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Abstract
The objectives of the present study were to characterize γ -ray, 1 GeV/n proton, and 1 GeV/n iron
ion radiation-induced adverse biological effects in terms of toxicity and transformation of HTori-3
human thyroid epithelial cells; to evaluate the ability of L-selenomethionine (SeM) to protect
against radiation-induced transformation when present at different times during the assay period;
and to evaluate the tumorigenicity of HTori-3 cells derived from anchorage-independent colonies
following iron ion radiation exposure. Cell survival was determined by a clonogenic assay,
transformation was measured by a soft agar colony formation assay, and the tumorigenic potential
of the cells was determined by injecting them subcutaneously into athymic nude mice and
monitoring tumor formation. The results demonstrate that exposure of HTori-3 cells to γ -ray,
proton, or iron ion radiation resulted in decreased clonogenic survival, which persisted for weeks
after the radiation exposure. Treatment with SeM initiated up to 7 days after the radiation
exposure conferred significant protection against radiation-induced anchorage-independent
growth. HTori-3 cells derived from all evaluated anchorage-independent colonies formed tumors
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when injected into athymic nude mice, indicating that these cells are tumorigenic and that
anchorage-independent colony growth is a reliable surrogate endpoint biomarker for the radiation-
induced malignant transformation of HTori-3 cells.

INTRODUCTION
As reviewed by Hellweg and Baumstark-Khan (1), the main components of radiation in
interplanetary space are galactic cosmic rays (GCR) and solar cosmic radiation (SCR). GCR
originates from outside of the solar system and consists of 98% baryons and 2% electrons.
The baryonic component consists of 87% protons (hydrogen nuclei), 12% alpha particles
(helium nuclei), and approximately 1% of heavier nuclei with atomic numbers (Z) up to 92
(uranium). These heavier nuclei include highly energetic, heavy, and charged particles
known as HZE particles. Although iron ions, as a specific type of HZE particle, account for
less than 1% of the GCR particle fluxes, iron ions 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 a special interest in space radiation research. As for
people on earth, the use of protons has become increasingly common in cancer radiotherapy
due to the physical characteristics of proton beams that can be designed to yield a uniform
dose across the target and then virtually zero dose deep to the target for nonsuperficial
lesions (3). The characteristics of proton radiotherapy are thought to result in an improved
tumor control probability and lower tissue complication probability (3). Some heavy
charged particle beams, such as carbon ion beams, have also become an accepted part of
radiation therapy because of their increased biological effectiveness as compared to proton
beams (4,5).

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 a solar particle event (SPE) radiation can include radiation sickness (nausea and/
or vomiting), skin injury, changes in hematopoietic and immune system functions, and
fatigue. Exposure to either SPE or GCR radiation can result in long-term effects such as the
induction of cancer. It is known that exposures of several human populations to radiation
have resulted in an increased incidence of cancer, with some types of human cancer having
measurable dose-response relationships down to relatively low doses (e.g., 10 cGy, received
as a total body dose) (6–8). While avoidance of the radiation risk is the best protective
strategy for astronauts, it is nearly impossible to avoid the radiation risk completely. In
therapeutic settings, radiation damage to healthy tissues surrounding tumors and radiation-
induced secondary malignancies are the major challenges for the optimal prognosis of
cancer survivors after radiotherapy. Thus, countermeasures capable of mitigating proton and
HZE particle radiation-induced adverse biological effects are likely to be important for
successful future exploration class missions involving higher radiation doses than are
currently received by astronauts and might also be beneficial for cancer survivors after
radiotherapy with proton or HZE particle beams.

In previous studies performed in our laboratory, exposure to iron ion radiation significantly
decreased the clonogenic survival of MCF10 human breast epithelial cells and treatment
with SeM protected MCF10 human breast epithelial cells from iron ion radiation-induced
cytotoxicity (9). Exposure to iron ion radiation also significantly increased the yield of
anchorage-independent colonies of HTori-3 human thyroid epithelial cells, which was
prevented by treatment with 5-µM SeM in the medium (9). Exposure to 0.25 GeV proton
radiation at 600 cGy also increased the yield of anchorage-independent colonies of the
irradiated HTori-3 cells (10). The present study extended the previous studies with the main
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aims being to determine the dose-response relationships for cell survival and anchorage-
independent growth of HTori-3 cells exposed to γ-ray, 1-GeV proton, and 1-GeV/n iron ion
radiation, the temporal effect of the SeM treatment on radiation-induced cytotoxicity and
anchorage-independent growth of HTori-3 cells, and the tumorigenicity of HTori-3 cells
derived from the anchorage-independent colonies.

