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Abstract

Proton beam is useful to target tumor tissue sparing
normal cells by allowing precise dose only into tumor
cells. However, the cellular and molecular mecha-
nisms by which proton beam induces tumor cell death
are still undefined. We irradiated three different tumor
cells (LLC, HepG2, and Molt-4) with low energy proton
beam (35 MeV) with spread out Bragg peak (SOBP) in
vitro, and investigated cell death by MTT or CCK-8 as-
say at 24 h after irradiation. LLC and HepG2 cells were
sensitive to proton beam at over 10 Gy to induce apop-
tosis whereas Molt-4 showed rather low sensitivity.
Relative biological effectiveness (RBE) values for the
death rate relative to y-ray were ranged from 1.1t0 2.3
in LLC and HepG2 but from 0.3t0 0.7 in Molt-4 at 11 d
after irradiation by colony formation assay. The typical
apoptotic nuclear DNA morphological pattern was ob-
served by staining with 4-6-diamidino-2-phenylindole
(DAPI). Tiny fragmented DNA was observed in HepG2
but not in Molt-4 by the treatment of proton in apoptotic
DNA fragment assay. By FACS analysis after stained
with FITC-Annexin-V, early as well as median apoptotic
fractions were clearly increased by proton treatment.
Proton beam-irradiated tumor cells induced a cleavage
of poly (ADP-ribose) polymerase-1 (PARP-1) and pro-

caspases-3 and -9. Activity of caspases was highly en-
hanced after proton beam irradiation. Reactive oxygen
species (ROS) were significantly increased and N-ace-
tyl cysteine pretreatment restored the apoptotic cell
death induced by proton beam. Furthermore, p38 and
JNK but not ERK were activated by proton and domi-
nant negative mutants of p38 and JNK revived pro-
ton-induced apoptosis, suggesting that p38 and JNK
pathways may be activated through ROS to activate
apoptosis. In conclusion, our data clearly showed that
single treatment of low energy proton beam with SOBP
increased ROS and induced cell death of solid tumor
cells (LLC and HepG2) in an apoptotic cell death pro-
gram by the induction of caspases activities.
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Introduction

The use of proton beam in radiation therapy has
increased considerably in the past few years
(Levin et al., 2005; MacDonald et al., 2006). When
charged particles enter the patient's body their
specific energy per unit of length deposited along
the track (linear energy transfer, LET) increases
with decreasing particle velocity, giving rise to a
sharp maximum in ionization near the end of the
range (the Bragg peak). Optimization of the doses
to induce the cell death of various cancer cells at
the Bragg peak is very important to reduce the side
effects and maximize the therapy (Belli et al., 2000;
Bettega et al., 2000). In the spread-out Bragg peak
(SOBP), particles have a broad spectrum of energy
with covering sample depth and the SOBP has a
higher LET than the entrance beam. The relative
biological effectiveness (RBE) of protons for cell
survival varies with LET. Actual RBE value is
important for the determination of the effective
dose to the tumor region. When irradiated with low
energy proton, RBE is increased in non-human cell
line (Belli et al., 1989, 1998). RBE values for pro-
ton beam therapy with SOBP relative to y-ray are
evaluated in vitro and in vivo system; for various
cells ranging from 0.7 to 2.1 (Paganetti et al,
2002).

The mitochondria are central organelle for both
caspase-dependent and -independent death path-



way (reviewed in Tsujimoto, 2003). In a death in-
ducing signaling pathway, procaspase-8 under-
goes auto-proteolytic activation in which proapop-
totic Bcl-2 family proteins are induced. This can
lead to triggering of the enzymatic activity of
downstream effectors, such as caspase-3 and -7
(extrinsic pathway). In different death stimuli from
death receptor signal, such as ROS or increased
intracellular calcium concentration, mitochondrial
cytochrome c is released from mitochondria into
cytosol, where it binds to apaf-1. Apaf-1 and cyto-
chrome ¢ complex recruit and activate caspase-9
in the presence of ATP (Igney and Krammer,
2002). Inhibitors of apoptosis (IAPs) prohibit cas-
pase-3 activation by caspase-9 (intrinsic pathway).
In caspase-independent pathway, mitochondria
release factors including apoptosis-inducing factor
(AIF) and endonuclease G (EndoG). When mito-
chondrial permeability transition is induced follow-
ing an apoptotic stimulus, soluble factor such as
AIF and EndoG translocate into nucleus to induce
chromatin condensation in a caspase-independent
manner (Cregan et al., 2004).

