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The aim of the present study was to clarify the mechanisms of cell
death induced by heavy-ion irradiation focusing on the bystander
effect in human lung cancer A549 cells. In microbeam irradiation,
each of 1, 5, and 25 cells under confluent cell conditions was
irradiated with 1, 5, or 10 particles of carbon ions (220 MeV), and
then the surviving fraction of the population was measured by a
clonogenic assay in order to investigate the bystander effect of
heavy-ions. In this experiment, the limited number of cells (0.0001-
0.002%, 5-25 cells) under confluent cell conditions irradiated with 5
or 10 carbon ions resulted in an exaggerated 8-14% increase in cell
death by clonogenic assay. However, these overshooting responses
were not observed under exponentially growing cell conditions.
Furthermore, these responses were inhibited in cells treated with an
inhibitor of gap junctional intercellular communication (GJIC), whereas
they were markedly enhanced by the addition of a stimulator of
GJIC. The present results suggest that bystander cell killing by
heavy-ions was induced mainly by direct cell-to-cell communication,
such as GJIC, which might play important roles in bystander
responses. (Cancer Sci 2009; 100: 684-688)

It is thought that heavy-ion radiation therapy is a promising
modality of cancer therapy that can deliver higher biological
effects on tumors than conventional X-ray radiation therapy, and
may also conserve the function of normal organs because of its
excellent dose distribution.’”’ Recently, excellent clinical results
were reported in the treatment of lung cancer, prostate cancer,
cancer of the head and neck, and malignant tumors of bone and
soft tissue.”” Heavy-ion has high linear energy transfer (LET)
with increased relative biological effectiveness (RBE). However,
the possible mechanism of increasing cell killing in heavy-
ion therapy is not fully understood. Previous studies have
demonstrated that the induction of cell killing of non-irradiated
cells by adjacent cells that are directly irradiated by heavy-ions
is considered to play an important role in radiation-induced
cell death, not only in tumors but also in normal organs. This
phenomenon is termed the “bystander effect”, and was reported
by Nagasawa and Little in 1992.%) They reported that increased
sister chromatid exchanges were observed in more than 30% of
cells when less than 1% of the nuclei of cultured cells were
actually traversed by an o-particle in Chinese hamster ovary cells.
It has been proposed that the mediating mechanism involves
secreted soluble factors,*® an increase in oxidative stress,”
plasma membrane-bound lipid rafts,® and gap junctional
intracellular communication (GJIC).“’*'¥ Gap junctions are
membrane channels that connect the cytoplasm of cells and
allow direct exchange of small molecules and ions between
adjacent cells. GJIC is essential for the maintenance of tissue
homeostasis and proliferation and the regulation of embryonic

CancerSci | April2009 | vol. 100 | no.4 | 684-688

development and differentiation, and it plays a key role in
induction of the bystander effect.*'” Here, bystander killing of
cells by heavy-ion irradiation was investigated, focusing on the
involvement of GJIC on cell survival, to clarify the underlying
mechanisms of the bystander effect in a human lung cancer cell
line in vitro.

Materials and Methods

Cell cultures. A549 (a human lung cancer cell line with wild-type
p53) was obtained from the Cell Resource Center for Biomedical
Research at the Institute of Development, Aging and Cancer,
Tohoku University, Japan. Cells were cultured in RPMI-1640
medium (Immuno-Biological Laboratories, Takasaki, Japan)
supplemented with 10% fetal calf serum (PAA Laboratories,
Pasching, Austria). Two days prior to irradiation experiments,
5% 10° and 5 x 10* cells were inoculated into a specially designed
35-mm microbeam dish that was constructed as previously
described,"® to prepare confluent cultures and sparsely populated
cultures, respectively. Unless otherwise described, all cell
cultures were maintained at 37°C in a humidified atmosphere of
5% CO, in air. The size of the cell nucleus and the whole cells
was determined to be 14.6 4.3 and 106 + 24.9 um?, respectively.

Drug treatment. Prior to irradiation, cells were pretreated for
2 h with 0.1 mM lindane (Sigma, St Louis, MO, USA) and for
48 h with 1 mM 8-Br-cAMP (Sigma) to inhibit and stimulate
GIJIC, respectively.!'? Control cells were treated with 0.25%
dimethyl sulfoxide (DMSO) and 2% phosphate-buffered saline
(PBS) as the solvent for lindane and 8-Br-cAMP, respectively.
Immediately after microbeam irradiation, the cells were washed
once with fresh culture medium and maintained in the absence
of these drugs. In parallel, immediately after sham-irradiation,
control cells were washed once with fresh culture medium and
maintained in the absence of these drugs. The colony-formation
assay showed that at the concentrations used for these experiments,
these drugs were not cytotoxic to A549 cells.