MATERIALS AND METHODS
Chemicals

L-Selenomethionine (SeM) used in the experiments was purchased from Sigma Chemical
Company (St. Louis, MO).

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 efficiency of approximately 0.3% (11).

In these studies, HTori-3 cells were normally cultured in DMEM supplemented with 10%
fetal bovine serum before experiments were performed. The cells were dissociated by
trypsin-EDTA treatment and sub-cultured as needed prior to being used for the experiments
described here.

Radiation and SeM Treatment
HTori-3 cell transformation experiments were performed with 0.662-MeV γ -rays emitted
from a 137Cesium source or 1-GeV protons (LET of approximately 0.24 keV/µm) and iron
ions (LET of 150 keV/µm) generated by the Alternating Gradient Synchrotron (AGS) at the
Brookhaven National Laboratory (BNL). To perform the radiation experiments, HTori-3
cells cultured in T-25 tissue culture flasks were irradiated with γ -rays and protons at doses
of 0.4, 1, 2, 4, and 6 Gy or iron ions at doses of 0.1, 0.2, 0.4, 1 and 2 Gy. Sham irradiated
cells were included in each experiment as controls. After the radiation exposures, the cells
were cultured in control medium for 2 wk before the clonogenic survival and soft agar
colony formation assays were performed.

A separate experiment was performed with γ -rays to evaluate the effects of SeM on
radiation-induced cell transformation. In this experiment, HTori-3 cells cultured in T-25
flasks were divided into 8 treatment groups and incubated in control medium (Groups 1 and
3) or medium containing 5 µM SeM for 16 days starting 2 days prior to the radiation
exposure (Groups 2 and 4), for 2 days prior to the radiation exposure (Group 5), for 14 days
starting immediately after the radiation exposure (Group 6), for 12 days starting 2 days after
the radiation exposure (Group 7), or for 7 days starting 1 wk after the radiation exposure
(Group 8). The cells in Groups 1 and 2 were sham-irradiated and included as controls
whereas the cells in Groups 3 through 8 were irradiated with γ -rays at a single dose of 6
Gy. After the radiation exposure and SeM treatment for the periods indicated as above, the
cells were cultured in control medium for an additional 6 wk before being used for the
clonogenic survival and soft agar colony formation assays initiated 8 wk after the radiation
exposure.

Clonogenic Survival and Soft Agar Colony Formation Assays
The effects of radiation on cell survival were evaluated by a clonogenic survival assay. To
determine the cell survival level, the cells were dissociated by treatment with trypsin-EDTA,
resuspended in medium, plated in T-25 tissue culture flasks at 200 to 2,000 cells per flask
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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 transformation of irradiated HTori-3 cells (11) was quantitated by a soft agar colony
formation assay that measures the ability of the cells to grow under anchorage-independent
conditions. To carry out the assay, sham-irradiated and irradiated HTori-3 cells were treated
with trypsin and suspended in growth medium containing 0.8% methyl cellulose and plated
in 24 multi-well polystyrene plates at a density of 4,000 surviving cells/well. The bottoms of
the wells were precoated with an agar layer prepared by adding 1.8% agar to 2× DMEM
medium to give a final agar concentration of 0.9%. The plates were incubated at 37°C and
the medium was changed twice a week. Four wells per treatment group were stained with
Neutral Red at 3–4 wk after plating. After 3 wk of incubation, discrete colonies were
observable. Anchorage-independent clones were removed from the soft agar and isolated,
expanded in standard adherent tissue culture conditions, and stored frozen in liquid nitrogen.

