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Abstract

In order to see whether carbon ion (C-ion) beams have a biological advantage over X-rays, studies
were designed to examine the effects of C-ion beams on radiosensitivity in X-ray resistant cells.
Clinically relevant X-ray resistant SAS-R cells derived from human tongue cancer SAS cells were
used. The cells were exposed to X-rays or Spread-Out Bragg peak (SOBP) beam C-ions. Cell survival
was measured using a modified high-density survival assay. Cell survival signaling and cell death
signaling were analyzed using flow cytometry. The cells were labeled with putative cancer stem
cell markers such as CD44 and CD326. SAS-R cells were 1.6 times more radioresistant than SAS
cells after exposure to X-rays. Cell survival was similar in each cell line after exposure to C-ion
beams. SAS-R cells displayed enhanced cell survival signaling when compared to SAS cells under
normal conditions. On the other hand, the phosphorylation of AKT-related proteins decreased and
polycaspase activities were enhanced when cells were irradiated with C-ion beams in both cell
lines. More CD44 and CD326 positive cells were seen in SAS-R cells than in SAS cells. Moreover, the
marker positive cell numbers significantly decreased after exposure to C-ion beams when com-
pared to X-rays at iso-survival doses in SAS-R cells. C-ion beams efficiently induced cell killing in
X-ray resistant cells which displayed activated cell survival signaling and contained more numer-
ous cancer stem-like cells.

Keywords

Carbon-lIon Beams, X-Ray Resistant Cells, Cell Survival and Death Signaling, Cancer Stem-Like Cells

“Corresponding author.

How to cite this paper: Takahashi, A., et al. (2014) Carbon-lon Beams Efficiently Induce Cell Killing in X-Ray Resistant Hu-
man Squamous Tongue Cancer Cells. International Journal of Medical Physics, Clinical Engineering and Radiation Oncology,
3, 133-142. http://dx.doi.org/10.4236/ijmpcero.2014.33019



http://www.scirp.org/journal/ijmpcero
http://dx.doi.org/10.4236/ijmpcero.2014.33019
http://dx.doi.org/10.4236/ijmpcero.2014.33019
http://www.scirp.org
mailto:a-takahashi@gunma-u.ac.jp
http://creativecommons.org/licenses/by/4.0/

A. Takahashi et al.

1. Introduction

Radiotherapy (RT) is one of the major therapeutic modalities for eradicating malignant tumors. RT is a good al-
ternative to surgery for long-term control of many tumors of the head and neck, lung, cervix, bladder, prostate
and skin, where it often achieves a reasonable probability of tumor control [1]. Standard conventional RT for
tumor treatment consists of daily exposures to a fractionated dose of around 2 Gy for 5 - 7 weeks. Although tu-
mors receive a large total dose through multiple fractionated radiation exposures (FR), they sometimes recur
with radioresistance [2]. The existence of radioresistant cells remains one of the most critical obstacles for RT.
Therefore, we have defined “clinically relevant radioresistant (CRR) cells” as cells which continue to grow,
even after exposure to 2 Gy/day of X-rays for more than 30 days in vitro [3]. In order to understand the mechan-
isms involved in cellular radioresistance and to develop more effective radiotherapy, we have established CRR
cell lines [3]-[9]. It was shown that the CRR cells acquired radioresistance through the activation of the serine/
threonine protein kinase B (PKB, also known as AKT) survival signaling pathway [5] [7] [8]. This pathway
controls cellular “on-off switches” related to apoptosis and autophagy which are induced by radiation [10]. Au-
tophagy is a programmed cell death mode like apoptosis, but is different from other cell death modes because of
the presence of autophagosomes, autolysosomes and an intact nucleus in the cell [11]. In addition, the activation
of AKT-related signaling was reported to enhance cancer stem cell (CSC) phenotypes [7] [12]. The CSC theory
hypothesizes that tumors contain heterogeneous cell populations and that tumor growth is driven by a discrete
subpopulation of CSCs which are defined by their capacity for self-renewal and by their ability to generate he-
terogeneous lineages of cancer cells [13]. These CSCs can provide a reservoir of cells which can lead to tumor
recurrence, even after RT, through the presence of efficient DNA repair machinery and a resistance to apoptosis
[14]-[16]. Thus, a cell’s fate might be determined by a balance between cell survival and death after irradiation
through AKT survival signaling.