Irradiation. Conditioned medium was removed from the dishes
of cell monolayers just prior to irradiation, and the dishes were
covered with 8-pum-thick Kapton polyimide film (DuPont-Toray,
Tokyo, Japan) to avoid drying, followed by irradiation at room
temperature. Immediately after irradiation, fresh medium was
added to the dishes, and the cultures were then incubated at
37°C in 95% air/5% CO,. In all of the experiments, the cells for
control conditions were sham-irradiated and manipulated in
parallel with the test cells.
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Fig. 1.
whole population was targeted with a precise number of carbon ions.

For X-irradiation, cultures were irradiated with X-rays
(0.93 Gy/min) from an X-ray machine (MBR-1505; Hitachi,
Tokyo, Japan) at 140 kV and 4.5 mA with a 0.5-mm Al filter.??

Targeted heavy-ion irradiation to only a very small fraction of
cells within the whole cell population was carried out using
microbeams installed at the Takasaki Ion Accelerator for
Advanced Radiation Application of Japan Atomic Energy Agency,
for which the set-up and irradiation procedures have been
described.'*1821-25 By using microbeams collimated through a
20-um-diameter aperture, each of 1, 5, or 25 cells within the whole
population was targeted with the precise number of carbon
ions (18.3 MeV/u, LET =103 keV/um), as described previ-
ously."*82% In a dish, 1.3 x 10° + 0.4 x 10° cells were populated
in confluent cultures that were then irradiated, and then the frac-
tion of hit cells among the whole population was estimated to be
0.0001, 0.0004, and 0.002% when 1, 5, and 25 cells were targeted.
Likewise, in sparse cultures, 7.4 x 10*%2.9 x 10* cells/dish
were populated, and the fraction of hit cells was estimated to be
0.001, 0.007, and 0.03% when 1, 5, and 25 cells were targeted.
In these situations, the vast majority of cells could be thence
considered as bystander cells, and the contribution of the effects
induced in hit cells to the overall response should be negligible.

Conventional heavy-ion broadfield irradiation was carried out
using broad-beams of carbon ions (18.3 MeV/u, 108 keV/um)
as previously described.®>?” The LET at the cell surface was
calculated according to the kinetic energy loss, assuming water
equivalence. Dose (Gy) was calculated as fluence (ion particles/
cm?) X LET (keV/um) x 1.6 x 10™. The physical properties of
carbon ion broad-beams and microbeams are shown in Table 1.

Clonogenic assay. Cell survival was tested by a clonogenic
assay. Figure 1 shows the procedures for cell preparation and
irradiation of microbeams. Within 1 h after irradiation, cells
were reseeded into triplicate 60-mm dishes and incubated for
14 days. Then, they were fixed and stained with 2% (w/v)
crystal violet in methanol. Only colonies containing greater than
50 cells were counted as survivors. RBE was calculated based
on the D,,, which was determined as the dose (Gy) required to
reduce the surviving fraction to 10%. Comparisons of surviving
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targeted cell

(a) Schema of the protocol of cell preparation and clonogenic assay. (b) Schema of microbeam irradiation. Each of 1, 5, or 25 cells in the

Table 1. Physical properties of carbon ion broadbeam and microbeam
Traversed particle/1 Gy
Energy LET (keV/um)
Per nucleus Per cell
A. Physical properties of carbon ion broadbeam
220 MeV 108 0.84 6.1
Dose (Gy) by a particle to
Energy LET (keV/um)
A nucleus A whole cell
B. Physical properties of carbon ion microbeam
220 MeV 103 1.1 0.16

The average nuclear or whole-cell cross section of confluent A549 cells
was considered to be 14.6 and 106 um?, respectively.

fractions between two groups were made by unpaired two-tailed
t-test. A P-value of 0.05 or less between groups was considered
to be significant.