Tumorigenicity Determination in Nude Mice
HTori-3 cells have previously been adapted for studies of radiation transformation (12,13).
Anchorage-independent growth is a phenotypic change associated with the ability of cells to
form tumors in animals; and tumor formation has previously been reported within 7–20 wk
after irradiated HTori-3 cells were transplanted into athymic nude mice (12). To verify the
tumorigenicity of anchorage-independent colonies derived from HTori-3 cells exposed to
iron ion radiation, cell cultures derived from 8 anchorage-independent colonies of HTori-3
cells irradiated with 200 cGy of 1-GeV/n iron ions were expanded in T-75 flasks. The cells
were dissociated by treatment with trypsin, centrifuged, resuspended in sterile PBS at a
concentration of 108 cells/ml and injected subcutaneously into athymic nude mice (Harlan).
Each mouse was given bilateral injections of 0.1 ml (107 cells) per site. One group of 3 mice
was injected with cells derived from each anchorage-independent clone. Two groups of 3
mice were injected with cell-free PBS and used as controls. After the injection, mice were
observed daily and those with tumor masses of over 5-mm diameter were killed, and the
tumor tissues were excised. At the end of 8 mo, the remaining animals were killed and the
observable tumors excised. The human origin of the tumors was determined by Southern
Analysis.

Southern Analysis
Genomic DNA extraction from the excised tumor tissues and Southern Analysis were
performed using standard procedures (14). Briefly, 10 µg sample of tumor-extracted DNA
was digested with 30 units of AluI (Invitrogen, Carlsbad, CA) overnight at 37°C. Digested
DNA was run on a 1% agarose gel buffered in Tris-borate-EDTA, pH 8.2. Southern transfer
was performed onto Immobilion-NY+ membranes (Millipore, Bedford, MA). Hybridizations
were performed using a 6.9 kb cDNA human plasminogen activator inhibitor probe (ATCC,
Rockville, MD) that includes part of intron 1 through intron 7 with multiple Alu repeat
sequences (15). The probe was labeled and detected using DIG high prime DNA labeling
and detection kit (Roche, Mannheim, Germany).

Data and Statistical Analyses
The plating efficiency of cells in each flask was calculated by dividing the number of cell
colonies by the number of cells plated in the flask. The plating efficiency of each flask was
divided by the mean plating efficiency of the control group to calculate the surviving
fraction. The surviving fraction data were plotted against the radiation doses to calculate
radiation sensitivity constants according to the multitarget theory (16) using the equation S =
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ne−kD, 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).

The anchorage-independent colony formation efficiency in each well on the soft agar plates
was calculated by dividing the number of colonies formed in each well by the number of
viable cells plated onto the soft agar in the well. At the time, the cells were plated into soft
agar; the same cell suspension used for the anchorage-independent growth assay was used in
a plating efficiency by plating a determined number of cells on conventional tissue culture
plastic. The number of viable cells plated onto each well for the anchorage independence
assay is equal to the number of cells plated in the well multiplied by the plating efficiency of
that cell suspension.

The results of the nude mice tumorigenicity experiment are expressed as the fraction of
injection sites with tumor, which was calculated by dividing the injection sites with palpable
tumor(s) by the total number of injection sites in each group.

The cell-surviving fraction and anchorage-independent colony formation efficiency results
were compared among different treatment groups by 1-way analysis of variance (ANOVA)
followed by Tukey’s test. The fractions of injection sites with tumors were compared by
Fisher’s exact test between the control group of mice injected with PBS and each group of
mice injected with cells of anchorage-independent clones derived from iron ion irradiated
HTori-3 cells. The nonlinear regression was performed using SigmaPlot 2001 software
(SPSS, Inc.). One-way ANOVA, Tukey’s test, and Fisher’s exact test were performed using
GraphPad InStat statistical software (GraphPad Software, San Diego, CA).

