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Carbon ion beam radioresistant rodent cells are
sensitized to trifluorothymidine exposure
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Abstract. Although charged particle therapy, including carbon
ion beam radiation, is a cutting-edge technology in human
cancer treatment, the molecular mechanisms underlying
cellular resistance to this type of therapy remain unknown.
Furthermore, the chemotherapeutic agents that are most effec-
tive at overcoming cellular resistance remain unknown. In the
present study, carbon ion beam radioresistant rodent cells were
developed and their sensitization to trifluorothymidine (FTD),
a derivative of deoxythymidine, was studied. The results of
the present study demonstrated that carbon ion beam radiore-
sistant cells were more sensitive to FTD compared with X-ray
radioresistant cells. The results of the present study suggested
that FTD is involved in carbon ion beam radioresistance,
encouraging further study of cellular resistance to charged
particle therapy for refractory human cancer.

Introduction

Carbon ion beam radiotherapy is regarded as a cutting-edge
technology for the treatment of a number of types of human
malignancy, including bone and soft-tissue sarcoma of
the head, neck and pelvis, and locally recurrent rectal and
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pancreatic cancer, following surgery (1). Whereas a systemic
review indicated that the mechanism by which ionized radia-
tion therapy may induce apoptosis of cancer cells involves
redox regulation (2), one study revealed that X-rays induced
the production of reactive oxygen species (ROS), and that
cancer stem cells and other small fractions of tumor tissues
were able to survive following therapy (3). By contrast, carbon
ion beam radiotherapy typically exerts antitumor effects
directly on cellular organelles, including the nucleus, in which
the DNA may be exposed to double-stranded breaks (4). As
DNA double-stranded breaks are harmful to cells, this pres-
ents a promising therapeutic mechanism via which efficient
eradication of tumors is expected (5).

Previous studies have indicated that cancer stem cells serve
a function in the therapeutic resistance to X-ray radiation via
redox regulation; for example, cancer stem cells express cell
surface markers, including cluster of differentiation (CD)13 (6)
and CD44 variants (7), and survive by controlling intracel-
lular ROS metabolism following chemotherapy (6,7). CDI13
functions as an aminopeptidase N in the antioxidant pathway,
whereas CD44 variants bound to the amino acid transporter
xCT subunit contribute to the maintenance of reduced condi-
tions, which enable cancer cell survival (7). Novel therapeutic
approaches targeting redox controls in cancer stem cells have
been developed, including the use of sulfasalazine, an inhibitor
of xCT-dependent cystine transport (8), and ubenimex, an
inhibitor of CD13 (6). In particular, genetic ablation of CD44
or treatment with sulfasalazine was demonstrated to suppress
the development of spasmolytic polypeptide-expressing meta-
plasia and subsequent gastric tumor growth in mouse models
of gastric carcinogenesis (8).

Carbon ion beam radiotherapy resistance mechanisms are
not fully understood. Although the anticancer mechanism
of X-ray radiation (ROS production) facilitates the survival
of cancer stem cells, the unique mechanisms involved in the
process of cancer cell survival are not mutually exclusive (4).
In the present study, an X-ray-resistant cell line (X60) and a
carbon ion beam-resistant cell line (C30) were studied using
mice. It was revealed that X60 cells were resistant to X-rays
and carbon ion beams, whereas C30 cells were not resistant to
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X-rays, suggesting that X-ray resistance and carbon ion beam
resistance exhibit distinct mechanisms. As carbon ion beam
radioresistant cells have not been extensively studied to date, the
association between carbon ion beam and chemotherapy resis-
tance remains unknown. Evaluation of optimal chemotherapy
regimens is important for improving treatment outcomes, as
it serves an important function in eliminating metastases and
microinvasions, which may cause tumor recurrence (4). For
X-ray radioresistance, clinical trials have examined a number
of drugs and treatments in order to determine the most effec-
tive combination and types; for example, cisplatin (CDDP) and
5-fluorouracil (5-FU) are typically used in combination with
X-ray radiotherapy (2-4). A previous study demonstrated that
a combination of trifluorothymidine (FTD) and the thymidine
phosphorylase inhibitor, tipiracil HCl (TAS-102), was effec-
tive against 5-FU-resistant cancer (9). However, there is not
much evidence associated with carbon ion beam radiation, and
previous clinical studies have focused on an optimal treatment
dose, but not drug selection (1,10-16). In the present study,
the effect of FTD, a derivative of deoxythymidine, on carbon
ion beam radioresistant cells from rodents was studied. The
results of the present study revealed previously uncharacter-
ized features of carbon ion beam radioresistance, suggested
the good efficacy of FTD, and encouraged further study of the
mechanism of cellular resistance to charged particle therapy
and the effects in humans.

