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Abstract
Evidence is accumulating that irradiated cells produce signals, which interact with non-exposed
cells in the same population. Here, we analysed the mechanism for bystander signal arising in
wild-type CHO cells and repair deficient varients, focussing on the relationship between DNA
repair capacity and bystander signal arising in irradiated cells. In order to investigate the bystander
effect, we carried out medium transfer experiments after X-irradiation where micronuclei were
scored in non-targeted DSB repair deficient xrs5 cells. When conditioned medium from irradiated
cells was transferred to unirradiated xrs5 cells, the level of induction was independent of whether
the medium came from irradiated wild-type, ssb or dsb repair deficient cells. This result suggests
that the activation of a bystander signal is independent of the DNA repair capacity of the irradiated
cells. Also, pre-treatment of the irradiated cells with 0.5% DMSO, which suppresses micronuclei
induction in CHO but not in xrs5 cells, suppressed bystander effects completely in both
conditioned media, suggesting that DMSO is effective for suppression of bystander signal arising
independently of DNA damage in irradiated cells. Overall the work presented here adds to the
understanding that it is the repair phenotype of the cells receiving bystander signals, which
determines overall response rather than that of the cell producing the bystander signal.
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1. Introduction
Significant evidence has accumulated for radiation-induced bystander effects, where
irradiated cells produce signals that interact with non-exposed cells in the same population.
It has been reported that the bystander effect can be mediated via gap junction intercellular
communication (GJIC) [1-3] and also factors secreted from irradiated cells via the culture
medium in vitro [4-6]. Recent quantitative analysis by microbeam irradiation showed little
relationship between the radiation dose delivered to the targeted cells and responses in non-
targeted bystander cells [6-9]. In microbeam studies it has also been shown that irradiation
of only a single cell within a population causes a significant bystander effect [8-10].

We have shown previously that DNA repair deficient cells show higher induction of
bystander effects [10]. Specifically, DNA double-strand break repair deficient cells, xrs5,
are more sensitive [10]. However, it is unknown whether the differences in bystander effects
in DNA repair deficient cells result from higher bystander signal production, or from higher
susceptibility to a normal bystander signal. It has not been clear whether the bystander signal
is affected by DNA repair capacity that is related to remaining unrepaired DNA damage.

Free radical scavengers have been used to identify the radical species involved in the
bystander response, however, most previous studies have shown that radical scavengers
affected both targeted and non-targeted cells. For example, it is difficult in microbeam
experiments to treat only targeted or non-targeted cells with radical scavengers because
these cells are seeded on the same culture dish. To know whether radical species are
involved in bystander signaling in irradiated cells we should treat only the irradiated cells
with radical scavengers. Medium transfer is a useful approach to distinguish irradiated cells
from non-irradiated bystander cells, and it can be used to determine whether radical species
in irradiated cells are involved in bystander effects. Our results showed clearly that
unrepaired DNA damage and DNA repair capacity are independent of bystander signal
production in irradiated cells.

2. Materials and methods
2.1. Cell culture

Chinese hamster ovary (CHO) cells and xrs5 cells were kindly supplied by Dr. Tom K. Hei,
Columbia University, New York, and EM9 cells were purchased from ATCC (American
Type Culture Collection, VA, USA). Cells were cultured in MEM alpha medium (Invitrogen
Ltd., Paisley, UK) supplemented with 10% FBS (Gibco, UK), 100 units/ml penicillin and
100 μg/ml streptomycin (Invitrogen Ltd., Paisley, UK). Cells were maintained at 37 °C in a
humidified atmosphere with 5% CO2.

2.2. Micronucleus assay
To investigate the induction of micronuclei by direct X-irradiation, the cells were irradiated
with 0.2 and 1 Gy of conventional X-rays. Exponentially growing cells in T25 flasks were
irradiated with X-rays operating at 240 kVp and 13 mA with a filter system composed of
0.25 mm Cu plus 1 mm Al filter and 4.3 mm Al flattening filter, at a dose rate of 0.5 Gy/
min. Immediately after irradiation, cells were treated with 2 μg/ml cytochalasin B for 24 h
in a T25 flask. They were then harvested and treated with 3 ml of hypotonic (0.1 M) KCl for
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20 min, and fixed with 3 ml of methanol–acetic acid (5:1). The cell suspensions were
centrifuged at 1200 rpm for 5 min, the super-natant removed and cells resuspended in 4 ml
methanol–acetic acid solution and incubated on ice for 5 min. After further centrifugation,
the supernatant was removed and 0.5–1 ml methanol–acetic acid solution was added. Cells
were resus-pended and a sample was dropped onto slides and stained with 7.5% Giemsa for
40 min. Micronuclei per 2000 binucleated cells were counted.