Reactive oxygen species (ROS) regulates a
broad array of signal transduction pathways that
regulate various biological processes including
gene expression, cell growth, differentiation, and
apoptosis. ROS caused by various stressors such
as high glucose, angiotensin Il, TNF-a and irradia-
tion enhance apoptosis of various tumor cells
(Engel and Evens, 2006). Activation of p38 and
JNK MAPKs has been reported to contribute to
ROS-induced apoptosis (Fuchs et al., 1998;
Benhar et al.,, 2002; Samuni et al., 2005; Bubici et
al., 2006). By the v irradiation, p53, caspase-3 and
JNK/SAPK are reported to be associated with cell
cycle arrest and apoptosis (Samuni et al., 2005). It
is well identified that ROS may be involved in y
irradiation-induced apoptosis of cancer cells as
well as normal cells (Mishra, 2004). The activation
of p53 is typically induced by DNA damaging
stresses, and in ROS-induced apoptosis ROS ap-
pears to be generated downstream of p53-induced
caspase activation (Ueda et al., 2002).

Cell death induced by proton beam is identified
as apoptosis (Di Pietro et al., 2006). The study in-
vestigated that genes involved in various phases of
apoptosis are checked by RT-PCR and used LET
instead of SOBP of proton beam. Because apop-
tosis is the process tightly regulated by various
functional proteins in physiological cell death
program it is necessary to check the protein level
and functional protein activity as well as cellular
and molecular events in proton (with SOBP)-in-
duced apoptosis.

In present study, we investigated whether proton
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beam induced tumor cell death in several cancer
cell lines in vitro with a specific strategy to fit the
beam energy at cell surface with SOBP and lose
the energy just after the cells were located and
compared the sensitivity of cancer cells with y ray.
In addition, we identified that the proton-induced
cancer cell death was through apoptotic pathway
and the molecular mechanism by which proton
induced apoptosis of tumor cells with a single
treatment in a short term period.

Materials and Methods

Cell cultures

Lewis lung carcinoma cells (LLC), HepG2 human
hepatocellular carcinoma cells and Molt-4 human
leukemia cells were maintained in DMEM supple-
mented with 10% FBS (heat inactivated, Hyclone,
Logan, UT) and 1 X antibiotics [100 U/ml penicillin,
100 ng/ml streptomycin, all from Invitrogen (Carls-
bad, CA)] at 37°C in a humidified atmosphere
incubator containing 5% CO..

Proton beam irradiation and dosimetry

On a day after plating, cells were irradiated with
proton beam. At the MC50 Cyclotron (Scanditronix,
Sweden) at the Korea Cancer Center Hospital,
Seoul, Korea, 35 MeV protons were produced at
the Bragg peak. A 12.5 cm? flask or 96-well plate
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Figure 1. Measured dose in culture plate versus distance from the sam-
ple stage for the 35 MeV proton beam produced at the Cyclotron at the
Korea Cancer Center Hospital. Sample stage was located vertically to
the direction of beam exposure and culture dishes were adhered closely
onto the stage in the bottom in which cells were plated. The distance 0
was estimated the entrance point to the plastic plate on which cells were
plated. Thus distance from the stage 4.5 mm within SOBP in highest LET
should be enough to cover all cells plated in the area (5 X 5 cm; height
X width of sample located within plates).
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was used to fit beam geometry, on which the cells
were plated. The beam was extracted for SOBP
with which the high LET was repeated at broad
region as a function of depth of flask or plate and
media on which the cells were plated (Figure 1). It
was assumed that the thickness of the cell
monolayer was between 3-6 um and that of the
media was 2 cm. Just before the irradiation, the
flask or 96-well plate was fixed vertically with a
tape, facing the horizontal beam. Cells were
irradiated at the chosen position at single dose
level of 1, 2, 5, 10, 50, 100, and 200 Gy. The
average dose rate was 2.31 Gy/s. We used radio-
chromic film (GAF-MDS55) for an in situ measuring
tool of the dose at each beam irradiation. Irradia-
tion of cancer cells with y-rays were performed
using "¥Cs in IBL 437C y-irradiator (CIS Bio In-
ternational, France) at Kyungpook National Uni-
versity Hospital in Daegu. The average dose rate
was 1 Gy/min. All cell irradiations were performed
in air at room temperature. RBE values were
calculated with the ratio of death rates of proton
beam irradiated cells versus those of y-irradiated
cells in each dose at the same time points.