Materials and methods

Cell lines. The NR-S1 mouse squamous cell carcinoma cell
line (control) was provided by Dr Koichi Ando (Medicine
and Biology Division, Gunma University Heavy Ion Medical
Center, Maebashi, Japan). The X60 (X-ray radioresistant) and
C30 (carbon ion radioresistant) cells were grown from NR-S1 as
described (17) and maintained in Dulbecco's modified Eagle's
medium (DMEM; Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) with 10% fetal bovine serum (FBS; HyClone; GE
Healthcare, Logan, UT, USA) and penicillin/streptomycin
(Sigma-Aldrich; Merck KGaA), and maintained at 37°C in an
incubator containing 5% CO,.

X-ray radioresistant cells. X60 cells were established by
irradiating NR-S1 cells with 10 Gy X-ray radiation once every
2 weeks. The cells were irradiated with a total dose of 60 Gy
and cultured in DMEM with 10% FBS at 37°C to ~70% conflu-
ency for 4 weeks following the final irradiation (17).

Carbon ion beam radioresistant cells of rodents. C30 cells
were established by irradiating NR-S1 cells with 5 Gy carbon
ion beam radiation once every 2 weeks (Fig. 1). The cells were
irradiated with a total dose of 30 Gy and cultured in DMEM
with 10% FBS at 37°C at ~70% confluency for 4 weeks
following the final irradiation.

Cell viability assay with FTD, 5-FU and CDDP. Cell viability
assays were performed using Cell Counting Kit-8 (Dojindo
Molecular Technologies, Inc., Kumamoto, Japan) according
to the manufacturer's protocol. As presented in Fig. 2, cells
were plated into 96-well plates at 1,000 cells/well and cultured
at 37°C overnight. Subsequently, the cells were treated with
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various concentrations of 5-FU (10, 5, 2.5, 1.25, 6.25x10",
3.12x107, 1.56x10"', 7.81x102, 3.9x10 and 1.95x10* uM),
FTD (2x10%, 40, 8, 1.6, 3.2x10", 6.4x102, 1.28x10?, 2.56x10°7,
5.12x10** and 1.02x10* xM), and CDDP (2.5, 1.25, 6.25x10",
3.12x10", 1.56x10"', 7.81x10%, 3.9x10, 1.95x10%, 9.76x10"*
and 4.88x10* mM) at 37°C for 72 h with the comparison of
parental NR-S1 control. Viable cells were counted using Cell
Counting Kit-8 after 2 h of incubation at 37°C.

Statistical analysis. Results are expressed as mean =+ standard
deviation based on 3 independent experiments. The statistical
significance of the results was evaluated using a pairwise
t-test with Bonferroni's correction. Analysis was performed
using R package software (v3.4.3; date accessed, 30/11/2017,
https://www.R-project.org/). P<0.05 was considered to indi-
cate a statistically significant difference.

Results

Radiation sensitivity of carbon ion beam irradiated
radiation-resistant cancer cells. Although it is known that
repeated X-ray irradiation results in cancer cells developing
X-ray resistance, cancer cells developing resistance following
repeated C-ion irradiation has not been demonstrated. In the
present study, C-ion-induced radioresistant cancer cells (C30)
were established using repetition of C-ion irradiation, and
their X-ray and C-ion sensitivity was then evaluated (Fig. 1B).
The C-ion resistance of the C30 cells was significantly
increased (P<0.01), compared with that of the parental NR-S1
cells. The C30 cells were 3.9-fold resistant to C-ion at 5 Gy
compared with the NR-SI cells. The D10 dose, the radiation
dose required to decrease the survival fraction by 0.1, of C-ion
irradiation for the C30 and NR-SI cells was 4.9 and 3.9 Gy,
respectively. Furthermore, the X-ray sensitivity of the C30
cells was determined (Fig. 1C). Notably, the C30 cells did not
acquire significant X-ray resistance compared with the NR-S1
cells. The D10 dose of X-ray for C30 and NR-S1 cells was 7.9
and 7.0 Gy, respectively. The C30 cells were 1.9-fold resistant
to X-ray at 10 Gy compared with the NR-S1 cells.