2.3. Medium transfer experiment
Cells (5 × 104) were seeded onto six well plates one day prior to X-irradiation. Fifty minutes
before irradiation the medium was changed to DMSO containing medium and incubated. As
it took about 10 min for X-irradiation and DMSO was kept in the medium during irradiation,
cells were treated with DMSO for 1 h. Cells were irradiated with 1 Gy of conventional X-
rays. Immediately after irradiation, medium was changed to normal medium and cells were
incubated for 24 h following irradiation in order to prepare the conditioned medium. After
the incubation, the conditioned medium was filtered through a 0.22 μm filter and transferred
to unirradiated cultured cells on six well plates that had been seeded 2 days earlier.
Cytochalasin B was added at the same time as the medium transfer, and cells were incubated
for 24 h. Micronucleus samples were prepared as described above.

2.4. Statistical analysis
The statistical analysis in the present study was performed using Student's t-test.

3. Results
Firstly we examined the effects of DMSO on irradiated cells. Low concentrations of DMSO,
that are non-toxic, were used. CHO and xrs5 cells were treated with 0.5% or 1.0% DMSO 1
h before irradiation and DMSO was removed immediately after X-irradiation. In the case of
CHO cells, induction of micronuclei were significantly suppressed by treatment of 0.5% or
1.0% DMSO (Fig. 1). The levels of suppression observed between 0.5% and 1.0% were
similar. However, significant suppressing effects of DMSO on micronuclei induction were
not observed in 0.2 Gy—irradiated xrs5 cells (Fig. 1). The suppressing effects of DMSO
were not observed when xrs5 cells were irradiated with 0.5 or 1.0 Gy.

In medium transfer experiments, we examined two unknown mechanisms. Firstly, we
examined whether micronuclei induction by conditioned medium from irradiated cells is
dependent on the DNA repair capacity of the irradiated cells from which conditioned
medium was prepared. Secondly, we examined whether micronuclei induced in unirradiated
cells could be suppressed by medium transferred from DMSO treated irradiated cells. The
results are summarized in Fig. 2. We used conditioned media from three cell lines that show
different repair capacities for DNA damage. Cells treated with conditioned medium from
irradiated cells produced significantly higher numbers of micronuclei than cells treated with
medium from unirradiated cells (Fig. 2). Medium transferred from DMSO treated irradiated
cells completely suppressed the induction of micronuclei in all three cell lines. These results
suggest that secretion of bystander factors into the medium is inhibited by DMSO treatment
in the irradiated cells. As shown in Fig. 2, micronuclei induction by conditioned medium
from irradiated cells was not dependent on the DNA damage repair capacity of the irradiated
cells, suggesting the signal for secretion of bystander factors is not associated with DNA
damage and signal transduction following DNA damage.

In Fig. 3A and B, irradiated cells or bystander cells treated with conditioned medium were
treated with 0.5% DMSO separately. When irradiated xrs5 cells were pre-treated with 0.5%
DMSO, induction of micronuclei was suppressed in medium transferred to irradiated xrs5
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cells (Fig. 3A). On the other hand, little inhibition was observed in DMSO treated bystander
cells (Fig. 3B). These results suggest that the signal for the bystander response was
suppressed by pre-treating irradiated cells with DMSO.

4. Discussion
In the present study, we demonstrated that conditioned medium from irradiated CHO cell
lines can induce micronuclei in unirradiated xrs5 cells. It has been reported that conditioned
medium from irradiated cells induces some DNA damage [6,11,15,17] and signal activation
[12,13,17,18], and these signals are related to radical species such as reactive oxygen species
and nitric oxide [14,15,18]. Our results suggest that signals involved in bystander factor
secretion result from the formation of radical species which are suppressed by the treatment
of 0.5% DMSO, and these radicals are not involved in DNA damage because 0.5% DMSO
was not effective at reducing micronuclei formation in irradiated xrs5 cells although the
bystander factor secretion is thought to be suppressed in this cell line. Therefore, there is a
possibility that radical formation in bystander signaling occurs outside of the nucleus by
pathways independent of DNA damage. This idea is supported by the result that the level of
bystander effect is independent of the DNA repair capacity of the irradiated cells (Fig. 2),
that is, the yield of DNA damage in the directly irradiated cell is independent of signal
activation for bystander effects.