Results

Survival curves for A549 cells exposed to X-rays and broad-beams
of carbon ions. Figure 2 shows the dose responses of A549 cells
to low LET X-rays and high LET broad-beams of carbon ions.
The survival curve for carbon ions did not have initial shoulders,
and the slope of the survival curve for carbon ions was steeper
than that of the curve for X-rays. The D,, the dose required to
decrease the surviving fraction by e (1/e) in the linear range of
the survival curve, and D, X-ray values were 1.23 and 4.16 Gy, and
those of carbon ions were and 1.07 and 2.46 Gy, respectively.
Thus, the RBE of carbon ions to X-rays was calculated to be
1.60 at D,

Microbeam irradiation in confluent culture. Figure 3 shows the
surviving fraction of confluent A549 cell cultures where 1-25
cells were irradiated with 1-10 carbon ions. The surviving fraction
of the non-irradiated A549 control was normalized to 1.0
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Fig. 2. Survival curves for A549 cells exposed to 140 kV X-rays or

broad-beams of 220 MeV carbon ions, tested by the clonogenic assay.
The data are plotted with the means and standard errors of more than
three independent experiments.
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Fig. 3. Surviving fraction of confluent cultures of A549 cells where 1-
25 cells were irradiated with 1, 5, and 10 carbon ions. The surviving
fraction of the non-irradiated A549 control was normalized as 1.0
(asterisks: P < 0.05 compared with non-irradiated A549 control). The
data are plotted with the means and standard errors of more than
three independent experiments. The reduction rates that were
statistically significant were as follows: 9% (P =0.014) for the 5 cells
irradiated by 5 ions/cell; 8% (P =0.021) for the 5 cells irradiated by 10
ions/cell; 12% (P =0.002) for the 25 cells irradiated by 5 ions/cell; and
14% (P =0.033) for the 25 cells irradiated by 10 ions/cell (asterisks:
P < 0.05 compared with non-irradiated A549 control).

(plating efficiency ranging from 47 to 57%; average = SD,
51 = 5%). When five cells (0.0004% of the whole population) or
25 cells (0.002% of the whole population) were individually
irradiated by 5 or 10 carbon ions per cell, the surviving fraction
was significantly reduced compared with that of the non-
irradiated control cells, whereas the surviving fraction was not
significantly different from the non-irradiated control cells after
single-cell irradiation. The actual reduction rates that were
statistically significant were 9% (P = 0.014) for the 5 cells
irradiated with 5 ions, 9% (P = 0.021) for the 5 cells irradiated with
10 ions, 12% (P = 0.002) for the 25 cells irradiated with 5 ions,
and 14% (P = 0.033) for the 25 cells irradiated with 10 ions.
Microbeam irradiation in low-density culture. To investigate
whether the bystander effect in A549 cells was induced by
adjacent cell-to-cell communication, the surviving fractions of
the confluent and low-density cultures were compared for the
condition of 25 cells irradiated with 5 ions per cell (Fig. 4). As
shown in Figure 3, the surviving fraction in the confluent culture
was significantly reduced compared with that of the non-
irradiated control cells (reduction of 12%, P =0.002). On the
other hand, when the 25 cells in the low-density culture where
the cells were not allowed to communicate directly with each
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Fig. 4. The surviving fraction of low-density culture (non-confluent)
and confluent culture of A549 cells where 25 cells were irradiated with
5 carbon ions. The surviving fraction of the non-irradiated A549 control
was normalized as 1.0 (asterisk: P < 0.05 compared with non-irradiated
A549 control).
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Fig. 5. The surviving fraction of confluent cultures of A549 cells where
25 cells were irradiated with 5 carbon ions with or without treatment
with lindane (an inhibitor of gap junctional intracellular communication
[GJIC]), dimethyl sulfoxide (DMSO) (a solvent of lindane), or 8-Br-cAMP
(a stimulator of GJIC). The surviving fraction of the non-irradiated A549
control was normalized as 1.0. The data are plotted with the means
and standard errors of more than three independent experiments.

other were hit by 5 carbon ions, no reduction in the surviving
fraction was observed (Fig. 4).

Role of GJIC in cell survival. Figure 5 shows the difference in the
surviving fraction of confluent cells cultured with lindane, a
GJIC-suppressing agent, or 8-Br-cAMP, a GJIC-stimulating agent,
before irradiation. Twenty-five cells were targeted by 5 carbon
ions per cell in each culture. The surviving fraction of cells
treated with lindane and exposed to carbon ions was almost the
same as that of non-irradiated cells (reduction of 3%), and was
significantly higher than that of irradiated cells without lindane
(P = 0.04). DMSO, a scavenger of reactive oxygen species, was
added as the solvent for lindane. The surviving fraction of cells
treated with 0.25% DMSO was almost the same as that of
irradiated cells without DMSO (Fig. 5). When cells were treated
with 8-Br-cAMP and exposed to carbon ions, the reduction in
the surviving fraction was markedly enhanced (reduction of
21%), and this reduction value was somewhat higher than that
of irradiated cells without 8-Br-cAMP (P = 0.070).

doi: 10.1111/j.1349-7006.2009.01093.x
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Discussion

So far, heavy-ion therapy has achieved good cancer controllability
in a shorter treatment time while sparing critical normal
organs.® However, the underlying biological mechanism of cell
killing by heavy-ion irradiation is not fully elucidated. In
our study, the cell-killing effect of heavy-ion irradiation was
investigated by clonogenic assay, focusing on the bystander
effect, which is cell killing through signal transduction from
irradiated to non-irradiated bystander cells.

