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Histological analyses of glioblastoma cells after carbon-ion
exposure are still limited and ultrastructural characteristics
have not been investigated in detail. Here we report the
results of morphological and morphometric analyses of a
human glioblastoma cell line, CGNH-89, after ionizing
radiation to characterize the effect of a carbon-beam on
glioblastoma cells.  Using CGNH-89 cells exposed to 0-10
Gy of X-ray (140kVp) or carbon-ions (18.3 MeV/nucleon,
LET = 108 keV/um), we performed conventional histology
and immunocytochemistry with MIB-1 antibody,
transmission electron microscopy, and computer-assisted,
nuclear size measurements. CGNH-89 cellswitha G to A
transition in codon 280 in exon 8 of the TP53 gene had
nuclei with pleomorphism, marked nuclear atypia and
brisk mitotic activity.  After carbon-ion and X-ray
exposure, living cells showed decreased cell number,
nuclear condensation, increased atypical mitotic figures,
and a tendency of cytoplasmic enlargement at the level of
light microscopy. The deviation of the nuclear area size
increased during 48 hours after irradiation, while the small
cell fraction increased in 336 hours. In
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glioblastoma cells of the control, 5 Gy carbon-beam, and 10
Gy carbon-beam, and MIB-1 labeling index decreased in
24 hours (12%, 11%, 7%, respectively) but increased in 48
hours (10%, 20%, 21%b, respectively). Ultrastructurally,
cellular enlargement seemed to depend on vacuolation,
swelling of mitochondria, and increase of cellular
organelles, such as the cytoskeleton and secondary
lysosome. We could not observe apoptotic bodies in the
CGNH-89 cells under any conditions. \We conclude that
carbon-ion irradiation induced cell death and senescence in
a glioblastoma cell line with mutant TP53. Our results
indicated that the increase of large cells with enlarged and
bizarre nuclei, swollen mitochondria, and secondary
lysosome occurred in glioblastoma cells after carbon-beam
exposure.
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INTRODUCTION

Glioblastoma is the most frequent and the most malignant
neoplasm with predominant astrocytic differentiation of the

primary glial tumors.
glioblastomas cannot be completely resected despite progress

Due to their invasive nature,

in radio/chemotherapy, and the overall survival of patients with
glioblastoma remains extremely poor as follows; median
survival time with primary and secondary glioblastoma is 4.7
months and 7.8 months, respec‘rively.l’2
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Recently, high linear energy transfer (LET) charged particle
therapy with carbon-ions has been of interest in the treatment of
glioblastoma because of better dose localization in the tumor
volume and greater biologic effectiveness.  Clinically,
combined therapy using X-ray radiotherapy, carbon-ion
radiotherapy (CRT) and chemotherapy showed the potential
efficacy of CRT for glioblastoma in terms of the improved
median survival time (26 months) in patients who received
higher carbon-beam doses.” In a previous experiment using
human glioblastoma xenografts, the incidence of apoptosis
increased more than 3-fold after carbon-ion irradiation in
comparison with photon.*

Morphologically, radiation-induced cell death is now
mainly classified into three modes: (1) apoptosis, type-I cell
death, caspase-dependent programmed cell death (PCD); (2)
autophagic cell death, type-II cell death, characterized by an
increased number of autophagosomes in the cytoplasm; and (3)
necrosis, type III cell death.  Radiation-induced cell
inactivation is considered a concept of senescence-like growth
arrest.™®

In vitro, the issue of cell death induced by ionizing radiation
in glioblastoma cells has been previously reported;”* %1 ! 12
however, histological analyses of glioblastoma cells after
carbon-ion exposure are still limited and ultrastructural
characteristics have not been investigated in detail.
report the results of conventional morphological analyses,

Here we

including morphometric and electron microscopic analyses, of
cell death and senescence-like growth arrest after exposure to
X-ray and ionizing radiation with various doses in a human
glioblastoma cell line (CGNH-89) to elucidate the cytological
characteristics of glioblastoma cells against carbon-ion
irradiation. We used a CGNH-89 cell line in this study, since
the cell line had morphological chacteristics such as cellular
pleomorphism, similar to typical human glioblastoma cells,
and could be well-analyzed in morphology and cytogenetics by
one of the authors (SI). We expect that the present study will
help us to achieve higher therapeutic gain in glioblastoma
patients.

