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Comparisons between bio-radiation effects of X-rays
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Abstract: Heavy-ion therapy has demonstrated significant benefits such as well-defined range, small entrance dose
and high relative biological effectiveness, but the characteristics of heavy-ion induced radio-biological effects on
cancer stem cells is not completely clear. We used human glioma cancer stem cells and glioma virus-induced mice
model irradiated by carbon ions or X-rays to investigate whether heavy ions offering a radio-biological advantage, by
effectively eliminate cancer stem cells, in comparison with conventional X-rays. In in vitro experiments, the repair
rate of DNA damage generated by 2 Gy carbon ions was lower than that by X-rays in glioma stem cells. Micronucleus
assay showed the micronuclei frequency induced by carbon ions was higher than that by X-rays. MTT assay showed
the cellular viability of glioma stem cells irradiated by 1-4 Gy carbon ions was lower than that by X-rays. Results of in
vivo experiment demonstrated carbon-ion radiation could significantly reduce the radio of CD133* glioma stem-like
cells compared with X-rays. In conclusion, carbon ions showed radio-biological advantage over X-rays by effectively
eliminate glioma cancer stem cells both in vitro and in vivo, which have significant importance in understanding the
high relative biological effectiveness related to heavy-ion therapy.

Keywords: Heavy-ions, X-rays, glioma, cancer stem cells, irradiation

Introduction to X-rays) tumors, carbon ions still have high
lethality [5-7].

The charged heavy-ion (HI) beams allow for a

precise localization of the radiation dosage to
the tumor region because of the inverted
depth-dose profile and the sharp dose fall-off
behind the Bragg peak [1]. Due to this high pre-
cision, the surrounding healthy tissues receive
a much lower dose compared to conventional
radio therapy with photons, such as X-rays. The
heavy-ion therapy has the advantage both in
physics and in biology. The high linear energy
transfer (LET) of carbon ion radiation has
shown a higher relative biological effectiveness
(RBE) compared to conventional low-LET pho-
ton radiation. Therefore, the efficiency of car-
bon ions inducing DNA damage, cell cycle arrest
and cell death in tumor cells is higher than X-
rays [2-4]. Even on radio-resistant (with respect

Glioma is one of the most common primary
tumors of intracranial central nervous systems
[8]. About 28% of all primary intracranial tumors
and 80% of malignant tumors are gliomas [9].
Gliomas are known for invasive growth, high
recurrence rate, special location, being difficult
to resect completely by surgery, even in combi-
nation with conventional radiotherapy and che-
motherapy, it’s still hard to be eradicated [10-
13].

Recently, the discovery, isolation, and existence
confirmation of glioma stem cells (GSCs) are
significant breakthroughs in the study of glio-
mas. GSCs are small numbers of stem cell like
cells in solid tumors with potential of unlimited
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Figure 1. The position of the induced glioma in the
brain of mice. A. Sketch map of the injection hole
and the tumor position in the mouse’s brain. B. The
example photo of the injection hole in the mouse’s
brain.

proliferation, self-renewal, multiple differentia-
tion and high tumorigenicity [14]. GSCs play a
decisive role in the formation, growth, invasion,
metastasis, recurrence, and treatment sensi-
tivity of gliomas [15]. Cancer stem cells (CSCs)
maintain tumor growth by keeping the balance
between self-renewal, proliferation and differ-
entiation. Though CSCs occupy a tiny minority
of gliomas, they are the fundamental reason for
the formation and recurrence of gliomas [16].
CSCs hypothesis suggests that CSCs populate
an original tumor, which is resistant to treat-
ments, and repopulate the recurrent tumor
after most of the tumor has been removed [17].
CSCs research is one of the most thriving and
competitive areas in oncology research becau-
se it has the potential to become a predictive
factor in radiotherapy [18].

Currently, carbon-ion radiotherapy has been
approved for treatment of specific types of can-
cers including melanoma, chordoma and glio-
ma [19]. According to results of heavy-ion irra-
diation therapies from LBL (Lawrence Berkeley
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Laboratories), NIRS (National Institute of Radi-
ological Sciences), GSI (Gesellschaft fur Sch-
werionenforschung) and IMP (Institute of Mo-
dern Physics), this kind of therapy does indeed
appear to have clinical advantages over other
modalities such as photon irradiation [20-22].
The use of heavy ion therapy is becoming more
and more extensive. We speculate that there’s
a relationship between heavy-ion irradiation
therapy’s excellent therapeutic effects and its
prominent lethality to CSCs. However, relevant
studies have not been reported.