Heavy charged particle RT using carbon ions (C-ions) is a newly emerging and promising therapy which can
offer several advantages over conventional RT. C-ion beams have an excellent dose distribution for treating ma-
lignant tumors [17]. Clinical studies performed on various cancers have provided evidence that local control and
survival rates for C-ion RT are higher than that for conventional RT [18]-[20]. Recently, we demonstrated that
charged particle radiation depresses AKT-related survival signaling [21]. Therefore, we speculated that C-ion
beams may enhance apoptosis and/or autophagy, and may target CSCs via the depression of AKT survival sig-
naling in X-ray resistant cancer cells.

In this paper, to more clearly define the effect of C-ion beams on radiosensitivity, mode of cell death, cell
signaling and the population of CSCs, X-ray resistant tumor cells were used which were capable of proliferation
when subjected to daily X-ray exposures.

2. Materials and Methods
2.1. Cell Lines

The cell lines used in these studies were human SAS head and neck squamous carcinoma cells (HNSCC) ob-
tained from the Cell Resource Center for Biomedical Research, Institute of Development, Aging and Cancer,
Tohoku University. SAS-R cells were derived from SAS cells grown under daily exposures to 2 Gy of X-rays [4]
(total irradiation dose: 2278 Gy). Cryo-preserved cells were used after 1 week of growth in culture without ir-
radiation. Cells were cultured in DMEM-10 (Dulbecco’s modified Eagle’s medium) containing 10% (v/v) fetal
bovine serum, 20 mM 2-[4-(2-hydroxyethyl)-1-piperazinyl] ethanesulfonic acid, penicillin (50 units/ml) and
streptomycin (50 pg/ml). Cells were cultured at 37°C in a conventional humidified CO, incubator.

2.2. Irradiation

Exponentially growing cells were irradiated at room temperature with X-rays and C-ion beams. X-irradiation
was delivered by a 200-kVp X-ray generator (TITAN-225S, Shimadzu, Kyoto, Japan) with a total filtration of
0.5 mm aluminum plus 0.5-mm copper. The X-ray dose rate was about 1.3 Gy/min which was measured using a
thimble ionization chamber (PTW FREIBURG, Freiburg, Germany) at the sample position. C-ion beam irradia-
tion (290 MeV/nucleon, 6-cm spread-out Bragg peak (SOBP): 50 keV/um) [17] was performed in the Gunma
University Heavy lon Medical Center (GHMC, Gunma, Japan) [22]. Each irradiation was performed through a
3.5 mm layer of culture medium and a 1 mm plastic cover in a Nunc™ flask or multidish (Thermo Fisher Scien-
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tific, Waltham, MA).

2.3. Modified High-Density Survival Assay

Cell survival was determined with the modified high-density survival (HDS) assay [4] [23]. Briefly, 4 x 10* ex-
ponentially growing cells were seeded into a 915 mm Nunc™ multidish (Thermo Fisher Scientific). After a 24 h
incubation, cells were exposed to various doses of X-rays or C-ion beams and incubated for another 72 h. Sub-
sequently, cells from each flask were seeded into another 25 cm? flask and incubated for further 72 h. The total
number of cells in each flask was then counted using the trypan blue dye exclusion test using a TC10™ auto-
mated cell counter (BIO-RAD, Hercules, CA). Cell survival was plotted and the relative biological effectiveness
(RBE) value of C-ion beams was compared to X-rays at a 20% survival dose (D).