Cell viability assays

Cells were plated at 1 X 10* cells per well in a
96-well plate and incubated for one day at 37°C in
a CO; incubator. Cell viability was measured with
MTT. Viable cells were formed crystal dye which
was solubilized with DMSO and measured the
absorbance at 540 nm using a microplate reader
(Lab system, Multiscan MS). For floating cells,
leukemia cells, viable cells were measured by Cell
Counting Kit-8 (Dojindo Molecular Tech, Kumamoto,
Japan), using [2-(2-methoxy-4-nitrophenyl)-3-(4-
nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt] at 450 nm at 1 or 3 days after
proton beam irradiation. Each condition was tested
in quadruplicate, the mean + SD was calculated,
and the fold induction compared to the control cells
was determined.

Soft agar colony formation

A soft agar colony formation assay was done using
CytoSelect 96-well Cell Transformation Assay kit
(Cell Biolabs, San Diego, CA). Each well contained
50 ul of 0.6% agar in a complete medium as the
bottom and feeder layer, and 75 ul of 0.4% agar in
a complete medium with 2,000 cells as the top layer.
On next day cells were irradiated with proton beam
or y-ray and cultured for 11 days. The number and
morphology of colonies were determined with an
inverted phase-contrast microscope (Olympus, Ja-

pan). Colonies were lysed with lysis buffer and
detected with CyQuant GR dye for the quantification
of anchorage-independent growth and measured the
fluorescence with fluorometer using 485/520 filter set
(Wallac Victor3 1420 mutilabel counter, PE). The
data are means = SD of three independent experi-
ments at 11 days after the cell seeding.

Western blot analysis

Cells were treated with proton beam and harvested
in a lysis buffer (iNtRon Biotech, SeongNam,
Korea), and an equal amount of cellular proteins
was subjected to SDS-PAGE. Proteins were trans-
ferred to nitrocellulose membrane and blots were
probed with anti-PARP-1 (Santa Cruz Biotech,
Santa Cruz, CA), anti-caspase-3, -7, -8 (Stessgen,
Ann Arbor MI), anti-Bcl-2, anti-Bax (Cell signaling,
Danvers, MA), anti-XIAP (Stressgen), anti-survivin
(Stressgen), phospho-p38, phospho-JNK/SAPK,
phospho-ERK1/2 and phospho-Akt (Cell Signaling)
antibodies.

DNA fragmentation assay

To determine the degradation of chromosomal
DNA into nucleosome-sized fragments, a 500 pl
aliquot of the lysis buffer (100 mM Tris-HCI, pH 8.5,
EDTA, 0.2 M NaCl, 0.2% SDS, and 0.2 mg/ml
proteinase K) was added to the cell pellet (2 x 10°
cells) and incubated at 37°C overnight. DNA was
precipitated by ethanol, separated in a 0.8%
agarose gel, and visualized under UV light.

Caspases activity analysis

Cells were lysed with a lysis buffer (iNtron Biotech).
The cell lysate was incubated with caspase
substrate, Ac-DEVE-pNA (Caspase-3 substrate 1,
Calbiochem, San Diego, CA) at 37°C and mea-
sured an absorbance every 10 min at 405 nm in
spectrophotometer. Caspase-3 activity was deter-
mined as an average slop of increasing absor-
bance plot within an early time (within 60 min) using
a linear regression with duplicate experiments.

FITC-Annexin V/PI staining

Apoptosis-mediated cell death of tumor cell was
examined using a double staining method with
FITC-labeled Annexin V (Invitrogen, Carlsbad,
CA)/propidium iodide (PI, Sigma-Aldrich). Briefly,
PBS washed cells were incubated with HEPES
buffer (140 mM NaCl, 2.5 mM CaCl;, 10 mM
HEPES, pH7.4) containing 1 ug/ml Annexin V and
1 ng/ml Pl at RT for 30 min. After then, cells were



washed with PBS and the scatter signals of 10,000
cells were analyzed with FACS, Coulter Elite ESP
Cell Sorter (Beckman).

ROS measurement

Cells were collected 4 h after proton beam irradia-
tion and stained with 10 uM H,DCFDA for 10 min
at 37°C and then observed under a fluorescent
microscope (Axiovert 200, Carl Zeiss). Intracellular
ROS production was measured using an oxidant-
sensitive fluorescent probe DCFH-DA with FACS
analyses. Measurement of 2',7'-dichlorofluore-
scenin (DCF) fluorescence in cells was made at
least 10,000 events/test using FACSCaliber flow
cytometer (Becton-Dickinson) with a fluorescein
isothiocyanate filter. Intracellular hydrogen per-
oxide concentration was determined using a ferric
sensitive dye, xylenol orange, as described (Jiang
etal., 1992).