In the present study, human glioma CSCs and
murine models of virus induced glioma were
used to investigate whether heavy ions offered
a biological advantage over conventional X-rays
in glioma. Our work may provide a useful sup-
port of heavy-ion tumor therapy against glioma
for the future applications.

Materials and methods
Cell culture

The GSC-3 (No. 3 glioma cancer stem cells)
cells were a gift from Kunming Institute of
Zoology (KIZ, Chinese Academy of Science,
Kunming, China).

The GSC-3 cells were maintained at 37°C with
5% CO, in serum-free DMEM/F12 medium (Gi-
bco, Life Technologies, NY, USA) with B-27 Sup-
plement (Gibco, Life Technologies, NY, USA), 20
ng/ml epidermal growth factor (EGF, Pepro
Tech, Rocky hill, NJ, USA), 20 ng/ml basic fibro-
blast growth factor (bFGF, Pepro Tech, Rocky
hill, NJ, USA).

The GSC-3 cells were digested with TrpyLE
Express (Gibco, Life Technologies, NY, USA)
instead of conventional trypsin enzyme. Before
the cells were seeded, in order to make the
cells adhered, all the flasks and plates and
dishes needed to be disposed by Laminin
(Sigma, St. Louis, MO, USA).

In vivo experiment

All the animal experiments were conducted in
accordance with the Guide for Care and Use of
Laboratory Animals as adopted and promulgat-
ed by the United National Institutes of Health,
and approved by the Ethics Committee of
Kunming Institute of Zoology, Chinese Academy
of Sciences.
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The mice were provided and pre-treated in
Kunming Institute of Zoology. Briefly, 6-week
old male Kunming mice were selected for the
experiment. The weight of each mouse was
18-22 grams. The virus (ptomo-ras-sip53) was
injected into the brain as the position showed
in Figure 1A and 1B to induce tumor formation.
Each mouse was weighed and was administrat-
ed with different dosage of ketamine by intra-
peritoneal injection. The titer of virus was 1.
06*10710/mL. The total injection volume was
1 uL and injection velocity was 0.1 puL/min for
each mouse. Three days after the injection, the
mice were transferred to Lanzhou IMP (Chinese
Academy of Science, Lanzhou, China) by air.
Finally, 20 mice, in good condition, were sepa-
rated into 3 groups (6 for control, 7 for carbon
ions and 7 for X-rays). The tumor of each mouse
was irradiated by carbon ions or X-rays 3 weeks
after virus injection. Each mouse was dissect-
ed with the brains being taken out immediately
after it’s sacrificed.

X-ray irradiation

The GSC-3 cells or mice were irradiated with
conventional X-rays generated by Faxitron RX-
650 (Faxitron Bioptics, Lincolnshire, IL, USA),
which was operated with 60 kVp 5 mA at room
temperature. The calculated dose rate was
0.46 Gy/min. GSC-3 cells were irradiated with
0, 1, 2, 3, 4 Gy of X-rays, and the mice were
irradiated with 3.16 Gy of X-rays. For mice irra-
diation, X-rays struck on the tumor area (injec-
tion hole as the center) vertically through an
8*8 mm hole in a 3 mm thick lead plate.

Carbon ion irradiation

Cells and mice were irradiated with O, 1, 2, 3, 4
and 3.16 Gy of carbon ions at the cancer treat-
ment room of HIRFL-CSR (Heavy lon Research
Facility in Lanzhou-Cooler Storage Ring) facility
at the IMP. The initial energy of the carbon ion
beams was 165 MeV/u. For mice irradiation, we
used plateau region of the beam (LET was
17.96 KeV/um) to get a penetrate irradiation for
the brain tissues and the beam struck on the
tumor area horizontally through an 8*8 mm
channel structured by 4 lead bricks.

