 y-ray source, which emits
0.662-MeV vy-rays, carbon ions (0.3-GeV/n with LET of
13.6 keV/um) or iron ions (1-GeV/n with LET of 150 keV/um)
generated by the Alternating Gradient Synchrotron (AGS) at
the Brookhaven National Laboratory (BNL).

Cell clonogenic survival assay. The effect of HZE particle
radiation on cell survival was evaluated by clonogenic
survival assays. HTori-3 human thyroid epithelial cells were
used for these experiments. To determine the cell survival
levels following radiation exposure, the cells were irradiated
with y-rays, 1-GeV/n iron ions or 0.3-GeV/n carbon ions at a
single dose of 0 (sham radiation control), 10, 20, 40, 80, 125,
200 or 400 cGy. After the radiation exposure, the cells were
dissociated by treatment with trypsin-EDTA, resuspended in
medium, plated in T-25 tissue culture flasks at 320-800 cells
per flask for the y-ray and carbon ion radiation experiments, or
320-2,400 cells per flask for the iron ion radiation experiment,
and cultured for 6 days. At the end of the incubation period,
the cell colonies were fixed and stained with crystal violet and
methylene blue dissolved in 90% ethanol and counted under
a dissection microscope. The number of cell colonies was
divided by the number of cells plated to calculate the clono-
genic survival for each flask. The surviving fraction data were
plotted against the radiation doses to calculate radiation sensi-
tivity constants according to the multitarget theory (7) using
the equation S = ne™*P, where S is the surviving fraction, n
represents the number of targets, -k is the radiation sensitivity
constant and D is the dose of radiation (cGy).

Soft agar colony formation assay. The transformation of
HTori-3 cells (6) irradiated with y-ray, iron ion and carbon ion
radiation was quantitated by a soft agar colony formation assay
that measures the ability of the cells to grow under anchorage-
independent conditions. Sham-irradiated cells were included
as controls. HTori-3 cells were previously adapted for studies
of radiation transformation (8,9). Anchorage-independent
growth is a phenotypic change associated with the ability
of these cells to form tumors in animals; tumor formation
was previously reported within 7-20 weeks after irradiated
HTori-3 cells were transplanted into athymic nude mice (8).
To carry out the experiments, HTori-3 cells were irradi-
ated with y-rays or carbon ions at a single dose of 10, 20, 40
or 200 cGy or iron ions at a single dose of 200 cGy. Sham-
irradiated cells were included in each radiation experiment as
a control. To determine the yield of anchorage-independent
colonies of HTori-3 cells growing in soft agar, irradiated and
sham radiation control cells were treated with trypsin and
suspended in growth medium containing 0.8% methyl cellu-
lose and plated in 24 multi-well polystyrene plates at a density
of 8,000 cells/well. The bottoms of wells were pre-coated with
an agar layer prepared by adding 1.8% agar to 2X DMEM
without supplements to yield a final agar concentration of
0.9%. The plates were incubated at 37°C and the medium was
changed twice a week. Four or 8 wells per treatment group
were stained with Neutral Red at 3-4 weeks after plating.
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Data and statistical analyses. The surviving fraction was
calculated by dividing the number of colonies counted in
tissue culture flasks by the number of cells seeded into the
tissue culture flasks. The yield of anchorage-independent
colonies was calculated by dividing the number of colonies
counted in soft agar by the number of viable cells plated in
soft agar.

The mean surviving fraction and the yield of anchorage-
independent colonies were calculated for each treatment group
and compared among different treatment groups by one-way
ANOVA followed by Tukey's test. The statistical analyses
were performed using Prism version statistical software
(version 2.0; GraphPad Software, San Diego, CA, USA).

Results

In the present study, the effect of y-ray and HZE particle
radiation on cell survival was determined by clonogenic
survival assays using HTori-3 human thyroid epithelial cells.
Exposure to y-ray, carbon ion or iron ion radiation resulted
in a dose-dependent decrease in the clonogenic survival of
the irradiated HTori-3 cells (Fig. 1). The radiation sensitivity
constants (-k) for the cells irradiated with y-rays, carbon ions
and iron ions were 0.0038, 0.0109 and 0.0091, respectively.
The corresponding Ds, values (1/-k) for the y-ray, carbon ion
and iron ion radiation were 263, 92 and 110 cGy, respectively.
These results indicate a RBE value of 2.9 (263/92) for the
carbon ion radiation and a RBE of 2.4 (263/110) for the iron
ion radiation in the clonogenic survival assay.

The ability to form colonies in soft agar was regarded as
the surrogate endpoint biomarker for the radiation-induced
malignant transformation of HTori-3 cells in this study. The
yield of anchorage-independent colonies of the sham-irradiated
HTori-3 cells and HTori-3 cells exposed to y-ray or carbon ion
radiation at a single dose up to 40 cGy ranged from 0.21 to
0.59%, and the difference did not reach statistical significance
(Fig. 2). The yield of anchorage-independent colonies of the
HTori-3 cells irradiated with y-rays, carbon ions and iron ions
at a single dose of 200 cGy was 1.0, 3.50 and 7.30%, respec-
tively, which were significantly higher than the yield observed
for the respective sham radiation treatment groups (p<0.001).

