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Abstract

This study investigated the role of DNA double strand breaks and DNA base damage in radiation-induced bystander responses
in Chinese hamster ovary (CHO) cell lines. Two CHO repair-deficient clones, xrs5 (DNA double strand break repair-deficient)
and EM9 (DNA base excision repair-deficient) were used in addition to the wild type (CHO). The Gray Cancer Institute ultrasoft
X-ray microprobe is a powerful tool for investigating the bystander response, because it permits the irradiation of only a single
nucleus of a cell, as reported previously. In order to investigate the bystander effect in each repair-deficient cell line, we irradiated
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single cell within a population and scored the formation of micronuclei. When a single nucleus in the population was
ith 1 Gy, elevated numbers of micronuclei were induced in the neighbouring unirradiated cells in the EM9 and xrs5 c
hereas induction was not observed in CHO. The induction of micronuclei in xrs5 was significantly higher than that
nder these conditions, the surviving fraction in the neighbouring cells was significantly lower in xrs5 than in the other c
howing a higher cell killing effect in xrs5. To confirm that bystander factors secreted from irradiated cells caused thes
e carried out medium transfer experiments using conventional X-irradiation. Medium conditioned for 24 h with irradia
as transferred to unirradiated cells and elevated induction of micronuclei was observed in xrs5. These results sugges
ouble strand breaks rather than base damage are caused by factors secreted in the medium from irradiated cells.
2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is thought that damage signals may be trans
ted from irradiated to unirradiated cells in a populat
leading to a variety of genetic effects via a bystan
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effect. It has been reported that the bystander effect
can be mediated via gap junction intercellular commu-
nication[1–3] and also factors secreted from irradiated
cells via the culture medium in vitro[3–6]. As it has
been reported that bystander cells show a variety of
cellular effects which result in cell death and chromo-
some aberrations, DNA damage should be observed
in a radiation-induced bystander response[1–6]. How-
ever, it is still not clear which type of DNA damage is
responsible for bystander effects.

It is suggested that the bystander effect induced by
ionizing radiation might lead to carcinogenesis. In vitro
mutation assays have been useful for the estimation of
the risk of carcinogenesis. Little et al. have reported
that the mutation frequency at hprt locus is increased
in bystander Chinese hamster ovary (CHO) cells which
are exposed to very low fluences ofα particles[7].
Zhou et al. showed a higher frequency of gene muta-
tions in bystander cells at the CD59 locus in a hybrid
hamster cell line by using alpha particle microbeam
irradiation[2]. However, PCR analysis by Zhou et al.
showed that a higher yields of deletion mutations were
induced by microbeam irradiation in bystander cells,
whereas most mutations analyzed by Little et al. were
suggested to be mainly point mutations in bystander
cells[2,7]. Thus, these two reports are in disagreement
regarding the type of mutations produced in bystander
cells. Investigations are necessary to resolve the type
of DNA damage resulting from the radiation-induced
bystander effect.
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tracks crossing the DNA[16]. Base damage is repaired
by base excision repair processes, where XRCC1 is
important for the activation of ligase III which links
the digested strands in this repair process[17,18]. A
defect in XRCC1 leads to hypersensitivity to alkyat-
ing agents[19]. These repair mechanisms recognize a
specific damage immediately after irradiation and re-
move it. Therefore, it is difficult to detect the exact level
of each specific type of DNA damage induced by ra-
diation, especially at low doses. DNA repair-deficient
Chinese hamster ovary (CHO) cell lines, which are de-
ficient in Ku80 and XRCC1, have been used to detect
DNA damage efficiently, and greatly facilitates the de-
tection of small numbers of DNA damages as described
in a previous report[14].