Expression vectors and transient transfection

Transfection was performed using Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA), according
to the manufacturer’s instruction. The dominant
negative (DN) constructs of JNK-1 and DN p38
MAPK cloned in pCDNA3 and pCMV5, respec-
tively, were kindly provided by Dr. Aree Moon
(College of Pharmacy, Duksung Women’s Univer-
sity, Seoul, Korea). Eight ug of each DN mutant
plasmids was transfected into HepG2 cells plated
onto 100 mm dish with a density 2 X 10° one day
before. After 12 h of transfection, cells were try-
psinized and plated in 96 well with a density 1 X
10*. And 24 h later cells were irradiated with proton
beam and cell viability was checked at 24 h after
irradiation with MTT assay.

Statistical analysis

ANOVA test was performed to assess the signi-
ficance of differences among the experimental
groups. The level of significance was set at P <
0.01. Results are represented as the mean + SD
(Standard deviation).

Results

Proton beam and y-ray induced cell death in different
cancer cells with a single treatment

To investigate the short-term effect of proton beam
and y-ray on cancer cells, we used three different
cell lines, LLC, mouse lung cancer cells, HepG2,
human hepatocellular carcinoma cells and Molt-4,
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human leukemia cells and determined cell survival
rate at 24 h after irradiation. Over 10 Gy of proton
beam induced cell death in LLC and HepG2 but
not in Molt-4 cells (Figure 2A). At 24 h after
irradiation cell death was up to 40% in 100 Gy of
proton beam-treated LLC cells, and in HepG2 cells
up to 30% cells were dead by proton in 200 Gy.
However, Molt-4 cells did not respond to proton
even in the highest dose of 200 Gy (Figure 2B). In
lower doses (1-50 Gy) proton had no effect on the
cell death for 24 h, but longer incubation (72 h)
after irradiation showed a significant effect on cell
death as 22-35% in our in vitro system (Figure 2A,
72 h). In contrast to proton beam, when we applied
y-ray to the same tumor cell lines, y-ray induced
cell death specific to leukemia cells, Molt-4, but not
in LLC or HepG2 cells. That is, Molt-4 cells were
very susceptible to y-ray, showing 75-80% of cell
death induced over 10 Gy whereas y-ray did not
increase cell death in LLC or hepatoma cells even
at highest dose (200 Gy) (data not shown). This
result indicated that proton and y-ray has different
specificities depending on the cancer cells. And we
found that the doses we used at the position of
cells plated were quite optimal to observe the
cancer cell death with proton beam.

To obtain the RBE values for cell death of proton
beam compared to the y irradiation, a long-term
colony formation assay was performed with three
different cancer cells (Figure 2B). Cells were plated
onto soft-agar with feeder layer and cultured for 11
days. We calculated RBE values for the death rate
of tumor cells relative to that of y-ray irradiated
cells in the induction of tumor cell death for
long-term effect. If RBE is above 1, the cell death
rate by proton beam is higher than that by y-ray. It
was reported that the RBE values of proton beam
in various cancer cells are 0.9 to 2.1 in vitro
(Paganetti et al., 2002), being consistent with our
result. In HepG2 cells the RBE was 1.1-1.3, mean-
ing a higher effect than y-ray. Colonies with LLC at
11 days after irradiation was significantly de-
creased by proton beam but not by y-ray. Thus the
RBE value of LLC cells was 2.3 at 10 Gy of proton.
However, RBE values of Molt-4 leukemia cells
were lower than that of LLC or HepG2 cells. RBE
values of Molt-4 were around 0.3 at 2 or 5 Gy and
0.7 at 10 Gy, indicating that proton has little effect
on the cell death of Molt-4 cells (Figure 2B). At
least in our experiment, Molt-4 was more sensitive
to y-ray than other solid tumor cell types. But
proton beam did induce Molt-4 leukemia cell death
around 10% at highest dose (10 Gy) in early time
point. Thus, proton beam might be a better hadron
therapy than y-ray for specific solid tumor cells at
optimal depth with SOBP.
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Proton beam induced apoptosis of tumor cells