2.4. Analysis of Nuclear Size

Attached and floating cells were collected using trypsin at 72 h after irradiation. The cells were fixed with 1%
glutaraldehyde in PBS at 4°C, washed with PBS, stained with 0.2 mM Hoechst 33342 (Nacalai Tesque, Kyoto,
Japan), and then observed under a BZ-9000 fluorescent microscope (Keyence, Tokyo, Japan). The nucleus size
in the cells was analyzed using the Duolink® ImageTool (Olink Bioscience, Uppsala, Sweden). Cells with a
nucleus with an area of less than 10 um? were considered pyknotic. Cells with a nucleus with an area of over 50
um? were considered as polyploid. A minimum of 500 cells was counted in every sample, and the percentage of
pyknotic and polyploid cells was recorded.

2.5. Analysis of Autophagy

At 72 h after irradiation, the cells were stained with a Cyto-ID® Autophagy Detection kit (Enzo Life Sciences,
Farmingdale, NY). The frequency of Cyto-ID® green stained autophagic vacuoles was measured using a flow
cytometer (FACSCalibur™, Becton Dickinson, San Jose, CA).

2.6. Cell Survival Signaling Assay

At 3 h after irradiation, cells were stained with a FlowCellect™ PI3K-mTOR Signaling Cascade Mapping Kit
(Merck Millipore, Darmstadt, Germany). The phosphorylation of AKT (Ser473) and ribosomal protein S6 (rps6)
(Ser235) proteins was measured using a flow cytometer.

2.7. Cell Death Signaling Assay

At 72 h after irradiation, cells were stained with a Vybrant® FAM™ Poly Caspase Assay Kit (Invitrogen™,
Thermo Fisher Scientific). The activation of pan-caspase was measured using a flow cytometer.

2.8. Analysis of Cancer Stem-Like Cells

CSCs are typically recognized by virtue of their expression of cell surface markers such as CD44 and CD326
(EpCAM) in HNSCC [24] [25]. At 72 h after irradiation, the cells were labeled with putative CSC markers, hu-
man monoclonal CD44 antibodies conjugated to fluorescein isothiocyanate (FITC) (Miltenyi Biotec K. K., Ber-
gisch Gladbach, Germany) and human monoclonal CD326 antibodies conjugated to phycoerythrin (PE) (Mil-
tenyi Biotec). The frequency of CD44 and CD326 positive cells was measured using a flow cytometer.

2.9. Statistics

The data from three independent experiments were expressed as mean values with standard deviations. The sta-
tistical significance was tested with the Student’s t-test. A p value of <0.05 was considered to be statistically
significant.

3. Results

3.1. C-lIon Beams Efficiently Induced Cell Killing in X-Ray-Resistant Cells

The Dy, dose of X-rays was 7.5 Gy and 12.0 Gy in SAS cells and SAS-R cells, respectively. The D,y dose of
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C-ion beams was 3.0 Gy and 3.2 Gy in SAS cells and SAS-R cells, respectively. After exposure to X-rays,
SAS-R cells were found to be 1.6 times more radioresistant than SAS cells, although the cell survival rate was
similar in each cell line after exposure to C-ion beams (Figure 1). The RBE at a Dy, dose in SAS cells and
SAS-R cells was 3.8 and 2.5, respectively.

Changes in nuclear size were analyzed using Hoechst 33342 staining at 72 h after irradiation (Figure 2). Fig-
ure 2(c) and Figure 2(d) show X-ray and C-ion beam induced pyknotic and polyploid cells appearing in a
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Figure 1. Cell survival measured with the modified high-density survival assay. Open symbols, SAS cells;
closed symbols, SAS-R cells. Circles, X-rays; triangles, C-ion beams.
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Figure 2. Changes in nuclear size at 72 h after irradiation in SAS and SAS-R cells. Note that the labels on
the bottom of the figure below panel (d) apply to all of the panels (b), (c), and (d). (a) Photograph (400x)
using Hoechst 33342 staining in unirradiated and irradiated SAS-R cells; (b) Chart showing nuclear sizes in
SAS-R cells; (c) The frequency of pyknosis; (d) The frequency of polyploid cells. Error bars indicate stand-
ard deviations. Data were statistically evaluated with the Student’s t-test between unirradiated cells and irra-
diated cells, and between the samples connected with a fine line ('p < 0.05, “p < 0.01, and ""p < 0.001).