RESULTS
The present studies were performed to compare the capability of γ -ray, proton, and iron ion
irradiation to induce HTori-3 cell transformation as indicated by anchorage-independent
colony formation efficiency and verify the tumorigenicity of HTori-3 cells derived from
cells growing under anchorage-independent conditions. In addition, this study also
determined the effect of SeM, applied at different time points relative to the radiation
exposure, on anchorage-independent colony formation efficiency of irradiated HTori-3 cells.
In the experiments performed to compare the capability of γ -ray, proton, and iron ion
irradiation to induce HTori-3 cell transformation, the anchorage-independent colony
formation assay was performed 2 wk after the radiation exposure to allow sufficient time for
the cells to recover from the acute lethal effects of the radiation exposure. The results
demonstrated dose-dependent decreases in the survival of irradiated HTori-3 cells seeded in
plastic tissue culture flasks 2 wk after the radiation exposure (Fig. 1). The fact that the dose-
dependent decrease in the cell survival was observed 2 wk after the radiation exposure
indicated delayed lethal effects of γ -ray, proton, and iron ion radiation on HTori-3 cells.
The D0 values calculated from the γ -ray, proton, and iron ion radiation survival results
were 4.0, 3.2, and 1.5 Gy, respectively. Based on the D0 ratio between γ -rays and protons
or iron ions, the relative biological effectiveness (RBE) value for the proton and iron ion
radiation was estimated to be 1.3 and 2.7, respectively, using the cell survival levels
measured at 2 wk after the radiation exposure as the biological endpoint.

In the soft agar colony formation assay performed with cells seeded in soft agar 2 wk after
the radiation exposure, the results showed that the anchorage-independent colony formation
efficiency increased significantly for HTori-3 cells irradiated with γ -rays at a radiation dose
of 4 Gy or higher, protons at a radiation dose of 2 Gy or higher, or iron ions at a radiation
dose of 0.2 Gy or higher (Fig. 2).
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In separate experiments carried out to determine the effect of SeM on the anchorage-
independent colony formation efficiency of irradiated HTori-3 cells, the anchorage-
independent colony formation assay was performed 8 wk after exposure to γ -ray irradiation
at a single dose of 6 Gy. The cells were also plated into plastic tissue culture flasks during
the anchorage-independent colony formation assay, so that the cell survival levels could be
determined. The results show that the survival of the irradiated HTori-3 cells (Groups 3–8)
were significantly below that of the sham irradiated cells cultured in control medium (Group
1) or medium containing 5 µM SeM (Fig. 3), again indicating the presence of a delayed
radiation effect on cell survival 8 wk after the γ -ray radiation exposure. Treatment with
SeM before, during, and/or after the radiation exposure had no significant effect on the
survival of irradiated cells (Groups 4–8 vs. Group 3) or sham irradiated cells (Group 2 vs.
Group 1) when assayed 8 wk post-irradiation.

The anchorage-independent colony formation efficiency results of the irradiated HTori-3
cells demonstrated a statistically significant increase in the anchorage-independent colony
formation efficiency of the cells exposed to 6 Gy γ -ray irradiation as compared to the sham
irradiated cells (Fig. 4; Group 3 vs. Group 1). Supplementing the medium with 5 µM SeM
for 16 days starting 2 days prior to the radiation exposure (Group 4), for 2 days prior to the
radiation exposure (Group 5), for 14 days immediately after the radiation exposure (Group
6), for 12 days starting 2 days after the radiation exposure (Group 7) or for 7 days starting a
week after the radiation exposure (Group 8) brought the cell survival adjusted anchorage-
independent colony formation efficiency down to levels that were not significantly different
from those of the sham irradiated cells cultured in control medium (Group 1) or medium
supplemented with SeM (Group 2). Treatment with SeM alone (without radiation exposure)
for 16 days (Group 2) had no significant effect on the adjusted anchorage-independent
colony formation efficiency.

To verify the tumorigenicity of the anchorage-independent colonies, the cells derived from
anchorage-independent colonies established with HTori-3 cells irradiated with iron ions
were inoculated into 24 athymic nude mice (3 mice per cell colony). Of the 8 anchorage-
independent colonies evaluated, all produced palpable tumors in at least 1 athymic nude
mouse within 8 mo after injection (Table 1). A portion of 13 of the 40 tumors excised were
placed in 10% neutral buffered formalin and processed for histopathological examination
using standard methods. Twelve of the 13 were scored as undifferentiated anaplastic
carcinoma, which in humans would likely result in death within 12 mo. The 13th was scored
as epithelial growth. The fractions of injection sites with established tumors ranged from 2
out of 6 (33%) to 6 out of 6 (100%). No palpable mass was observed at any of the 12
injection sites on 6 mice injected with cell-free PBS. The fractions of injection sites with
tumors for animals injected with HTori-3 cells of anchorage-independent colonies were
significantly higher than the control (P ≤ 0.005 by Fisher’s exact test) for all but 1 clone
(clone-4, P = 0.098) evaluated. For all 8 clones combined, the fractions of injection sites
with tumors were 30 out of 40 (67%), which was also significantly above control levels (P <
0.0001 by Fisher’s exact test). The human origin of the tumors was confirmed by Southern
analysis.