MATERIALS AND METHODS

Cell line and culture condition

A human glioblastoma cell line, CGNH-89, was
established as described previously. '* °  The cells were
maintained at 37°C in Eagle’s MEM (Nissui, Tokyo, Japan)
supplemented with 10% fetal bovine serum (Invitrogen, Grand
Island, NY) and 3% L-glutamine in a humidified atmosphere
of 5% CO, in air. The cells were subcultured by exposing
them in 0.05% trypsin when they were confluent and then
resuspending in growth medium.
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Irradiation with X-rays as a reference radiation
A cell monolayer grown on 60-mm dishes was irradiated at
room temperature (RT) with 0-10 Gy of X-rays at a dose rate
of 0.93 Gy/min at a distance of 30 cm by a 140 kVp, 4.5 mA,
X-ray machine (Hitachi MBR-1505R, Tokyo, Japan) with a
0.5 mm Al filter, followed by incubation at 37°C in 95% air /
5% CO,.

Irradiation with heavy ions

Exposure to 0-10 Gy of carbon-ions (18.3 MeV/nucleon,
LET = 108 keV/um) was performed at room temperature, as
mentioned elsewhere.'® '8 Tn brief, medium from the cell
monolayer grown on 60-mm dishes was removed prior to
irradiation, and the dishes were covered with 8-um-thick
Kapton polyimide film (DuPont-Toray, Tokyo, Japan) to avoid
drying. Soon after irradiation, fresh medium was added to the
dishes, and the cultures were subsequently maintained at 37°C
m 95% air/5%CO,. LET at the cell surface was calculated
according to kinetic energy loss, assuming water equivalence.
The absorbed dose (Gy) was calculated as fluence (number of
jon particles/cm®) x LET (keV/um) x 1.602 x 10

Cell survival analysis

Cell survival was determined by the colony formation
assay as follows: Within 1 h post-irradiation, confluent cultures
were rinsed with phosphate-buffered saline (PBS) and
trypsinized. The cells were counted and reseeded into 60-mm
dishes.
methanol, stained with Giemsa solution and counted. Only

After incubation for 7 days, colonies were fixed in

colonies containing more than 20 cells were counted as
survivors.  The surviving fraction in colonies was plotted on a
semilog scale as a function of the dose.

Histological analysis
For each group (0-10 Gy), cells were fixed in formalin, and
stained with hematoxylin-eosin (HE).

Cell count

Under a microscope, more than 1000 nuclei were counted
on each slide. Counting was performed using a 10 x 10
square grid eyepiece graticule at x100. Cell numbers were

2
compared on average per 1 mm".

MIB-1 LI

For immunohistochemical staining with MIB-1 antibody
(Dakocytomation, Glostrup, Denmark), we used a
streptavidin-biotin-peroxidase system kit (Histofine SAB-PO
kit, Nichirei, Tokyo, Japan). After the cells were fixed in
ethanol for 30 minutes, they were incubated with MIB-1
antibody (1:100) for 30 minutes at RT. The slides were
counterstained with hematoxylin. The labeling index (LI) of
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MIB-1 was defined as the percentage of immunostained nuclei
divided by the total number of 1000 nuclei in the field of
maximal labeling. Only distinct immunoreactivity was
considered MIB-1 positive.

Nuclear measurements

HE-stained slides were viewed at low magnification under
a microscope. We chose five fields that showed diffuse
cellularity on 3 samples. We then digitized a single
microscopic field (x 20 objective) with a charge-coupled
device camera (NIKON DS-5M, Tokyo, Japan.). The area of
the digitized image was set at 640 x 480 pixels (1 pixel = 0.456
pm® of a slide) and saved in full-color (24 bits RGB) BMP
format. Nuclear segmentation (identification) and
morphometric measurements were performed using public
domain software (Gunmetry, http://sos.sourceforge.jp/), coded

C

Fig. 1: Light microscopic images of human glioblastoma CGNH-89 cells.

in JAVA (Sun Microsystems, Santa Clara, CA, USA).**!