A. Takahashi et al.

dose-dependent manner in SAS cells and SAS-R cells. At the iso-doses, the frequency of hyperinduced pyknosis
was greater in C-ion irradiated cells than in X-irradiated cells. At the iso-survival doses obtained from the HDS
assay, although no significant differences in the induction of pyknosis were observed in either cell line (Figure
2(c)), C-ion beams suppressed the appearance of polyploid cells (Figure 2(d)).

The basal level of Cyto-ID® green positive-stained autophagic vacuoles was detected at high levels in SASR
cells when compared to SAS cells (Figure 3(c)). At iso-doses, C-ion beams induced autophagy when com-
pared to X-rays in both cell lines. Even at iso-survival doses, the C-ion beams induced notably higher levels of
autophagy when compared to X-rays in SAS-R cells.

3.2. C-Ion Beams Suppressed Cell Survival Signaling and Induced Cell Death Signaling in
X-Ray Resistant Cells

The activation of poly-caspase leading to cell death signaling was analyzed at 72 h after irradiation (Figure
4(a)). X-rays and C-ion beams induced the activation of poly-caspase in a dose-dependent manner in SAS-R
cells. At iso-survival doses, activation was greater in C-ion irradiated cells than in X-irradiated cells.

The expression of phospho-AKT (p-AKT) and phospho-rpS6 (p-rpS6) cell survival signals was analyzed at 3
h after irradiation (Figure 4(b) and Figure 4(c)). The expression of both p-AKT and p-rpS6 was highly acti-
vated in SAS-R cells when compared to SAS cells in non-irradiated cells. X-rays and C-ion beams suppressed
the expression in a dose-dependent manner in SAS-R cells. Not only at the iso-doses but also at Dsg and Dy
iso-survival doses, their expression was suppressed more efficiently in C-ion irradiated cells than in X-irradiated
cells.

3.3. Cancer Stem-Like Cell Numbers Decreased Significantly after Exposure to C-Ion
Beams

Cells were labeled with the putative CSC markers CD44 and CD326. Basal levels of double labeled positive
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Figure 3. Stained autophagic vacuoles at 72 h after irradiation in SAS and SAS-R
cells. (a) Photograph (400x) using phase contrast and fluorescent microscopy in 3.2
Gy C-ion irradiated SAS-R cells. Autophagy is indicated by the heavily stained au-
tophagic vacuoles (arrow) and in normal cells (arrow heads); (b) Graph showing num-
bers of Cyto-1D® green stained cells; (c) The frequency of autophagy. AU, arbitrary
unit. Error bars indicate standard deviations. Data were statistically evaluated with
the Student’s t-test between unirradiated cells and irradiated cells, and between the
samples connected with the lines (p < 0.05, “p < 0.01, and ""p < 0.001).
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Figure 4. Cell death signaling and cell survival signaling at 72 h (a) and 3 h
(b) and (c) after irradiation of SAS-R cells. The right panels show the relative
values of poly-caspase activation (a), p-AKT expression (b) and p-rps6 ex-
pression (c) using the value in untreated SAS-R cells as a standard value of
100. The left panels show typical graphs illustrating the number of stained
cells in each group. Note that the labels below panel (c) apply to all of the
panels, (a), (b), and (c). The error bars indicate standard deviations. Data were
statistically evaluated with the Student’s t-test between unirradiated cells and
irradiated cells, and between the samples connected with the lines (‘p < 0.05,
“p <0.01, and ""p < 0.001).

cells were higher in non-irradiated SAS-R cells compared to SAS cells (Figure 5). The number of double posi-
tive cells increased in a dose-dependent manner after exposure to X-rays and C-ion beams. At the Dsy and Dy
iso-survival doses, the number of double positive cells showed a significantly larger decrease after exposure to
C-ion beams than to X-rays.