DISCUSSION
In a previous study performed in our laboratory, exposure to 5-GeV/n iron radiation at doses
up to 40 cGy significantly decreased the clonogenic survival of MCF10 human breast
epithelial cells and treatment with 5-µM SeM in the medium protected MCF10 cells from 5-
GeV/n iron radiation-induced cell killing with a dose-modifying factor of 2.24 (9). Exposure
to 5-GeV/n iron radiation at a single dose of 125 cGy also significantly increased the yield
of anchorage-independent colonies of HTori-3 human thyroid epithelial cells, which was
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prevented by treatment with 5-µM SeM in the medium (9). In a separate study, the effects of
1-GeV/n and 5-GeV/n iron radiation on the clonogenic survival of HTori-3 cells were
compared with that of the γ -ray radiation, and the RBE of the 1-GeV/n and 5-GeV/n iron
radiation were estimated to be 2.5 and 2.6, respectively (10). In addition, exposure to 0.25
GeV proton radiation at 600 cGy was also shown to increase the yield of anchorage-
independent colonies of the irradiated HTori-3 cells (10). The present study extended the
previous studies in 4 aspects: 1) a dose response of HTori-3 cells exposed to 1-GeV proton
radiation was determined and compared to that of the HTori-3 cells exposed to γ -ray and 1-
GeV/n iron radiation for determinations of the RBE values; 2) the yields of anchorage-
independent colonies of HTori-3 cells exposed to γ -ray, 1-GeV proton, and 1-GeV/n iron
radiation were determined at multiple radiation doses to establish the radiation dose
responses; 3) the temporal effect of the SeM treatment was evaluated to determine the time
window during which the SeM was effective in preventing radiation-induced HTori-3 cell
transformation; and 4) the tumorigenicity of the HTori-3 cells derived from the anchorage-
independent colonies was verified by inoculating the cells into athymic nude mice. In the
present study, the RBE values determined based on the HTori-3 cell clonogenic survival
results were 1.3 and 2.7 for the proton and iron ion radiation, respectively, indicating that 1-
GeV/n iron ion radiation is more effective than 1-GeV proton radiation at killing HTori-3
cells. The RBE value determined for 1-GeV/n iron ion radiation is similar to that determined
in the previous study (10).

In the soft agar colony formation assay experiments, the yield of anchorage-independent
colonies of HTori-3 cells increased in a dose-dependent manner after exposure to γ -ray and
proton radiation at doses up to 600 cGy. For the cells exposed to the iron ion radiation, the
yield of anchorage-independent colonies increased in a dose-dependent manner up to a
radiation dose of 40 cGy. The anchorage-independent colony yield in the treatment groups
receiving iron ion radiation at a dose of 100 or 200 cGy was not significantly higher than
that of the 40 cGy dose group, suggesting a plateau at 40 cGy. The dose-response
relationships of HZE particle radiation-induced transformation have also been reported
previously for Syrian hamster embryo cells exposed to carbon or silicon ion radiation (17)
and 10T1/2 mouse fibroblasts exposed to helium or iron ion radiation (18). Plateaus of
transformation frequency were observed in the dose-response curves for the carbon or
silicon ion irradiated Syrian hamster embryo cells between doses of 5 and 10 cGy (17). In
contrast, the transformation frequency increased linearly for the 10T1/2 cells irradiated with
helium or iron ions with no plateau in the dose-response curves (18). The cause for the
discrepancies in the shape of the dose-response (with or without a plateau) remains to be
determined.