To investigate whether the cell death induced by
proton beam in HepG2 and LLC cells is processed
under apoptotic mechanism, we examined at first
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Figure 2. Effects of proton beam and y-ray on tumor cell death. (A) Proton
beam was irradiated with SOBP at high LET shown in Figure 1. Gamma-ray
was also treated at the same doses with proton beam onto cells plated with
same density. Lewis lung carcinoma (LLC), hepatoma (HepG2) and leuke-
mia (Molt-4) cells were exposed to proton beam with indicated doses at 24 h
after irradiation. To measure the survival rate, MTT (for LLC and HepG2) or
CCK (for Molt-4) assay was performed at 24 h after irradiation. Cell survival
rate in LLC and HepG2 cells were reduced in a dose-dependent manner by
proton beam irradiation, but not by the y-ray. But in Molt-4 cells y-ray was
more effective to induce cell death than proton. To further determine the ef-
fect of lower doses at 72 h after proton irradiation, 1-50 Gy of proton beam
was used in three different cell lines. All data were shown as fold induction
of control cell viability. Mean == SD (n = 5). All experiments were performed
in duplicate. *P < 0.01 versus control (no treatment of proton or y-ray). (B)
RBE values for the death rate relative to y-ray in three tumor cell lines. Two
thousand cells were plated on 0.4% agar in a complete media onto feeder
layer with 0.6% agar in 96 well. On next day, cells were irradiated with pro-
ton or y-ray (2-10 Gy) and cultured for 11 d. RBE values were calculated by
the ratio of death rate of proton beam versus that of y-ray. And the data
were presented as the Mean £ SD (n = 5).

the morphology of the cells after irradiation. At 24 h
after irradiation, we observed cell morphology of
LLC and HepG2 under the microscope. As shown
in Figure 3A, compared to control cells, proton
beam-treated cells were segregated each other but
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Figure 3. Nuclear DNA fragments and FACS analysis in proton beam-irradiated cancer cells. (A) Representative pictures at 24 h showed an apoptotic
morphology in LLC and HepG2 cells irradiated with proton beam (100 Gy) (each upper pictures). At 24 h after the irradiation, LLC and HepG2 cells were
observed for DAPI stained nucleus (each lower pictures) with microscope (< 200). Arrows indicate fragmented and condensed DNA in the nucleus.
Boxes in the corner show large magnification of representative nucleus (< 400). (B) DNA fragmentation assay was performed at 24 h after irradiated with
proton beam in HepG2 (proton beam sensitive) and Molt-4 (proton beam insensitive) cells. DNA fragments were clearly visible in 2% agarose gel and
showed apoptotic cell death induced by proton beam. (C) At 24 h after irradiated with proton beam (100 Gy), LLC cells were fixed with ethanol and stained
with FITC-Annexin V to detect cell death phenomena. Y axis shows Pl labeled population and X axis shows FITC-labeled Annexin-V positive cells. Proton

beam increased early apoptosis as well as late apoptosis and necrotic phase.

had condensed and fragmented DNA in their
nucleus by DAPI staining at 24 h after irradiation.
When we performed DNA fragmentation assay,
proton beam treatment to sensitive HepG2 cells
induced clear DNA fragmentation in agarose gel
but did not induce any fragmentation in non-sensi-
tive cells, Molt-4 (Figure 3B). To confirm this, we
further performed FITC-Annexin-V staining LLC
cells, detecting the apoptotic cell membrane phos-
phoserin residues flip-floped to the external en-
vironment. The early and median apoptotic cells
(positive Annexin V population, right two sections)
were increased (2.22% into 42.13 and 0.55 into
26.71%, respectively) but late apoptotic and ne-
crotic cells (left upper section of fluorocytogram)
were decreased by proton irradiation in LLC cells
(1.18% into 0.09%, Figure 3C). These results
suggest that proton beam causes the cancer cell
death via apoptotic mechanism.

Proton beam induced apoptosis via activation of
caspases

To investigate the mechanisms by which proton
beam-irradiated cancer cells induce apoptotic cell
death, we performed western blot analysis with
antibodies against apoptosis-related proteins. PARP
protein was cleaved into small molecular weight
forms by proton beam irradiation both in LLC and
HepG2 cells (Figure 4A and B). Procaspase-9 was
decreased by about 2.5 fold in LLC and cleaved
caspase-3 was increased by 3.5 fold in proton
beam-treated LLC cells (Figure 4A). In HepG2
cells procaspase-9 was decreased significantly (5
fold) and cleaved caspase-3 was increased, in-
dicating caspase-9 and -3 were activated when
treated with proton beam (Figure 4B). However,
caspase-8 was not changed significantly either in
LLC (0.94 fold) or HepG2 (1.13 fold) cells. Pro-
caspase-7 was detected in HepG2 cells but it was
not changed by proton irradiation. Cleaved cas-
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Figure 4. Western blot analysis for apoptosis-related protein in proton-beam or gamma-ray irradiated cancer cells. (A)
LLC cells were irradiated with proton beam (100 Gy) and one day after cells were collected and lysed for western blot
with antibodies against apoptosis related proteins. (B) HepG2 cells were collected on a day after the proton beam ir-
radiation (100 Gy). Western blot analysis showed the expression of various apoptotic proteins. (C) Molt-4 cells were
irradiated with y-ray (100 Gy) and collected protein lysate one day after. Gamma ray-induced apoptotic proteins in
Molt-4 were examined by Western blot analysis. All Western blot data was analyzed from the two or three in-
dependent experiments and obtained the fold induction for control band density with ImageJ analysis followed by