Our previous work revealed that repair deficient xrs5 cells have a higher susceptibility to
bystander signals compared to normal CHO cells [10]. In addition to this, we have
preliminary data showing that a xrs5 population is more sensitive to the bystander signal
from a co-cultured single CHO cell which was irradiated with a soft-X-ray microbeam. In
contrast, a co-cultured CHO population was not sensitive to a bystander signal from
irradiated CHO cells in the same dish measured using the colony formation assay (data not
shown). Therefore, we conclude that the repair phenotype of the cells receiving bystander
signals determines overall response rather than that of the cell producing the bystander
signal.

Using microbeam irradiation it is possible to irradiate targets within a single cell. Shao et al.
[7] reported that cytoplasmic irradiation causes similar levels of bystander effects compared
to nuclear irradiation, suggesting that the bystander signal in targeted cells comes from
outside the nucleus. Also it has been reported that the level of bystander effects in the
population is independent of the number of cells targeted and dose absorbed [4,7,8,16]. It
seems likely that bystander signals arising in targeted cells are triggered by relatively small
energy depositions from ionizing radiation. In the case of soft-X-ray microbeam irradiation,
cell kill effects resulting from a single cell within a population being irradiated were not
dependent on the X-ray dose above 0.3 Gy [8]. Further studies suggested that the bystander
signal arises from a biphasic reaction [9], with up to 0.3 Gy of X-ray, triggering of bystander
signals depending on the probability of reaction between energy deposition and signal
activation. The fact that cytoplasmic irradiation caused similar bystander effects shows that
this bystander signal trigger is happening outside the nucleus. Our present study strongly
confirms this possibility.

It is interesting that DMSO was not effective for the suppression of micronuclei induction
after irradiation in the repair deficient xrs5 cells, although this treatment can suppress
micronuclei induction after X-irradiation in normal CHO cells. DMSO has been used as a
radical scavenger in irradiation experiments. However, if the action of DMSO is scavenging
OH radicals, it is difficult to explain why suppressing effects were not observed in xrs5
cells. CHO and xrs5 differ in their ability to repair DNA double strand breaks because of
differences in Ku 80 status. Therefore, one possibility is that this different radioprotective
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reaction causes variations in repair ability for the Ku 80 dependent non-homologous end
joining pathway. Alternatively, DMSO may only be quenching less complex damage
formation rather than clustered damage, which may be responsible for important biological
effects. In contrast, bystander effects were suppressed completely by treatment of irradiated
xrs5 cells with 0.5% DMSO. Overall this suggests that bystander signals arise independently
of DNA damage directly induced by ionizing radiation in targeted cells and it's processing
the repair pathways that are present. It supports the hypothesis that it is the repair phenotype
of the cell receiving a bystander signal that is a critical determinant of overall response.
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Fig. 1.
Effect of DMSO treatment on induced micronuclei in 1 Gy-irradiated CHO and 0.2 Gy-
irradiated xrs5 cells. Cells were treated with 0.5% or 1.0% DMSO for 1 h and DMSO was
present during X-irradiation. Results show mean numbers of micronuclei±S.E.M., per 1000
binucleated cells from three independent experiments. A significant difference was observed
between non-treated CHO and DMSO treated CHO after X-irradiation (Student's t-test *p <
0.05, **p < 0.01).
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Fig. 2.
Micronuclei induction in xrs5 cells exposed to conditioned medium from irradiated CHO,
EM9 and xrs5 cells, and the effect of DMSO. Cells were treated with 0.5% DMSO for 1 h
and DMSO was present during X-irradiation. Results show mean numbers of micronuclei ±
S.E.M., per 2000 binucleated cells from three independent experiments. Significant
differences were observed between non-irradiated and irradiated conditions in all three cell
lines (Student's t-test *p < 0.05, **p < 0.01).
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Fig. 3.
(A) Suppression of bystander micronuclei induction in xrs5 cells by DMSO treatment. xrs5
cells were treated with 0.5% DMSO 1 h before X-irradiation. Significant differences were
observed between irradiated cells and non-irradiated cells without DMSO treatment, and
between with and without DMSO treatment in irradiated conditions (Student's t-test *p <
0.05). (B) Lack of suppression of micronuclei induction by DMSO treatment as bystander
response by DMSO treatment of medium transferred bystander cells. xrs5 cells were treated
with 0.5% DMSO at the same time as receiving medium transferred from irradiated cells. A
significant difference was observed between irradiated cells and non-irradiated cells without
DMSO treatment (Student's t-test *p < 0.05), but no significant difference was observed
between with and without DMSO treatment under irradiated conditions.
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