SeM was identified more than 5 decades ago in plant proteins and proteins of bacteria and
yeasts grown in selenium-containing media (19). When administered orally, 95.5–97.3%
of 75Se-labeled SeM was absorbed intestinally (20) via the Na+-dependent neutral amino
acid transportation system (21). The maximum plasma level of the SeM is reached 3 to 4
hours after oral dosing, and urinary excretion accounted for 6–9% of the absorbed dose in
the first 2 weeks (20). The absorbed SeM that is not metabolized immediately is
incorporated into organs with high rates of protein synthesis (22). SeM is incorporated into
proteins in place of methionine because tRNAmet does not discriminate against SeM over
methionine for transmethylation (23), and the incorporation of SeM into proteins allows
selenium to be stored in the body and reversibly released by the normal metabolic process.
In a study performed with 4 women with each receiving an oral dose of 20 µCi 75Se-SeM,
the 75Se counts in plasma and erythrocytes declined in 3 phases with half-lives ranging from
0.8 to 1.4 day for the first phase, 12 to 19 days for the second phase, and 130 to 328 days for
the third phase (20). In a separate study performed with 3 men and 3 women with each
receiving an oral dose of 200 µg 74S-SeM, the half-life for SeM turnover varied from 0.01 to
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1.1, 1.6 to 3.1, and 61 to 86 days in plasma, liver-pancreas, and peripheral tissues,
respectively (24). The much longer half-lives observed in the whole-body or in peripheral
tissues indicated that SeM was used and reused extensively (20,24).

Selenium is known to have many effects relevant to carcinogenesis. SeM has been shown to
be capable of regulating the cellular antioxidant defense systems and DNA chain break
control (25). Selenium is particularly effective in limiting the action of chemical carcinogens
during the initiation phase of liver and colorectal in vivo carcinogenesis (25,26). In the
Ames’s test, which is commonly used to test chemical mutagenic activity, selenium was
shown to depress the mutagenic activity of the tested chemicals in a dose-dependent manner
(27). In prior in vitro experiments performed in our laboratory, treatment with SeM alone (9)
or in combination with other agents having antioxidant activities (10) was shown to prevent
HTori-3 cell transformation induced by iron ion radiation. In the previous study performed
with HTori-3 cells irradiated with 5-GeV/n iron ion radiation, SeM treatment was initiated
18 h prior to the radiation exposure and maintained during and after the radiation exposure
for the clonogenic survival and soft agar colony formation assays (9). To determine when
SeM must be present in the cell culture medium to exert its protective effect on radiation-
induced cytotoxicity and anchorage-independent growth, the temporal effect of the SeM
treatment was determined in the present study by supplementing the medium with SeM at
different time periods relative to the radiation exposure. The results indicate that treatment
with SeM was effective when applied as late as a week after the radiation exposure. This
observation is important in evaluating SeM as a preventive agent to protect against
radiation-induced adverse biological effects, because it is not always possible to initiate SeM
treatment prior to a radiation exposure, such as in circumstances of a radiation accident or a
terrorist attack. Initiating SeM treatment after radiation exposure in cancer radiotherapy
would allow SeM to exert its protective effects without interfering with the acute cell killing
effects of radiation require for effective cancer treatment.

In the present study, the observed effect of radiation on cell survival persisted for up to at
least 2 wk after proton and iron ion radiation exposure and at least 8 wk after the γ -ray
radiation exposure. It is possible that the effect of γ -ray, proton, and iron ion radiation on
cell survival may last longer than 2 to 8 wk, which was the last time point in the studies
reported here when the irradiated cells were evaluated in the cell survival and soft agar
colony formation assays. These results clearly demonstrated delayed lethal effects of
radiation inHTori-3 cells. Delayed lethal effects of radiation exposure, also termed lethal
sectoring (28–31), delayed cell death (32), delayed toxicity (33), or delayed lethal mutation
(33–35) have also been reported previously in other experimental models with the common
phenomenon of decreased plating efficiency that persists many cell generations after the
radiation exposure. The delayed lethal effects of radiation exposure were observed 13–15
cell doublings after X-ray irradiation in mouse 3T3 fibroblast cells (36), and more than 30
cell population doublings after X-ray irradiation in Chinese hamster ovary cells (37). The
delayed lethal effects after radiation exposure were reported to be largely due to delayed
apoptosis, which occurred up to 45 cell doublings after radiation exposure (38), although a
loss of cell adhesion ability to cell culture dishes might also be a contributing factor (37).
Given the delayed lethal effects of the radiation exposure on cell survival, it is important to
determine the plating efficiencies at the same time when irradiated cells are plated for the
soft agar colony formation assay so that the yields of anchorage-independent colonies are
not overestimated due to the reduced plating efficiencies, which persist for long periods after
the radiation exposure.