statistical test at P < 0.05.

pase-9, not cleaved caspase-8 might activate pro-
caspase-3 into a cleaved form in proton-irradiated
cells in these two cell lines. Both in HepG2 and
LLC cells, proton beam decreased XIAP (inhibitor
of apoptosis protein), consistent with the result of
increased active caspase-3 because XIAP is known
to exert an anti-apoptotic effect by interfering with
the processing and activities of caspase-3 (Deveraux
and Reed, 1999). Significant decrease of Bcl-2 and
increase of Bax in proton- treated LLC and HepG2
cells were found (Figure 4A and B), suggesting that
mitochondrial dysfunction was involved in the
apoptosis in both cell lines. Gamma-ray increased
PARP-1 cleavage and caspase-3 activation as well
as caspase-7 cleavage was observed significantly
in Molt-4 leukemia cells. It was interesting that both
Bcl-2 and Bax were down- regulated by y-ray (Figure
4C). But the fact that different sets of caspases were
activated by y-ray suggests specific caspases acti-
vation cascades are involved in different radiation
therapeutics.

Proton beam increased ROS level and
activated p38 MAPK and JNK

To determine whether the apoptosis and caspase
activation induced by proton beam is mediated by
the increase of ROS, we measured the ROS levels
at 4 h after proton beam irradiation both in HepG2

and LLC cells. Intracellular ROS production was
measured using the oxidant-sensitive fluorescent
probe DCFH-DA. Proton irradiation increased ROS
generation 1.5 to 1.8 fold relative to control cells
(Figure 5A). For a long-term incubation of cells
followed by irradiation we did not detect an in-
crease of ROS levels, suggesting that the intra-
cellular ROS generation by the proton beam is
quite dynamic and probably could be abolished by
the intracellular defense mechanism as the time
passed. But the generated ROS at some peak
point may cause initiation of intracellular apoptosis
signal. By N-acetyl cysteine, a ROS scavenger
treated prior to proton beam irradiation, the cell
death induced by proton beam was recovered
(Figure 5B), indicating ROS is a key mediator to
induce tumor cell death by proton beam.

To verify whether the caspase activation induced
by proton beam irradiation is mediated by ROS,
caspase activity was investigated by the substrate-
enzyme reaction in the absence or presence of
ROS scavenger. Twenty four h after irradiation cell
lysates were collected, added with caspase
substrate Ac-DEVE-pNA and checked the enzyme
activity. The activity of caspase-3 was higher than
the control both in LLC and HepG2 cells. Proton
beam significantly increased caspase activity but
the NAC treatment significantly diminished cas-
pase activity in both cells (Figure 5C). These re-
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Figure 5. ROS-mediated apoptosis in proton beam-irradiated HepG2 cells. (A) Level of ROS in LLC and HepG2 cells measured by DCFDA. *P < 0.01
versus control in each cell line (no treatment of proton). (B) When NAC (5 mM) was treated 4 h before proton irradiation, the cell death induced by proton
beam (100 Gy) was restored both in LLC and HepG2 cells. *P < 0.01 versus only proton treated one in each cell line. (C) Caspase-3 activities were
measured and compared with control non-treated cells after the irradiation of proton beam (100 Gy) in LLC and HepG2 cells. *P < 0.01 between control
and only proton treated one in each cell line. **P < 0.01 between only proton treated and NAC pretreated one in each cell line. (D) HepG2 cells were
treated with proton beam 100 Gy and for the detection of phosphorylation of MAPKs and Akt, cells were collected at 1 h after irradiation and the kinase
levels were detected by Western analysis. (E) HepG2 cells were transfected with DN-p38 MAPK or DN-JNK and on next day irradiated with proton beam
(10 or 50 Gy). After 24 h, cell viability was determined with MTT assay. (A-C, E) All data were shown as a fold induction of control cell viability. The data
were Mean = SD (n = 5). All experiments were performed in duplicate. *P < 0.01 versus control in each DN transfectant.

sults addressed that proton beam induced apop-
tosis in these tumor cells via the activation of
caspases and ROS.