53BP1 & XRCC1 foci

Irradiated cells were fixed for 10 minutes in 4%
paraformaldehyde, permeabilized for 5 min-

4641

utes in methanol at -20°C, blocked for 1 hour
with 5% skim milk, and stained with rabbit anti-
53BP1 antibody (Upstate Biotechnology, Lake
Placid, NY, USA) or mouse anti-XRCC1 antibody
(Upstate Biotechnology, Lake Placid, NY, USA)
for 2 hours. The bound antibody was visualized
using Alexa Fluor® 594 anti-rabbit antibody
(Molecular Probes, Eugene, OR, USA) or Alexa
Fluor® 488 anti-mouse antibody (Molecular
Probes, Eugene, OR, USA) and cell nuclei were
counter-stained with DAPI (PharMingen, San
Jose, CA, USA). Slides were observed under a
Zeiss LSM700 confocal laser scanning micro-
scope (Zeiss, Jena, Germany). At least 100
cells were scored for each sample and the aver-
age number of foci per cell was calculated.

Micronucleus assay

Right after irradiation, cells were collected and
reseeded in 12-well plates. Simultaneously, 2.5
pug/mL of cytochalasin B (Sigma, St. Louis, MO,
USA) was added into each well. Thirty-six hours
later, cells were washed with PBS and fixed with
methanol-glacial acetic acid (3:1, V/V). After
being stained with 150 ug/mL acridine orange,
at least 500 of binucleated cells for each sam-
ple were counted.

MTT assay

Cells were collected and reseeded in 96-well
plates, and incubate till 70% of well filled with
single layer of cells. Irradiate plates with dos-
age gradient of 0, 1, 2, 3, 4 Gy carbon ions and
X-rays, 10 duplications for each group. After
irradiation, keep incubating plates, and observe
cell growth under microscope. At the time when
cells of control group almost fill the plate, add 5
mg/mL MTT solution into each well and incu-
bate 4 hours, aspirate media, add 150 L
DMSO (set blank group with only DMSO), and
vibrate by table concentrator for 10 minutes to
dissolve crystal substance completely. The val-
ues of OD490 and OD630 were detected by
Infinite m200-pro microplate reader (TECAN,
Mannedorf, Switzerland). For all groups, sub-
tract the OD630 values from the OD490 val-
ues, then calibrated by subtract blank group
values. Finally, the results were normalized
dividing by control group.

Immunohistochemistry

All the fresh brain samples were fixed immedi-
ately by 4% paraformaldehyde for 72 hours,
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Figure 2. Repair rate of DNA damage generated by carbon-ion was lower than that generated by X-rays in CSC. A.
53BP1 foci per cell of the #3 GSCs after irradiated with 2 Gy X-rays or carbon ions. B. 53BP1 foci (DSBs) repair rates
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of the #3 GSCs after irradiated with 2 Gy X-rays or carbon ions. C. XRCC1 foci per cell of the #3 GSCs after irradiated
with 2 Gy X-rays or carbon ions. D. XRCC1 foci (SSBs) repair rates of the #3 GSCs after irradiated with 2 Gy X-rays or
carbon ions. E. 53BP1 and XRCC1 immunofluorescence assay of the #3 GSCs after irradiated with 2 Gy carbon ions.
F. 53BP1 and XRCC1 immunofluorescence assay of the #3 GSCs after irradiated with 2 Gy X-rays. The graphs show
the mean, standard error and p value, they were calculated from at least 3 independent experiments.
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Figure 3. Carbon-ion irradiation induced micronu-
clei more efficiently than X-rays. A. The frequency of
binucleate (BN) cell with micronucleus (MN) of the
#3 GSCs after irradiated with 0-3 Gy X-rays or car-
bon ions. B. Micronucleus frequency (MNF) of the #3
GSCs after irradiated with 0-3 Gy X-rays or carbon
ions. The graphs show the mean, standard error and
p value, they were calculated from at least 3 inde-
pendent experiments.

dehydrated using graded ethanol, vitrification
by dimethylbenzene, dipped in wax in 60°C for
5 hours, embedded to form paraffin, longitudi-
nally sliced through the virus injection hole, the
thickness of the slice was 4 ym, patched the
slice to the slide, and baked the slide at 60°C
for 2 hours, de-waxed with xylene for 2 hours,
used Hydrogen peroxide to eliminate endoge-
nous peroxidase for 5 minutes, repaired anti-
gen by using citrate buffer high pressure meth-
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Figure 4. Cell viability of #3 GSCs irradiated by 0-4 Gy
carbon-ion and X-rays.