Sensitivity of carbon ion beam radioresistant cells. The
present study focused on the difference in radioresistance
between X60 and C30 cells, and hypothesized that C30 cells
exhibited different radioresistances themselves to that of
X60. If X60 and C30 cells exhibited distinct characteristics,
the chemosensitivity of the two types of cell may addition-
ally be different. To evaluate the chemosensitivity of X60
and C30 cells, viability assays using CDDP, 5-FU and FTD
were performed. Each group was compared with the control
NR-S1 group by pairwise t-test with Bonferroni's correction.
The analysis revealed that X60 cells were more sensitive to
5-FU compared with the C30 and NR-SI cells at two points
(Fig. 3). C30 cells were significantly more sensitive to FTD
compared with the NR-S1 cells (Fig. 4). The cell survival
was increased in X60 cells in the concentration of 0.1 mM of
CDDP compared with the NR-S1 cells (Fig. 5).

Sensitivity of X-ray radioresistant cells. The chemosensitivity
of X-ray radioresistant (X60) cells was evaluated. X60 cells
were more sensitive to 5-FU, compared with NR-S1 and C30



30Gy of C-ion

ONCOLOGY LETTERS 16: 3389-3393, 2018

3391

W
Q
=

SGy  5Gy

SGy

5Gy Analysis

__\u- >
] Q )
< <

| | |
2w, 2 w. 2 w. 2w

4

4 w.
B. Carbon ion beam C. X-ray
| B> T
o NR-S1 o NR-S1
é , 0 00 o €30
S 0.1
i
E
Z 001
3 \ A\
0.001 ' : : ; ; | : : : :
0O 2 4 6 8 10 120 2 4 6 8 10 12
Radiation dose (Gy)

Figure 1. C-ion and X-ray sensitivity of C-ion-resistant cancer cells. (A) Irradiation procedure for establishment of carbon ion-resistant cancer cells. The NR-S1
cells were irradiated using a 30-Gy C-ion beam. At 4 weeks post-irradiation, the irradiated cells were used as the C-ion-resistant cancer C30 cells. (B) C-ion
sensitivity of C30 and parental NR-S1 cells. (C) X-ray sensitivity of C30 and NR-SI cells. The circle and square represent the survival fraction of NR-S1 and
C30 cells, respectively. The statistically significant difference between the cells was detected at 5 Gy C-irradiation. "P=1.56x10", C30 vs. NR-SI cells. C-ion,

carbon ion.

cells (Fig. 3). By contrast, X60 cells were less sensitive to CDDP
and FTD compared with NR-S1 and C30 cells (Figs. 4 and 5).
Therefore, X60 and C30 exhibited different chemosensi-
tivity and radiosensitivity characteristics. As previously
described (9), 5-FU resistance was not associated with FTD
resistance and FTD effectively sensitized C30 cells.

Discussion

Previous studies have demonstrated that X-ray radiation results
in replication stress and arrest, stalling of replication forks and
single-strand DNA breaks occur when cell cycle checkpoints
are activated (4,5). These biological effects are associated
with the production of ROS from cellular organelles such
as mitochondria (18). Charged particle therapy, including
carbon ion beam radiation, may induce double-strand DNA
breaks, and at an increased frequency compared with X-ray
radiation, although additive anti-cancer effects are typically
observed (4). Carbon ion beam radiotherapy is a useful
treatment option for X-ray-resistant cancer (4). For retract-
able cancer, carbon ion beam radiotherapy does not replace
conventional X-ray radiotherapy, as it exhibits an increased
risk of damage to normal tissues and has a higher cost (4).

However, the molecular mechanisms involved in this type of
therapeutic resistance remain unknown. The current working
model of therapeutic resistance [i.e. the mechanism of charged
particle therapy-induced double-strand DNA breaks (4)]
and its associated genomic effects should be considered, as
charged particles exert biological effects on DNA. This differ-
ence in carbon ion beam mechanism may affect the cellular
characteristics of carbon ion-resistant cells, which as a result
may have different chemosensitivity.