Electron microscopy

CGNH-89 cells were fixed at various time points after
irradiation. Irradiated and non-irradiated control specimens
were fixed with a fixative containing 1% glutaraldehyde, 1.6%
formaldehyde, 0.1 M phosphate buffer, pH 74. After
washing with 7% sucrose, 0.1 M phosphate buffer, pH 7.4,
they were post-fixed with 2% osmium tetroxide, 0.1 M
phosphate buffer, pH 6.8. They were then dehydrated by
passage through a graded ethanol series and embedded in
Quetol 812 (Nisshin EM, Tokyo, Japan). Ultrathin sections
were cut, stained with uranium acetate and lead citrate, and
examined by transmission electron microscopy (JEM-200CX;
JEOL Ltd., Tokyo, Japan).

(a) Control cells seeded after 48 hours are highly

cellular and relatively monotonous with slight nuclear pleomorphism, marked nuclear atypia and brisk mitotic activity. See

multinucleated giant cells.

increase of atypical mitotic figures and cytoplasm with a tendency to increase in size.

(b) After 48 hours’ X-ray exposure to 10Gy, living cells show cytomegalia, nuclear condensation, the

(c)(d) After 48 hours’ carbon-ion exposure to

10 Gy, living cells show atypical mitosis (c) and intracytoplasmic vacuoles (d) in addition to similar changes of X-ray exposure. a-d,

HE staining, Scale bar =100 pm.
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DNA Direct sequence template from CGNH-89 cells, was directly sequenced using a
TP53 mutations in the DNA from non-irradiated CGNH-89 BigDye Terminator v3.0 Cycle Sequencing Ready Reaction
were analyzed by direct sequencing. PCR amplification Kit (Applied Biosystems). Then, we automatically detected
(denaturing 95°C, 30s; annealing 60°C, 30s; extension 72°C, TP53 mutations using an ABI PRISM3100 sequencer.
30s; 35 cycles) using cDNA (TP53 exon 5,6,7 and 8) as a

Fig.2: Ultrastructure of CGNH-89 cells. (a) Control cells usually have prominent nucleolus, many cyto
vacuoles and many normal mitochondria with fine cristae, many endoplasmic reticulum, many Golgi apparatus, and few lysosomes
in the cytoplasm.  (b) After 48 hours X-ray exposure to 10Gy, cellular enlargement seems to depend on swelling of mitochondria,
increased cellular organelles, cytoskeleton and some lysosomes. Nuclear membrane is slightly indented. (c-f) After 48 hours’
carbon-ion exposure to 10 Gy, living cell nuclei and cytoplasm after exposure show a tendency to increase in size. We observe
large cells consisting of vacuolation, swelling of mitochondria, increased cellular organelles, cytoskeleton, and secondary lysosomes
(c). Note the many intracytoplasmic vacuoles (d), numerous swollen mitochondria with the expansion of matrix, a few coarse
cristae and vesicular shape (e), and some electron dense bodies of secondary lysosomes in large cells (f).  Scale bar =10 um.
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o0 O control Fig. 3: Cell counts per Imm’ of
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© 0 _ over time. Control: non-irradiated
24 48 72 168 240 CGNH-89 cells. 1Gy, 5Gy, and
time after irradiation (hour) 10Gy: CGNH-89 cells irradiated by

carbon-ion of 1 Gy, 5 Gy and 10 Gy.

Statistical analysis

The cell number, nuclear area size, and MIB-1 LI data
represent the average of several independent assays.
Student’s t-test was used for statistical analysis, and differences
at p <0.05 were considered to be significant.