Discussion

In a previous study, we evaluated the effect of y-ray and iron
ion radiation on the clonogenic survival of MCF10 human
breast epithelial cells and HTori-3 human thyroid epithelial
cells (4,5). The present investigation extended the previous
study using three different types of radiation, i.e., y-rays
and two types of HZE particles (0.3-GeV/n carbon ions and
1-GeV/n iron ions), to produce cytotoxic effects and induce
anchorage-independent growth in HTori-3 cells in vitro.
Based on the RBE values determined in the clonogenic
survival experiments, 0.3-GeV/n carbon ions and 1-GeV/n
iron ions were approximately 2.9 and 2.4 times, respectively,
as effective as y-rays at killing the irradiated HTori-3 cells.
The D, values determined in the present study for y-rays and
1-GeV/n iron ion radiation were 263 and 110 cGy, respectively,
which were similar to the Dy, values previously determined
for HTori-3 cells (5).
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Figure 1. Survival curve of HTori-3 cells irradiated with y-rays, carbon ions
or iron ions. HTori-3 cells were irradiated with y-rays, 0.3-GeV/n carbon
ions or 1-GeV/n iron ions at different doses. Each data point is the mean of a
minimum of 5 replicate flasks from one experiment. The standard deviation
is indicated by the error bars.
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Figure 2. Soft agar colony formation efficiency of HTori-3 cells irradi-
ated with y-rays, carbon ions or iron ions. HTori-3 cells were irradiated
with y-rays, 0.3-GeV/n carbon ions or 1-GeV/n iron ions at a single dose
of 200 cGy. Each data point is the mean of 8 replicate flasks from one
experiment with y-ray or carbon ion radiation, or 4 replicate flasks from one
experiment with iron ion radiation.

Exposure to y-ray, carbon ion and iron ion radiation at a
single radiation dose of 200 cGy was shown to induce HTori-3
cell transformation, as demonstrated by the increased yield of
anchorage-independent colonies observed for the irradiated
cells, and the carbon ion and iron ion radiation were found
to be 3.5 and 7.3 times, respectively, as effective as y-rays
at inducing anchorage-independent growth in the irradiated
HTori-3 cells. It should be noted that anchorage-independent
growth was only evaluated when a single radiation dose of
200 cGy was utilized. Thus, the magnitudes of differences
observed between the y-ray radiation and carbon ion or iron
ion radiation should not be considered as RBE values for this
biological endpoint. Nevertheless, the difference between
the abilities of carbon ion and iron ion radiation to induce
anchorage-independent growth of the surviving popula-
tion of the irradiated cells suggests a possible difference
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in the mechanism(s) by which the different HZE particles
affect the carcinogenic process in the irradiated cells. Other
investigators noted major differences in the RBE values for
transformation induced by radiation from different heavy ions,
with the RBEs varying in a LET-dependent manner up to
80-120 keV/um (10) or 100-200 keV/um (11). The LET of the
carbon ions (13.6 kev/um) was less than one tenth of that of the
iron ions (150 kev/um) used in this study. The relatively low
efficiency of the carbon ion radiation to induce anchorage-inde-
pendent growth of HTori-3 cells may be related to its low LET.

The efficiency of ionizing radiation to produce a given
biological change is known to depend on both the LET
of the radiation and the nature of the biological endpoint
being affected by the radiation exposure (12). In general,
it is expected that for various types of ionizing radiations,
including heavy ions, the RBE is likely to increase with LET
for cytotoxic, mutagenic and carcinogenic effects, reaching a
maximum at approximately 100 keV/um (11,13). The findings
presented for the cytotoxicity results, in which the effects of
carbon ions, with a LET of 13.6 KeV/um, are comparable to
those of iron ions, with a LET of 150 KeV/um, are noteworthy
surprising given the expected relationship between RBE
and LET. These findings may have particular significance
for the use of heavy ions in clinical radiotherapy. Several
different types of heavy ions have been used in the clinic
for cancer therapy (14). Carbon ions have been generated for
use in clinical radiotherapy by the BEVALAC accelerator in
Berkeley, CA, USA (14), the Heavy Ion Medical Accelerator
in Chiba (HIMAC) at the National Institute of Radiological
Sciences in Japan (15,16) and the GSI SIS accelerator in
Darmstadt, Germany (17). The clinical use of carbon ions for
radiotherapy in the near future is planned for other sites as
well. Since 1994, over 3,000 cancer patients have been treated
by heavy ions produced by the HIMAC accelerator, and the
results have established that carbon ions are one of the most
effective radiations for radiotherapy (15,16).

Carbon beams are of great interest in clinical radiotherapy
because they have beneficial physical depth-dose properties,
making them appropriate for use in tumor therapy, as well
as a significant high LET component, which is presumably
responsible for their efficacy in tumor cell killing. The results
presented here suggest other possible benefits for carbon ion
radiotherapy. In particular, carbon ions may have the same
beneficial cytotoxic effects in tumor cells as iron ions with less
potential for inducing a second malignancy in normal tissues
exposed to the carbon ion radiation during cancer radiotherapy.
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