od, cooled, washed three times with PBS buf-
fer, sealed with BSA for 10 minutes, incubated
with mouse anti-CD133 antibody (Molecular
Probes, Eugene, OR, USA) for 2 hours, washed
three times with PBS buffer, incubated with
HRP anti-mouse antibody (Molecular Probes,
Eugene, OR, USA) for 1 hour, washed three
times with PBS buffer, DAB coloration, washed
with water, stained nucleus with hematoxylin,
dehydrated using graded ethanol, and finalized
with gum.

Statistics

All experiments were independently repeated
at least three times and all data were present-
ed as the means + standard error. Student’s
t-tests were used for statistical analysis. Pro-
bability (p) values less than 0.05 were consid-
ered to be statistically significant.

Results

The repair rate of DNA damage generated by
carbon-ion was lower than that generated by
X-rays in CSCs

After cells were irradiated by 2 Gy of X-rays or
carbon ions, CSCs samples were taken and
stained by immunofluorescence assay at differ-
ent times points to observe the differences of

Int J Clin Exp Med 2017:10(3):4639-4648
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induced DNA single strand breaks (SSB, XRCC1
foci) and double strand breaks (DSB, 53BP1
foci) between the CSCs samples irradiated by
X-rays or carbon ions. As could be seen from
the results (Figure 2A, 2E and 2F), the initial
yield of CSCs DSBs induced by X-rays was more
effective than by carbon ions. But as time went
on the difference became slight. As the breaks
of double strands were repaired, the number of
DSBs was almost equal at 24 hours post irra-
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X-rays

X-rays

Figure 5. Compared with X-rays, carbon-ion could
significantly kill the glioma stem cells in the mouse
brains. A. The example of circled tumor area and
CD133" highlighted area in three different groups.
B. Ratio of tumor area CD133* cells in total cells
in three different groups. C. The photos of mice’s
brains in three different groups. The brains were
taken out immediately after mice’s sacrifice. The
graphs show the mean, standard error and p val-
ue, they were calculated from at least 3 indepen-
dent experiments.

Carbon

diation. We further calculated the DSBs repair
rate (Figure 2B) and found that the repair rate
of carbon ions was lower than the rate of X-rays,
but there was no significant difference between
them. As for SSBs, the absolute foci yield
showed that X-rays still induced more initial foci
than carbon ions (Figure 2C, 2E and 2F), but
the damage generated by X-rays was repaired
faster over time. The repair rate of carbon ions
was significantly lower than the repair rate of

Int J Clin Exp Med 2017;10(3):4639-4648
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X-rays, and the difference became larger and
larger over time (Figure 2D).

Carbon-ion irradiation induced micronuclei
more efficiently than X-rays

In micronucleus assay, the frequency of binu-
cleated cells with micronucleus (Figure 3A) and
micronucleus frequency (Figure 3B) were col-
lected. By analyzing two slopes of the trend line
given by the frequency of binucleated cells with
micronucleus versus 0-3 Gy and micronucleus
frequency versus 0-3 Gy, both two frequencies
of CSCs irradiated by carbon ions are signifi-
cantly (P=0.017 & P=0.041) higher than the
frequencies of CSCs irradiated by X-rays.

In MTT assay, compared with X-rays, heavy-ion
could significantly reduce GSCs viability

The viability of GSC-3 cells was detected by
MTT assay after carbon ion and X-ray irradia-
tion from O to 4 Gy and then graphed separate-
ly (Figure 4). From the results, it can be seen
that the GSCs viability irradiated by carbon ions
are significant lower than that irradiated by
X-rays for all doses.