In the present study, rodent cell lines that were resistant
to carbon ion beam radiation were examined. The results
indicated that carbon ion beam radioresistant cells were more
sensitive to FTD exposure compared with X-ray radioresistant
cells. FTD, a derivative of deoxythymidine, is an antitumor
and antiviral agent. As antitumor agents, FTD combined with
tipiracil hydrochloride (1:0.5 ratio; TAS-102) are available for
use with 5-FU refractory unresectable colorectal cancer (19).
Tipiracil may inhibit thymidine phosphorylase in the liver and
intestine, resulting in slow FTD degradation and augmentation
of FTD bioavailability (19). A previous randomized trial has
demonstrated the efficacy of TAS-102 for refractory metastatic
colorectal cancer (20). In the present study, FTD was used in
an in vitro assay; however, as there are differences between
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Figure 2. Schema of the protocol. Viability assays were performed with three replicates/assay. NR-S1, X60 and C30 cells were seeded at 1,000 cells/well.
After 24 h of incubation, the specified chemotherapeutic drugs were added in various concentrations (10, 5, 2.5, 1.25,6.25x10,3.12x10, 1.56x10"!, 7.81x10,
3.9x10% and 1.95x10” uM of 5-FU; 2x102, 40, 8, 1.6, 3.2x10", 6.4x10, 1.28x102, 2.56x10, 5.12x10"* and 1.02x10 uM of FTD; 2.5, 1.25, 6.25x10", 3.12x10",
1.56x10", 7.81x102, 3.9x102, 1.95x102, 9.76x10" and 4.88x10° mM of CDDP. Survival was evaluated by counting the number of viable cells using Cell
Counting Kit-8 72 h after the addition of the drugs. 5-FU, 5-fluorouracil; CDDP, cisplatin; FTD, trifluorothymidine.
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Figure 3. Sensitivity to 5-FU. Viability assays of cell lines treated with 5-FU.
At least three independent experiments were conducted. "P<0.05 for X60 vs.
NR-S1 control; “"P<0.05 for C30 vs. NR-S1 control. 5-FU, 5-fluorouracil.
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Figure 4. Sensitivity to FTD. Viability assay of cell lines treated with FTD.
At least three independent experiments were conducted. “P<0.05 for X60 vs.
NR-S1 control; “P<0.05 for C30 vs. NR-S1 control. FTD, trifluorothymidine.

rodents and humans, clinical trials are required to validate
the in vitro results. Furthermore, administration of FTD may
effectively sensitize cells to carbon ion beam irradiation,
although clinical studies in humans are required.

FTD may be converted to FTD monophosphate via
thymidine kinase 1. The FTD monophosphate may be phos-
phorylated to FTD triphosphate, which has been suggested to
integrate into DNA (19). These biological effects have been
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Figure 5. Sensitivity to CDDP. Viability assay of cell lines treated with
CDDP. At least three independent experiments were conducted. "P<0.05 for
X60 vs. NR-S1 control; “P<0.05 for C30 vs. NR-S1 control. CDDP, cisplatin.

demonstrated to lead to apoptosis and the inhibition of viral
replication (19). We hypothesize that carbon ion beam radia-
tion induces random double-stranded DNA breaks in multiple
genomic regions; in response, the remaining unaffected coding
and non-coding regions, including microRNA, are upregulated
to compensate for the damage caused, resulting in resistance
to charged particle radiation. However, the potentially active
genomic region may incorporate FTD triphosphate, resulting
in the induction of apoptosis.

FTD is hypothesized to be effective against 5-FU-resistant
cancer (9), and the present study revealed that FTD was effec-
tive against carbon ion beam-resistant cancer cells. Treatment
with 5-FU was more effective in X-ray-resistant cancer cells
than control cells, and 5-FU is typically used with X-ray
radiotherapy. FTD may become a good option to use in
combination with carbon ion beam radiotherapy instead of
5-FU. Additional in vivo and clinical studies are required to
validate these results.

The results of the present study demonstrated that carbon
ion beam radioresistant rodent cells are sensitized to FTD
exposure. In future, the following studies are required: i)
Clinical trials to evaluate charged particle therapy combined
with FTD treatment in humans; ii) biomarker identification for
the prediction of carbon ion beam radioresistance, including
microRNAs in liquid biopsy; and iii) a mechanistic study of
carbon ion beam radioresistance. A similar clinical setting
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may be useful to investigate advanced gastrointestinal cancer
following carbon ion beam radiation.
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