RESULTS

Character of CGNH-89 cells

Human glioblastoma CGNH-89 cells had nuclei with
pleomorphism, marked nuclear atypia and brisk mitotic activity.
Most cells were highly cellular and monotonous, while some
were multinucleated giant cells (Fig. 1a). Ultrastructurally,
control CGNH-89 cells usually had some vacuoles and many
normal mitochondria with fine cristae in the cytoplasm (Fig.
2a). Cell population increased over time by about two-fold
between day 2 and day 4. In a dish, cell population and
cellularity increased, so the per unit area saw an increase in the
number of nuclei (Fig. 3). By morphometric analysis of the
nuclear size, the mean nuclear area decreased after 48 hours
over time (Fig. 4a).  MIB-1 LI showed little change from 0
to 48 hours (Fig. 5). Sequence analysis confirmed that
CGNH-89 cells had a G to A transition in codon 280 in exon 8
of the TP53 gene (data not shown).

X-ray exposure

After X-ray exposure, living cells decreased in number
(data not shown). Microscopically, the cells showed nuclear
condensation, an increase of atypical mitotic figures and a
tendency of increase in cytoplasm after exposure (Fig. 1b).
MIB-1 LI decreased in the 24 hours after exposure, but
increased in 48 hours (Fig. 5).  Ultrastructurally, cellular
enlargement seemed to depend on the swelling of mitochondria

and increase of cellular organelles and cytoskeleton (Fig. 2b).

Carbon-ion exposure

After carbon-ion exposure, living cells decreased in number
(Fig. 3, 5).
relationship on a semi-log plot between the dose and surviving
fraction (Fig. 6). In HE staining, in addition to similar
changes in X-ray exposure (Fig. lc,d), we could observe

The colony forming assay showed a linear

almost dead cells floating in the medium in a dish in a short
time (post-irradiation, ~24 h). Morphometrically, the nuclei
and cytoplasm after carbon-ion exposure showed a tendency to
increase in size (Fig. 4b). The deviation of nuclear area size
increasing during 48 hours after irradiation, and the small/large
ratio shifted to higher in 336 hours. (Fig. 4b, c¢) After
exposure (control, 5Gy, 10Gy), MIB-1 LI decreased in 24
hours (12%, 11%, 7%) but increased in 48 hours (10%, 20%,
21%), respectively (Fig. 5).

Ultrastructurally, the cells exhibited similar changes to
X-ray-irradiated cells (Fig. 2c).  Moreover, carbon-ion
treatment induced additional changes such as nuclear
expansion, enrichment of nuclear chromatin and increased
atypical nuclei, and finally increased multinucleated cells. On
the other hand, after exposure, the vacuolation expanded and
increased (Fig. 2d).
swollen mitochondria with expanded matrix spaces and fewer
cristac (Fig. 2e). Although cytoskeletal filaments had no
deviation in intracellular distribution, the enlarged
cytoplasmafter exposure consisted of increased cytoskeletal
filaments (Fig. 2c).
lysosomes, a few of which included damaged organella (Fig.
29).

In this study, we could not find apoptotic bodies by light or
electron microscopy.

After irradiation, the cells contained

We observed increased secondary
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Fig. 4: Nuclear area size histogram of CGNH-89 cells.
(a) In non-irradiated CGNH-89 cells, over time, the
density of small nuclear area size is high. (b) In
CGNH-89 cells irradiated by carbon-ion at 48 hours,
with dose response, the deviation of the nuclear area
size show a tendency to increase dose dependently.
(c) In CGNH-89 cells irradiated by 10 Gy carbon-ion,
at 48 hours the deviation of the nuclear area size is
greatest, and then at 336 hours, the density of the small
nuclear area size is as high as non-irradiated cells.
The density of irradiated cells shows a significant
change from 48 hours to 336 hours.

Fig. 5: MIB-1 labeling index (LI) of CGNH-89 cells
before and after irradiation at 24 hours and 48 hours. At
24 hours, LI show a tendency to decrease by X-ray and
carbon-ion exposure compared to the control. At 48
hours, LI show a tendency to increase with both exposures
compared to the control. LI by both X-ray and
carbon-ion exposure shows no significant difference.
Control: non-irradiated CGNH-89 cells.