Treatment with SeM was previously shown to improve the survival of MCF10 cells
irradiated with 5-GeV/n iron ions (9). However, treatment with SeM in the present study had
no significant effect on the survival of irradiated HTori-3 cells determined 8 wk after γ -ray
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irradiation. The cause for the discrepancy is difficult to ascertain due to multiple differences
in cell lines and radiation sources used in these studies. However, it can be speculated that
SeM may only protect cells against the acute effects of radiation on cell survival and have
no significant protective effects against the delayed lethal effects of radiation on cell
survival.

Anchorage-independent growth is a phenotypic change of cells in culture that is associated
with tumorigenicity of the cells in vivo, and HTori-3 cells isolated from anchorage-
independent colonies were shown to produce tumors when transplanted into athymic nude
mice (12,13). In our previous studies, the yield of anchorage-independent colonies of
HTori-3 cells increased significantly after irradiation with a single dose of 125 cGy 5-GeV/n
iron ions (9) or 600 cGy of 250 MeV protons (10), and the increase in the 5-GeV/n iron ion
radiation experiment was prevented by treatment with SeM (9). The tumorigenicity of the
anchorage-independent colonies derived from irradiated HTori-3 cells was assumed in our
previous studies but not verified experimentally. In the present study, HTori-3 cells derived
from all 8 anchorage-independent colonies established after exposure to iron ion radiation
were tumorigenic and produced palpable tumors when injected into athymic nude mice,
which confirmed the tumorigenicity of the HTori-3 cells growing in the anchorage-
independent colonies and indicated that the yield of anchorage-independent colonies is a
reliable surrogate endpoint marker of radiation-induced malignant transformation of HTori-3
cells. Since the ability of irradiated HTori-3 cells to form anchorage-independent colonies in
soft agar was effectively prevented by treatment with SeM applied as late as 7 days after the
radiation exposure, the results of the present study support the use of SeM as a potential
countermeasure to prevent the development of radiation-induced malignant transformation,
the acquisition of the ability to form tumors in animals, and tumorigenic potential.
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FIG. 1.
Survival curve of HTori-3 cells irradiated with γ -rays, protons or iron ions. HTori-3 cells
were irradiated with 0.662-MeV γ -rays, 1-GeV protons or 1-GeV/n iron ions at the
radiation doses indicated. Each data point represents a mean of 4 replicate flasks. The
standard deviation is indicated by the error bars.
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FIG. 2.
Soft agar colony formation efficiency of HTori-3 cells irradiated with γ -rays, protons or
iron ions. HTori-3 cells were irradiated with 0.662-MeV γ -rays, 1-GeV protons or 1-GeV/n
iron ions at the radiation doses indicated. Each data point represents a mean of 12 replicate
flasks.
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FIG. 3.
Survival of HTori-3 cells irradiated with γ -rays and treated with SeM. HTori-3 cells were
treated with 5 µM SeM for 16 days starting 2 days prior to the radiation exposure (Groups 2
and 4), 2 days prior to the radiation exposure (Group 5), 14 days starting immediately after
the radiation exposure (Group 6), 12 days starting 2 days after the radiation exposure (Group
7), or 7 days starting 1 wk after the radiation exposure (Group 8). The cells in Groups 1 and
2 were sham-irradiated and included as controls whereas the cells in Groups 3 through 8
were irradiated with γ -rays at a single dose of 600 cGy. After the radiation exposure and
SeM treatment, the cells were cultured in control medium for an additional 6 wk and then
used for the clonogenic survival assay. Each data point represents a mean of 4 replicate
flasks. The standard deviation is indicated by the error bars.
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FIG. 4.
Soft agar colony formation efficiency of HTori-3 cells irradiated with γ -rays and treated
with SeM. HTori-3 cells were treated as described in the legend for Fig. 3. After the
radiation exposure and SeM treatment, the cells were cultured in control medium for an
additional 6 wk and were then used for the soft agar colony formation assay. Each data point
represents a mean of 6 replicate flasks. The standard deviation is indicated by the error bars.
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