Microbeams are useful for investigation of by-
stander responses. The ultrasoft X-ray microprobe at
Gray Cancer Institute is the first microbeam facility
to use X-rays for radiobiological purposes, and is able
to irradiate a single cell with beams focused down to
micrometer accuracy[20–24]. We reported previously
that irradiating a single V79 cell with X-rays leads to
bystander cell killing in about 10% of the cells in the
population[24]. The study of the bystander effect using
this soft X-ray microbeam is expected to be applicable
to not only to survival assays but also to other biological
endpoints used for detection of chromosome damage,
such as the in vitro micronucleus assay, as this assay has
already been used in bystander studies utilising charged
particle microbeams[6].
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DNA damage is repaired by several efficient p
esses within cells. For the repair of DNA dou
trand breaks, molecular studies have elucidated
ain pathways after direct irradiation of cells[8]. Non-
omologous end joining (NHEJ) is the main rep
athways for DNA double strand breaks[9]. In this
epair process the Ku70/80 protein complex stabil
he ends of the fragmented DNA strands and the D
K catalytic subunit (DNA-PKcs), which may activa

igase IV with XRCC4, is activated by association w
u complex. Finally, activated ligase IV leads to

oining reactions in the two ends of the DNA. It
ell known that a defect of any protein in this proc

eads to higher cell killing effect after irradiation b
ause of less repair ability of DNA double strand bre
10–15]. On the other hand, DNA base damage is
nduced by irradiation and many of these are assoc
ith clustered damage formed at the sites of individ
The present results indicate that the bystander e
n DNA double strand break repair-deficient xrs5 c
s significantly higher than that in base excision rep
eficient EM9 cells and control CHO cells, sugges

hat DNA double strand breaks are the principal f
f damage observed in unirradiated bystander cel

. Materials and methods

.1. Cell culture

Chinese hamster ovary (CHO) cells and xrs5 c
ere kindly supplied by Dr. Tom K. Hei, Columb
niversity, New York, and EM9 cells were purchas

rom ATCC (American Type Culture Collection, VA
SA). Cells were cultured in MEM alpha medium (
itrogen Ltd., Paisley, UK) supplemented with 1
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FBS (Helena Biosciences Europe), 100 units/ml peni-
cillin and 100�g/ml streptomycin (Invitrogen Ltd.,
Paisley, UK). Cells were maintained at 37◦C in a hu-
midified atmosphere with 5% CO2.

2.2. Micronucleus assay

To investigate the induction of micronuclei by di-
rect X-irradiation, the cells were irradiated with 0.2,
0.5, and 1 Gy of conventional X-rays. Exponentially
growing cells in T25 flasks were irradiated with X-
rays using an X-ray generator (Pantak IV) 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 flatten-
ing filter, at a dose rate of 0.5 Gy/min. Either imme-
diately after irradiation or following 24 h incubation,
cells were treated with 2�g/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 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 supernatant 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 resuspended and a sample was
dropped onto slides and stained with 7.5% Giemsa for
40 min. Micronuclei per 2000 binucleated cells were
counted.
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2.3. Survival assay

The surviving fraction was determined by a clono-
genic survival assay. Individual cells, stained with
100 nM Hoechst 33342, were scanned using the Gray
Cancer Institute X-ray microprobe system, as described
previously[20,24]. After 100–200 cells were scanned,
a single cell was irradiated with 1 Gy of Alk or Ck
produced by a focused ultrasoft X-ray microprobe.
Cells were incubated for 4 days, stained with 100 nM
Hoechst 33342, and the dishes scanned to revisit the
original locations and test for the presence of colonies.
Control cells were scanned, without irradiation under
the same conditions, and surviving fractions were cal-
culated.

2.4. Medium transfer experiment

Cells (5× 104) were seeded onto six-well plates
one day prior to irradiation. Immediately before irradi-
ation, medium was changed and cells were irradiated
with 1 Gy of conventional X-rays. Cells were incubated
for 24 h following irradiation. The culture medium was
filtered through a 0.22�m filter and transferred to unir-
radiated cultured cells on six-well plates. Cytochalasin
B was added at the same time as the medium trans-
fer, and cells were incubated for 24 h. Micronucleus
samples were prepared as described above.