Compared with X-rays, carbon-ion could signifi-
cantly (P=0.0004) kill the glioma stem cells in
the mouse brains

After irradiation and the mice were sacrificed,
we took out the brains to make paraffin sec-
tions through the injection holes for the immu-
nohistochemical assay. After stained with CD-
133, the whole section was photographed un-
der microscope one field after another and
then pieced together by Adobe Photoshop. The
tumor area was circled cautiously and cut out
manually, the CD133-stained area within was
highlighted according to how red it is (Figure
5A). We repeated these steps for each section
under the same settings and calculated the pix-
els of total highlight area and tumor area of
each section separately. The value of the pixels
of total highlight area divided by pixels of total
tumor area was used to get the percentage of
CD133" cells in the tumor area.

According to the above method, we could get
the ratio of CD133* cells in total cells (Figure
5B). As could be seen, the ratio of CD133* cells
irradiated by carbon ions was significantly (P=
0.0076) lower than the ratio of CD133* cells
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irradiated by X-rays. However, there was no sig-
nificant difference between the X-ray treatment
and control group.

From the photos of the brains (Figure 5C), we
could observe that Control group had the dens-
est blood vessels at the tumor region. At the
same time, X-rays irradiated brain had a better
condition and the carbon-ion irradiated brain
had the best condition.

Discussion

In this study, we used both in vivo and in vitro
GSC models to investigate whether carbon ions
offered a radio-biological advantage over con-
ventional X-rays. We observed that carbon ions
showed a significantly higher lethality than X-
rays in GSCs.

In cellular experiments, compared with sorted
GSCs by surface marker, our use of GSCs as a
cell model was more direct and persuasive [5,
23-25]. In the murine models of virus induced
glioma, compared with injection of tumor cells
into the groin to form glioma, the method to
form glioma in the brain was more authentic.

lonizing radiation causes both DSBs (53PB1
foci) and SSBs (XRCC1 foci) in CSCs. The initial
yield of foci generated by X-rays was significant-
ly higher than the yield of foci generated by car-
bon ions at the same dose. That is because the
average energy deposited by a single photon of
X-ray generator is much lower than the energy
deposited by a single carbon-ion particle. The
absolute flux of photons is much more than
carbon-ion particles at the same dose [26, 27].
However, many studies in this area have exam-
ined that a single ion-generated focus (DNA
damage site) may form clustered DNA damages
which contain more than one DNA strand break
and even multiple DNA damages, such as
DSBs, SSBs, base damages, and high LET radi-
ation is more efficient to induce cluster DNA
damages [28]. Although the initial yield of DNA
damage induced by X-rays was significantly
higher than that induced by carbon ions, the
clustered damages induced by carbon ions
were much more difficult to repaired, and the
difference between the repair rates of DNA
damage induced by X-rays and carbon ions
became larger as time went on. This result is
more significant in SSB repair, which is also
consistent with other researches [29]. The
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higher residual level is the major response for
the higher biological effectiveness of high LET
radiation. According to the data of micronuclei
frequency and binucleated cells with micronu-
clei, the GSC-3 cells were more resistant to
X-rays than carbon ions, which is consistent
with other experiment results on normal tumor
cells [26, 30]. So, the complexity of DNA dam-
ages may plays a crucial role to influence the
biology effects.

In the experiment, MTT was used to detect cell
viability of GSC-3 cells which irradiated by
X-rays and carbon ions. According to our results,
from 1 Gy to 4 Gy of GSC-3 cells, the cell viabil-
ity irradiated by carbon ions are all significant
lower than that irradiated by X-rays. In the MTT
assay section, at first we planned to use cell
clonogenic survival experiment to get dose-sur-
vival curves of GSC-3 cells irradiated by 2 Gy
X-rays and carbon ions. However, majority sin-
gle cells could not form effective cloning in 20
days, cell survival experiment cannot be imple-
menting, so we used MTT assay instead of clo-
nogenic survival method. There are intercom-
munities between MTT method and clonogenic
survival method, as well as differences. The
proliferation curve simulated by MTT method is
gentler than the curve graphed in the clonogen-
ic survival experiment, but both of them have
the same general trend. Because the cell prolif-
eration capacity tested by clonogenic survival
is testing single cells which could proliferate
among living cells, but MTT method tests the
ratio of living cells, regardless of apoptosis,
necrosis or cycle arrest. MTT detects all living
cells therein. There were researches discussed
the correlations between those two methods
as early as 1988, they thought these two meth-
ods have a preferable correlation in studying
radio-sensitivity of murine solid tumors [31-
34].