4. Discussions

The biological advantages of using C-ion beams were a higher RBE [26] [27], a decreased oxygen enhancement
ratio [28], a diminished capacity for DNA repair of cellular radiation injuries [29], and the potential suppression
of metastases [30].

This study clearly demonstrated that C-ion beams efficiently induced cell Killing in X-ray-resistant cells
(Figure 1). These findings agree with previous results published by our group [31]-[33] which demonstrated
that the RBE of heavy-ion beams in X-ray resistant p53-dysfunctional cells was higher than in X-ray sensitive
wild-type p53 cells. Apoptosis was induced more efficiently when cells were exposed to heavy-ion beams than
to X-rays, regardless of p53 gene status [31]-[33]. In SAS and SAS-R cells, although the contribution of apopto-
sis to cellular radiosensitivity is lower than previously thought [6], hyperinduced pyknosis was detected and was
greater in C-ion irradiated cells than in X-irradiated cells at iso-doses (Figure 2(c)). Pyknosis is the irreversible
condensation of chromatin in the nucleus of a cell undergoing apoptosis [11]. On the other hand, polyploid cells
were present at lower levels in C-ion irradiated cells than in X-ray irradiated cells at iso-survival doses (Figure
2(d)). Radiation-induced polyploid cells usually suffer cell death from mitotic catastrophe [34]. Mitotic catas-
trophe has been described in which mitotic failure is sensed and the cell responds by following a pathway to cell
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Figure 5. The frequency of CD44 and CD326 posi-
tive non-irradiated cells and in irradiated cells at 72
h after irradiation in SAS-R cells. Error bars indi-
cate standard deviations. Data were statistically eva-
luated with the Student’s t-test between unirradiat-
ed cells and irradiated cells, and between the sam-
ples connected with the lines (p < 0.05, “p < 0.01,
and ™"p < 0.001).

death through apoptosis, necrosis, or senescence [35]. Autophagy has a bi-directional effect comparable to the
two edges of a sword and the results can be cell death or cell survival [36]. Consistent with this concept, High
basal levels of autophagy were detected in X-ray resistant SAS-R cells when compared to SAS cells here (Fig-
ure 3(c)) as well as in a previous report [6]. This basal level of autophagy may contribute to cell protection. On
the other hand, autophagy was induced efficiently in each cell line after exposure to C-ion beams (Figure 3(c)).
This result was supported by recent findings that C-ion beams can induce autophagy in various tumor cells ef-
fectively, and that the autophagy level in irradiated cells increased in a dose- and LET-dependent manner [37].
These results suggest that hyperinduced apoptosis and autophagy are associated with C-ion beam-induced cell
death in SAS-R cells.

These results indicate that C-ion beams induce poly-caspase activity (Figure 4(a)) and suppress AKT signal-
ing (Figure 4(b) and Figure 4(c)) and, and this concurs well with previous findings [21]. Recently, it was also
reported that the ability of C-ion beams to inhibit the activation of the AKT pathway increased with increasing
LET values [37]. AKT signaling can also block cell death signaling pathways by regulating various target mo-
lecules such as apoptosis related proteins [38] [39].

C-ion beams may simultaneously kill both non-CSCs and CSCs; consequently, the cell population of CSCs
was only slightly increased or unchanged (Figure 5). If CSCs were eliminated, a cancer would be unable to
grow and unable to spread to other locations in the body. Recently, it was reported that C-ion beams targeted
cancer stem-like cells in the colon and pancreas [40] [41].

5. Conclusion

These results suggest that C-ion beams may enhance apoptosis and autophagy through the activation of death
signaling, and may target CSCs via the depression of AKT survival signaling in X-ray resistant cancer cells.
Therefore, the concept of a C-ion augmentation therapy delivered to recurrent patients with clinically radio-re-
sistant cells after conventional RT might offer a promising treatment alternative or supplement. More detailed
studies are necessary to define the initial events which occur during the depression of AKT survival signaling
after exposure to C-ion beams.
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