X5Gy: CGNH-89 cells irradiated by X-ray of 5 Gy.
X10Gy: CGNH-89 cells irradiated by X-ray of 10 Gy.
C5Gy: CGNH-89 cells irradiated by carbon-ion of 5 Gy.
C10Gy: CGNH-89 cells irradiated by carbon-ion of 10 Gy.
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Fig. 6: Colony forming assay/ surviving fraction in irradiated
CGNH-89 cells. The survival fraction of both treatments
similarly decreases in a dose-dependent manner. Diamond
and diamond-circle symbols represent X-ray and carbon-beams,

respectively.

DISCUSSION

The heavy ion-induced changes in CGNH-89 cells
observed in the present study were as follows: 1) decreased cell
number, 2) diversity of nuclear area size, 3) occurrence of large
or giant cells, 4) swollen mitochondria, 5) occurrence of
secondary lysosomes, 6) in the later stages, increased small
tumor cells. The changes with carbon-ion seemed to be
slightly higher than those with X-ray. In our study, the
decrease of glioblastoma cells by X-ray and carbon-ion
irradiations was likely to indicate cell death. Glioblastoma
cell killing after X-ray and heavy-ion irradiation remains to be
clarified, although in vitro cytotoxicity of X-ray and
carbon-beams against glioblastomas, which are clinically
resistant to radiation therapy, has previously been analyzed.”®*
101L12 - Our results that the decrease in glioblastoma cells by
X-rays and carbon-ion irradiation was dose dependent were
similar to the above reports. Our morphological analyses of
surviving or remaining cells failed to demonstrate complete
pictures of cell death, such as apoptosis, autophagy or necrosis,
in glioblastoma cells at the point of study. However, the

present study showed nuclear and cytoplasmic expansion,
swollen mitochondria and secondary lysosomes at the level of
electron microscopy in glioblastoma cells irradiated by
carbon-beam. Based on the morphological findings with cell
loss data, the major cell death of CGNH-89 cells was
considered as so-called type II and type III cell death, but not
Yao et
al. reported that autophagic cell change, instead of apoptosis,
occurred in 6 glioblastoma cell lines following gamma
Iwadate et al. reported that neither U87 nor T98
GBM cell lines demonstrated apoptosis in response to

apoptosis, type 1 cell death, at doses from 1 to 10 Gy.

irradiation.®

irradiation."!

The reason why apoptosis was hardly observed in this
study might be the observation time point, which did not
correspond to the peak of apoptosis in irradiated cells of various
types. In general, radiation-induced apoptosis occurred in
glioblastoma cells with wild-type (wt) TP53, but only a little
apoptosis occurred after X-ray irradiation in glioblastoma cells
with mutant (mt) TP53.2 However, the maximum apoptotic
indices were obtained on day 10 (240 hours) after 80 keV/um
carbon-beam irradiation in cell lines including glioblastoma
(independent of TP53 status).”  Therefore we thought that we
did not observe apoptosis in our cell line, CGNH-89, with
mutated TP53, during 4 days, from day 1 to day 4, after 108
keV/um carbon-beam irradiation.

Our ultrastructural study showed “large” cells with
mitochondrial transformation or swelling, and secondary
lysosomes after X-ray or carbon- beam exposure.
Concerning the type or origin of the large cells, we considered
two possible types, “senescence cells” or “unclassified dying
cells”. In a previous report,” so-called monstrous or giant
cells with multinucleated, degenerated nuclei appeared in
human glioblastomas by X-ray irradiation, and this type of cell
is considered as non-proliferating cells. Instead, regrowth and
relapse was caused by the proliferation of small neoplastic cells.
Hamada et al. reported that normal fibroblasts changed giant,
multinucleated cells like senescence after exposure to

.16
carbon-ions.

In a previous report,”? neoplastic cells in
glioblastoma tissues after radiation therapy appeared to enlarge
or show cellular pleomorphism without proliferating potential.
In this study, with the occurrence of large cell peaks at 48 hours
after irradiation, and after these peaks, the large/whole cell ratio
decreased. Morphometrical analysis of nuclear size in the
present study suggested that the “large” cells did not proliferate.
Thus, these “large” cells were unlikely to be the main cell type
with proliferating potential.  These “large” cells clearly
differed from tumor cells of the giant cell glioblastoma (GCG),
WHO grade IV since, ultrastructurally, GCG did not have
swollen mitochondria or secondary lysosomes.” From the
morphological point of view, it is difficult to distinguish
whether “large” cells were a change into cell death or a change
that keeps dividing as degeneration.