Next, to investigate ROS-mediated signaling path-
way, we checked the activation of MAPKs by
western blot analysis. Phospho-p38 MAPK and
phospho-JNK were increased but phospho-Akt and

-ERK MAPK were decreased by the treatment of
proton beam, indicating activation of MAPKs and
inactivation of survival kinases are both involved in
proton-induced apoptotic cancer cell death path-
way (Figure 5D). In order to verify the involvement
of these two kinds of stress-induced MAPKSs in
proton beam-induced apoptosis, we transfected
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cells with dominant negative (DN) mutants of p38
and JNK MAPKs and examined cell survival rate.
DN-p38 and -JNK mutant transfected cells became
resistant to the treatment of proton beam (Figure
5E). These results suggest that p38 and JNK path-
ways might cooperate in apoptotic signaling path-
way and might be mediated by ROS induced by
proton beam irradiation.

Taken together, we concluded that proton beam
activated apoptosis in LLC and HepG2 cells and
increased RBE values relative to y-ray vary de-
pending on the cancer cell types. And the apop-
tosis induced by proton beam might be regulated
by the generation of ROS and activation of cas-
pase-3.

Discussion

Here we investigated the cellular and molecular
mechanism by which proton beam induced tumor
cell apoptosis. This phenomenon was observed at
SOBP irradiation method in HepG2, LLC as well as
in Molt-4. Various kinds of tumor patients have
been tried with proton therapy so far. Typical tumor
types being treated with proton beam are melano-
ma, lung cancer, ocular tumor, and breast cancer
and almost any other solid tumors (Levin et al.,
2005; MacDonald et al, 2006). Especially he-
patoma and lung cancer patient have potential
therapeutic trials and results (Bjelkengren and
Glimelius 2005; Mayahara et al., 2005; Hashimoto
et al., 2006). Recent boom to use proton beam for
tumor radiation therapy is due to spare healthy
tissues relatively safe than tumor tissues. Our
experiment used in vitro cell culture systems and
determined the RBE of proton beam relative to
y-ray at the SOBP on which cells were plated and
the cell death mechanisms induced by proton
beam irradiation. In our in vitro system proton
beam at relatively high doses with low energy (35
Mev) was used because these doses were ef-
fective within 24 h on cancer cell death. Prolonged
incubation until 48 h or 72 h after irradiation
showed more increased death rate than those at
24 h (Figure 2, 72 h). Long-term effect with colony
formation assay for 11 days with single treatment
also showed low dose was effective. In our
experimental system, LLC cells were susceptible to
proton beam above 100 Gy with SOBP and HepG2
hepatoma cells were also responsive to proton
therapy above 100 Gy showing around 70-80% cell
survival with SOBP (Figure 2A), consistent with
previous clinical data showing hepatoma and lung
cancer susceptible to proton (Bjelkengren and
Glimelius 2005; Mayahara et al., 2005; Hashimoto

et al.,, 2006). However, there is few report that
leukemia patient received proton therapy and
succeeded. Our result with leukemia cell line
showed proton therapy had lower RBE values for
cell death in vitro (Figure 2B). RBE values for
hepatoma and lung cancer cells were above 1.1
but for leukemia cells were 0.7 at 11 days after
irradiation. These results clearly showed that pro-
ton and gamma irradiation have different sensi-
tivities to induce cell death depending on cancer
cell types. Different sensitivity to proton beam is
probably due to the different genetic background of
p53, because p53 is mutated in Molt-4 cells
whereas not in LLC and HepG2 cells. Our un-
published data in cells with deletion mutant p53
also support that p53 wild type is critical to induce
cell death by the treatment of proton beam. It is
reported that y ray induced Molt-4 cell death is
caused by p53 accumulation and phosphorylation
at serin-392 (Szkanderova et al, 2003). Even
Molt-4 cell has a mutation of p53 at glycine-248, it
does not seem to be a critical region to induce cell
death by vy-ray. It is also investigated that the
sensitivity to y-ray in cancer cell death is rather
irrespective of p53 status (Christophorou et al,
2005) and thus suggested that diverse cell death
mechanisms might be involved in y-ray-induced
cell death in a way of p53 dependency (Soderlund
et al., 2005; Rashi-Elkeles et al., 2006).