CD133 was used as a surface marker of brain
tumor stem cells for a long time. In 2004, Singh
and the others isolated brain tumor stem cells
through brain tumor stem cell surface marker
CD133 [35]. The existence of tumor stem cells
with CD133 surface marker has been proved in
some cell lines, such as GL261, U251 and U87
[36-38]. In mice experiment, it can be seen that
the tumor area of CD133* highlighted cells of
the carbon ions group was significantly smaller
than the X-rays group.
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Altogether, it can be concluded that under the
same dose, carbon-ion irradiation was more
effective to induce radio-biological effects than
X-rays both in vitro and in vivo. Carbon-ion irra-
diation could induce lethality in the GSCs more
efficiently than X-rays. Carbon-ion irradiation
provide a significant performance over X-rays in
targeting and inducing lethality in GSCs. Based
on these findings, we conclude that carbon-ion
therapy is worthy to popularize to achieve bet-
ter outcomes despite the high expense.

Acknowledgements

The work was supported by the National Natural
Science Foundation of China, N0.31270895,
U1232125,31400723, 11405235, 11405232
and 11335011.

Disclosure of conflict of interest
None.

Address correspondence to: Jufang Wang, Gansu
Key Laboratory of Space Radiobiology & Key Labo-
ratory of Heavy lon Radiation Biology and Medicine
of Chinese Academy of Sciences, Institute of Modern
Physics, Chinese Academy of Sciences, 509 Nan-
chang Road, Lanzhou 730000, China. Tel: +86-931-
4969164; E-mail: jufangwang@impcas.ac.cn

References

[1] Karger CP and Jakel O. Current status and new
developments in ion therapy. Strahlenther
Onkol 2007; 183: 295-300.

[2] Iwadate Y, Mizoe J, Osaka Y, Yamaura A and
Tsujii H. High linear energy transfer carbon ra-
diation effectively Kills cultured glioma cells
with either mutant or wild-type p53. Int J Radi-
at Oncol Biol Phys 2001; 50: 803-808.

[3] Wada S, Kobayashi Y, Funayama T, Natsuhori
M, Ito N and Yamamoto K. Detection of DNA
damage in individual cells induced by heavy-
ion irradiation with an non-denaturing comet
assay. J Radiat Res 2002; 43 Suppl: S153-
156.

[4] Kramer M, Weyrather WK and Scholz M. The
increased biological effectiveness of heavy
charged particles: from radiobiology to treat-
ment planning. Technol Cancer Res Treat
2003; 2: 427-436.

[5]  Cui X, Oonishi K, Tsujii H, Yasuda T, Matsumoto
Y, Furusawa Y, Akashi M, Kamada T and Okaya-
su R. Effects of carbon ion beam on putative
colon cancer stem cells and its comparison
with X-rays. Cancer Res 2011; 71: 3676-3687.

Int J Clin Exp Med 2017;10(3):4639-4648


mailto:jufangwang@impcas.ac.cn

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

(14]

[15]

(16]

[17]

4647

X-rays and carbon-ion irradiation effects on GSCs

Oonishi K, Cui X, Hirakawa H, Fujimori A, Ka-
mijo T, Yamada S, Yokosuka O and Kamada T.
Different effects of carbon ion beams and X-
rays on clonogenic survival and DNA repair in
human pancreatic cancer stem-like cells. Ra-
diother Oncol 2012; 105: 258-265.

Suetens A, Moreels M, Quintens R, Chiriotti S,
Tabury K, Michaux A, Gregoire V and Baatout
S. Carbon ion irradiation of the human pros-
tate cancer cell line PC3: a whole genome mi-
croarray study. Int J Oncol 2014; 44: 1056-
1072.

Omuro A and DeAngelis LM. Glioblastoma and
other malignant gliomas: a clinical review.
JAMA 2013; 310: 1842-1850.

Ostrom QT, Gittleman H, Farah P, Ondracek A,
Chen 'Y, Wolinsky Y, Stroup NE, Kruchko C and
Barnholtz-Sloan JS. CBTRUS statistical report:
Primary brain and central nervous system tu-
mors diagnosed in the United States in 2006-
2010. Neuro Oncol 2013; 15 Suppl 2:ii1-56.
Martin-Villalba A, Okuducu AF and von Deim-
ling A. The evolution of our understanding on
glioma. Brain Pathol 2008; 18: 455-463.