One of the characteristic findings observed in this
ultrastructural study were the changes of mitochondria,
probably indicating degeneration as senescence, in these large
cells. The swollen mitochondria caused by irradiation
suggested a relation to cell enlargement. Alterations in the
structure and function of mitochondria are commonly observed
by irradiation in a wide variety of cells as follows: elongation
and branching of the mitochondria, a reversible increase of



their size including the development of giant forms, increased
number of mitochondria, vacuolization, and disruption of the
outer and inner membranes of mitochondria®® We observed
the above form of mitochondrial change in the “large” cells,
ultrastracturally.
it related to the inducement of PCD>
senescence.’
microscopic study revealed transformation of mitochondria to
vesicular or swollen forms during apoptosis,”> but our
ultrastructural study failed to detect other apoptotic nuclear and
cytoplasmic changes in the large cells. Mitochondrial
changes unrelated to PCD should also be considered to occur
after X-ray and carbon-beam irradiations.

On the other hand, our results that, following carbon-beam

The change of mitochondria was reported as
829,30, 31 g

Correlated three-dimensional light and electron

radiation, the number and the volume fraction of lysosomes
increased in CGNH-89 cells were similar to a previous finding
in a varety of cell types after ionizing radiation.”® %
Furthermore, expansion of the lysosomal compartment was
due to the accumulation of undegraded material as a
consequence of the decreased rate of lysosomal protein
degradation in irradiated cells®® However, the present study
failed to detect autophagic cell death, although our
ultrastructural study showed autophagic vacuoles in the “large”
cells; therefore, we considered the phenotype of the “large”
cells as senescence.

In this study, MIB-1 LI of irradiated cells showed a
tendency to decrease in 24 hours and to increase in 48 hours
compared with the control.  Additionally, small cells appeared
in the later stage, and contributed to the increase of total cell
number and regrowth, and the small/total cell ratio greatly
increased.
irradiation triggered synchronization the cell cycle.
mentioned the DNA double-strand break (DSB) caused by
heavy-ion irradiation,” and Hamada et al. suggested repair of
DNA damage, since they found that the number of
phosphorylated H2AX foci detecting DNA damage caused by
radiation-induced DSB decreased over a short time.>*  Short et
al. reported that three mt TP53 glioma cell lines exhibited
marked, Rad51-dependent repair and G2 checkpoint activation
Takahashi et al. described that
tumor cells were recruited from the quiescent phase into the
cell cycle after irradiation.  All these reports suggested that
the cell cycle was recruited to repair DNA damage. Our data,
both the decrease of cell number and the increase of MIB-1 LI
suggested the cell cycle without proliferation was induced by

It is suggested that X-ray and carbon-beam

after low radiation doses.”

irradiation exposure. The cell cycle without proliferation
might be related to DSB by irradiation and repair of the DSB.
Combining our findings with a report by Castedo M et al® we
considered that tumor cells that survived after 48 hours’
irradiation may divide into two types of cells; large cells with
low proliferating potency and other proliferating or quiescent

Wada et al.
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small cells with radiation resistance.

We concluded that carbon-ion irradiation induced cell death
and senescence in a glioblastoma cell line with mt TP53.
Morphologically, novel findings were as follows: increased
large cells, enlarged and bizarre nuclei, swollen mitochondria,
and secondary lysosomes. This study also indicated that
small cells survived the irradiation were an important player for
proliferation and regrowth of glioblastoma. As for further
analysis, it is recommended to evaluate cell death of other
glioblastoma cell lines with various TP53 status by light and
electron microscopy after carbon-ion beam exposure.
Although there was little difference in the cellular effect
compared with X-ray, we hope that carbon-ion beam therapy
has an advantage of being that more effective against
neoplasms (e.g., glioblastoma) than normal brain tissue (e.g.,
neuron, glia, endothelial cells and so on).
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