In terms of biological responses of cells to heavy-ion irradia-
tion, the D, values for carbon-ion beams and X-rays were 2.46
and 4.16 Gy, respectively. Therefore, the calculated RBE was
1.60 at D, in the present study. Suzuki et al. investigated the
RBE values of several human cell lines, including A549, and
reported that the RBE values ranged from 2.00 to 3.01 for the
77 keV/um carbon ion beam of the Heavy Ion Medical Accelerator
in Chiba.®® Our RBE was somewhat smaller than their RBE but
there was no significant difference.

It is considered that the bystander effect is an important factor
that determines the survival of cells exposed to heavy-ion beam
irradiation in addition to its strong and direct biological effect.
Several investigators have elucidated this phenomenon in detail
using the microbeam irradiation system, which can individually
deliver a precise number of charged particles to the cells, as
Nagasawa and Little first reported the cell-killing effect from
irradiated cells to non-irradiated cells.®1%% Sawant et al.
reported that a 1-40% reduction in the surviving fraction was
observed in non-irradiated cells when 10% of the nuclei of the
cultured cells were actually traversed by 1-16 o-particles per
cell in Chinese hamster V79 cells.?® In our study, the heavy-ion
microbeam apparatus was used to investigate the impact of the
bystander effect on cell killing in a clonogenic assay. In fact,
when only 0.0001-0.002% of the cells in the confluent culture
were individually irradiated with microbeams of 5-10 carbon
ions per cell, a significant reduction in the surviving fraction
(9-14% : 10*~10°-fold reduction more than estimated) was
observed (Fig. 3). These findings support previous study of a
radiation-induced bystander effect for cell survival.

Several reports indicate that the bystander effect can be mediated
by soluble factors. Matsumoto et al. reported the bystander
response in the survival of cells after irradiation with carbon
ions.®” They showed that the radiosensitivity of A-172 cells was
reduced in the conditioned medium of T98G cells irradiated
with carbon-ion beams compared with conventional fresh growth
medium, and the reduction in radiosensitivity was abolished by
the addition of an inducible nitric oxide synthase inhibitor to the
conditioned medium. On the other hand, evidence has been
presented for the involvement of gap junctions in signal trans-
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mission between irradiated and non-irradiated cells.®*) In the
present study, a marked reduction in the surviving fraction was
not observed in low-density culture, although the surviving
fraction was remarkably decreased in confluent culture for the
condition where 25 cells of the dish were irradiated by 5 ions
per cell (Fig. 4). These findings suggest that adjacent cell-to-cell
communication plays an essential role in bystander killing
induced by irradiation of heavy-ions. In our experiments, condi-
tioned medium was removed just prior to irradiation, and fresh
medium was added to the dishes after irradiation. Thus, the signal
for the bystander effect which was transmitted through the
medium was not observed.

Moreover, in the present study, bystander cell death was
enhanced by the addition of cAMP, the stimulator of GJIC, and
in contrast, bystander cell death was suppressed by the addition
of lindane, the inhibitor of GJIC (Fig. 5). These findings suggest
that GJIC plays an important role in the bystander effect, which
is consistent with other reports. Azzam et al. have reported
direct evidence for the participation of GJIC in the bystander
effect in human fibroblasts by o-particle.” They showed the
involvement of connexin43 gap junctions with participating to
the radiation stress, and changes in p21*~! expression correlated
well with the induction of DNA damage. On the other hand,
Edwards et al. showed downregulation of GJIC as an adaptive,
protective response to toxicity, including radiation. They demon-
strated that when epithelial cells of rat were irradiated with
ultrasoft X-rays, inhibition of GJIC occurred in non-irradiated
bystander cells, indicating that GJIC may play a role in protecting
non-irradiated bystander cells by closure of the junction,
inhibiting the spread of the toxic factor from irradiated cells.®?
The level and nature of the bystander effects via GJIC are likely
to be dependent on the cell type.©?

In conclusion, we have demonstrated the bystander effect of
heavy-ion-influenced clonogenic potential in a cell line of human
lung cancer, where GJIC may play an essential role in this
bystander response. Understanding the mechanisms of the
bystander effect will make it possible to develop techniques for
increasing radiation damage in tumors or decreasing radiation
damage in normal tissues adjacent to tumors in radiation therapy.
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