Kim YH, Nobusawa S, Mittelbronn M, Paulus
W, Brokinkel B, Keyvani K, Sure U, Wrede K,
Nakazato Y, Tanaka Y, Vital A, Mariani L,
Stawski R, Watanabe T, De Girolami U, Klei-
hues P and Ohgaki H. Molecular classification
of low-grade diffuse gliomas. Am J Pathol
2010; 177: 2708-2714.

Paugh BS, Qu C, Jones C, Liu Z, Adamowicz-
Brice M, Zhang J, Bax DA, Coyle B, Barrow J,
Hargrave D, Lowe J, Gajjar A, Zhao W, Bronisc-
er A, Ellison DW, Grundy RG and Baker SJ. Inte-
grated molecular genetic profiling of pediatric
high-grade gliomas reveals key differences
with the adult disease. J Clin Oncol 2010; 28:
3061-3068.

Wen PY, Macdonald DR, Reardon DA, Clough-
esy TF, Sorensen AG, Galanis E, Degroot J,
Wick W, Gilbert MR, Lassman AB, Tsien C, Mik-
kelsen T, Wong ET, Chamberlain MC, Stupp R,
Lamborn KR, Vogelbaum MA, van den Bent MJ
and Chang SM. Updated response assess-
ment criteria for high-grade gliomas: response
assessment in neuro-oncology working group.
J Clin Oncol 2010; 28: 1963-1972.

Reya T, Morrison SJ, Clarke MF and Weissman
IL. Stem cells, cancer, and cancer stem cells.
Nature 2001; 414: 105-111.

Binello E and Germano IM. Targeting glioma
stem cells: a novel framework for brain tumors.
Cancer Sci 2011; 102: 1958-1966.
Bovenberg MS, Degeling MH and Tannous BA.
Advances in stem cell therapy against gliomas.
Trends Mol Med 2013; 19: 281-291.

Bao S, Wu Q, McLendon RE, Hao Y, Shi Q,
Hjelmeland AB, Dewhirst MW, Bigner DD and

(18]

[20]

[22]

(23]

(24]

[25]

[26]

(27]

(28]

Rich JN. Glioma stem cells promote radioresis-
tance by preferential activation of the DNA
damage response. Nature 2006; 444: 756-
760.

Brunner TB, Kunz-Schughart LA, Grosse-Geh-
ling P and Baumann M. Cancer stem cells as a
predictive factor in radiotherapy. Semin Radiat
Oncol 2012; 22: 151-174.

Orecchia R, Fossati P and Rossi S. The Nation-
al Center for Oncological Hadron Therapy: sta-
tus of the project and future clinical use of the
facility. Tumori 2009; 95: 169-176.

Tsujii H, Mizoe JE, Kamada T, Baba M, Kato S,
Kato H, Tsuji H, Yamada S, Yasuda S, Ohno T,
Yanagi T, Hasegawa A, Sugawara T, Ezawa H,
Kandatsu S, Yoshikawa K, Kishimoto R and Mi-
yamoto T. Overview of clinical experiences on
carbon ion radiotherapy at NIRS. Radiother On-
col 2004; 73 Suppl 2: S41-49.

Grutters JP, Kessels AG, Pijls-Johannesma M,
De Ruysscher D, Joore MA and Lambin P. Com-
parison of the effectiveness of radiotherapy
with photons, protons and carbon-ions for non-
small cell lung cancer: a meta-analysis. Radio-
ther Oncol 2010; 95: 32-40.

Tsujii Hand Kamada T. A review of update clin-
ical results of carbon ion radiotherapy. Jpn J
Clin Oncol 2012; 42: 670-685.

Yu F, Yao H, Zhu P, Zhang X, Pan Q, Gong C,
Huang Y, Hu X, Su F, Lieberman J and Song E.
let-7 regulates self renewal and tumorigenicity
of breast cancer cells. Cell 2007; 131: 1109-
1123.