A recent report suggests that cell death induced
by proton is apoptosis rather necrosis or auto-
phagy (Di Pietro et al., 2006). In our result, cell
death by proton is clearly apoptotic, i.e., nuclear
DNA fragments and segregating pattern of nucleus
shown in Figure 3A. Tiny DNA fragments con-
firmed by DNA agarose gel electrophoresis were
observed in proton-irradiated HepG2 cells whereas
proton insensitive Molt4 cells did not show any
fragmented DNA (Figure 3B). Annexin-V staining
also demonstrates apoptotic cell death was in-
duced by proton (Figure 3C). A few reports suggest
that cell cycle arrest on G2/M phase by proton
beam is one possible mechanism to induce apop-
tosis in melanoma cells (Ristic-Fira et al., 2001;
Petrovic et al., 2006). And we found that the
mechanism to induce cell death by proton beam in
HepG2 and LLC cells may be dependent on cas-
pase-3 activation. For the activation of caspase-3,
caspase-9 seemed to be activated in LLC and
HepG2, because procaspase-9 was decreased
(Figure 4A) but neither caspase-8 nor caspase-7
(Figure 4A and B). Decreased expression of XIAP
may be involved in the activation of caspases
(Figure 4), because IAPs prohibit the caspase-3
activation by caspase-9. Bax and p53 was up-
regulated by proton beam (data not shown), sug-



gesting that p53 increased cell death through the
transcription-dependent apoptotic mechanism in
LLC cells. Usually p53 activates caspases by the
mitochondrial pathways (Schuler and Green, 2001;
Kadenbach et al., 2004; Gong et al., 2006) or alter-
natively by generation of ROS (Polyak et al., 1997;
Li et al, 1999). From our results, proton beam
activates caspase-3 as well as increased oxidative
stress. Thus, in our experimental condition, proton
beam activates caspases and increases ROS gen-
eration through p53. Increased ROS may activate
p53 and vice versa in a feed-back activated man-
ner. Actually we found that proton beam-induced
apoptosis occurs in a p53-dependent mechanism
and ROS was generated in p53 deleted cancer
cells explaining that ROS is a general mediator
(our unpublished data).

Gamma irradiation is a well known ROS gen-
erator to induce cancer cell death, especially
suspended cells, such as leukemia cells (Lee and
Park, 2005). The oxidative stress induced by y-ray
further increases p53 (El-Assaad et al., 2003) and
down-regulates Bcl-2 (Li et al., 2004), consisting
with our results (Figure 4C). It has been reported
that ROS is generated from the alveolar macro-
phages in rat by proton beams (Tasat et al., 2003).
In this study, we investigated proton beam with
single treatment induced tumor cell death culti-
vated as a monolayer in vitro condition and a pos-
sible mechanism by which proton beam induces
tumor cell apoptosis. ROS promote apoptosis by
stimulating pro-apoptotic signaling molecules such
as ASK1, JNK and p38 MAPK (Benhar et al., 2001;
Jr Davis et al., 2001; Tobiume et al., 2001; Kim et
al.,, 2004). Activation of JNK and p38 MAPK in
proton likely mediates apoptosis induced by pro-
ton. Even there is no direct evidence the activation
of p38 MAPK is caused by DNA damage, p38
MAPK is a sensor of ROS to inhibit their ac-
cumulation and enhanced tumorigenesis (Dolado
et al., 2007). Thus it is speculated that ROS might
be a main regulator of p53 activation through JNK
pathway and to activate p38 MAPK, which are
cooperative but distinct pathways to trigger cell
death program in cancer cells (Figure 5D). Phos-
pho-Akt was decreased by proton (Figure 5D),
consistent with the report that activation of Akt
demonstrates more resistant against apoptosis
(Sah et al., 2006). Because ERK activation is
necessary for cell cycle entry and counteracts
against apoptosis (Robertson, 2005), the dramatic
decrease of phospho-ERK and -Akt by proton
irradiation is assumed to contribute to induce can-
cer cell apoptosis.

Proton induces tumor cell apoptosis via ROS and caspases 127

In conclusion, proton beam with a single treat-
ment with low or high dose induced apoptotic cell
death depending on the specific cancer cell types.
And proton induced ROS generation in the cells to
activate caspases and stress-induced MAPKSs.
Further experiments for best controlled various
tumor cell death induced by proton beam should
be performed and for possible another mecha-
nisms to induce cancer cell apoptosis may provide
the methodology to adequate cancer therapy in
clinical applications.
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