Al-Assar O, Muschel RJ, Mantoni TS, McKenna
WG and Brunner TB. Radiation response of
cancer stem-like cells from established human
cell lines after sorting for surface markers. Int
J Radiat Oncol Biol Phys 2009; 75: 1216-
1225.

Zielske SP, Spalding AC, Wicha MS and Law-
rence TS. Ablation of breast cancer stem cells
with radiation. Transl Oncol 2011; 4: 227-233.
Hamada N, Imaoka T, Masunaga S, Ogata T,
Okayasu R, Takahashi A, Kato TA, Kobayashi Y,
Ohnishi T, Ono K, Shimada Y and Teshima T.
Recent advances in the biology of heavy-ion
cancer therapy. J Radiat Res 2010; 51: 365-
383.

Antonelli F, Campa A, Esposito G, Giardullo P,
Belli M, Dini V, Meschini S, Simone G, Sorren-
tino E, Gerardi S, Cirrone GA and Tabocchini
MA. Induction and repair of DNA DSB as re-
vealed by H2AX Phosphorylation foci in human
fibroblasts exposed to Low- and High-LET radi-
ation: relationship with early and delayed re-
productive cell death. Radiat Res 2015; 183:
417-431.

Asaithamby A, Hu B and Chen DJ. Unrepaired
clustered DNA lesions induce chromosome

Int J Clin Exp Med 2017:10(3):4639-4648



[29]

[30]

(31]

[32]

[33]

[34]

X-rays and carbon-ion irradiation effects on GSCs

breakage in human cells. Proc Natl Acad Sci U
S A2011; 108: 8293-8298.

Okayasu R. Repair of DNA damage induced by
accelerated heavy ions—-a mini review. Int J
Cancer 2012; 130: 991-1000.

Emami K, Hada M, Lacy S, Clement J, Rusek A,
Cucinotta FA and Wu H. Apoptosis and micro-
nuclei induction in human epithelial cells ex-
posed to energetic carbon ions in the Bragg
peak region. Adv Space Res 2007; 40: 501-
505.

Wasserman TH and Twentyman P. Use of a
colorimetric microtiter (Mtt) assay in determin-
ing the radiosensitivity of cells from murine
solid tumors. Int J Radiat Oncol Biol Phys
1988; 15: 699-702.

Slavotinek A, Mcmillan TJ and Steel CM. Mea-
surement of radiation survival using the Mtt
Assay. Eur J Cancer 1994; 30A: 1376-1382.
Kim E, Jeon IS, Kim JW, Kim J, Jung HS and Lee
SJ. An MTT-based method for quantification of
periodontal ligament cell viability. Oral Dis
2007; 13: 495-499.

Ulukaya E, Ozdikicioglu F, Oral AY and Demirci
M. The MTT assay yields a relatively lower re-
sult of growth inhibition than the ATP assay de-
pending on the chemotherapeutic drugs test-
ed. Toxicol In Vitro 2008; 22: 232-239.

4648

(35]

[36]

(37]

(38]

Singh SK, Hawkins C, Clarke ID, Squire JA, Bay-
ani J, Hide T, Henkelman RM, Cusimano MD
and Dirks PB. Identification of human brain tu-
mour initiating cells. Nature 2004; 432: 396-
401.

Wu A, Oh S, Wiesner SM, Ericson K, Chen L,
Hall WA, Champoux PE, Low WC and Ohlfest
JR. Persistence of CD133+ cells in human and
mouse glioma cell lines: detailed characteriza-
tion of GL261 glioma cells with cancer stem
cell-like properties. Stem Cells Dev 2008; 17:
173-184.

Yu SC, Ping YF, Yi L, Zhou ZH, Chen JH, Yao XH,
Gao L, Wang JM and Bian XW. Isolation and
characterization of cancer stem cells from a
human glioblastoma cell line U87. Cancer Lett
2008; 265: 124-134.

Qiang L, Yang Y, Ma YJ, Chen FH, Zhang LB, Liu
W, Qi Q, Lu N, Tao L, Wang XT, You QD and Guo
QL. Isolation and characterization of cancer
stem like cells in human glioblastoma cell
lines. Cancer Lett 2009; 279: 13-21.

Int J Clin Exp Med 2017;10(3):4639-4648