2.5. Statistical analysis
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To investigate the bystander effect, localised i
iation was carried out using the Gray Cancer In

ute focused ultrasoft X-ray microprobe. The proced
as been described in detail elsewhere[20,24]. Briefly,

he day before, the experiment cells (5× 104) were
eeded on 0.9�m-thick Mylar film (Goodfellow Ltd.
K). Cells were stained with 100 nM Hoechst 333

or 1 h prior to irradiation. After removal of stain,
rea around the centre of the dish was scanned
er to identify a precise single nucleus. A single
as irradiated with 1 Gy of aluminum or carbon K-sh
haracteristic X-rays (Alk = 1.49 keV or Ck = 0.28 keV)
roduced by a focused ultrasoft X-ray microprobe

The X-ray microbeam targeted a single cell at a d
ate of 0.1 Gy/s. The medium was changed and
ere incubated with cytochalasin B for 24 h either
ediately after irradiation or 24 h later. Slides w
repared as described above.
The statistical analysis in the present study was
ormed using Student’st-test.

. Results

.1. Direct effect of X-rays on repair-deficient cells

The sensitivity to direct irradiation by low-dose
ays in repair-deficient CHO cell lines were exami
sing the micronucleus assay. As shown inFig. 1, EM9
ells were slightly more sensitive than CHO, wher
rs5 cells were significantly more sensitive (p< 0.001)
ollowing 1 Gy-irradiation the yield of micronuclei p
000 binucleated cells in CHO, EM9 and xrs5 w
24, 465 and 1287, respectively (Fig. 1). Induction of
icronuclei in xrs5 cells was also detectable in
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Fig. 1. Micronuclei induced by conventional X-irradiation in all cells
of CHO (square), EM9 (circle) and xrs5 (triangle). Cells were in-
cubated with cytochalasin B for 24 h immediately after irradiation.
Results are means± S.D. from three separate experiments.

assay when cells were irradiated at 0.05 Gy of X-ray
(data not shown). However, inductions of micronuclei
in EM9 cells were not detectable at that dose. There-
fore, direct irradiation with low-dose X-rays may cause
micronuclei formation through unrepaired or misre-
paired DNA double strand breaks in xrs5.

3.2. Bystander effects using X-ray microbeams in
CHO repair-deficient cells

The results of the bystander effect in the micronu-
cleus assay are shown inFig. 2. Two conditions, where
cytochalasin B was added at different times, were ex-
amined in the present study. The left and right panels
in Fig. 2 show the results following a total incubation
time of 24 and 48 h respectively, after 1 Gy irradiation
with the X-ray microbeam. The yields of micronuclei
in CHO cultures with or without a single irradiated cell
were between 75 and 84 micronuclei per 2000 binucle-
ated cells. This shows no bystander effect under these
conditions. In EM9 cells 19 micronuclei per 2000 bin-
ucleated cells were induced by a single cell soft-X-
ray irradiation in both 24 and 48 h incubated samples
(Figs. 2 and 3), suggesting micronuclei were induced
through a bystander response in unirradiated neigh-
bour cells. With xrs5, 40 and 74 micronuclei per 2000
binucleated cells were induced by X-ray microbeam ir-
radiation in the 24 and 48 h incubated samples, respec-

Fig. 2. Micronuclei induced by X-ray microbeam irradiation of a sin-
gle cell in the population of CHO, EM9 and xrs5. Twenty-four (left
panel) and 48 h (right panel) after irradiation, micronuclei samples
were prepared. During the last 24 h incubation, cells were incubated
with cytochalasin B. Results are mean micronuclei per 2000 binucle-
ated cells± S.E.M determined from three (24 h incubation) or four
(48 h incubation) independent experiments. ‘Mb + and−’ indicates
whether a single cell in the population was irradiated or not. Signifi-
cant differences were observed in EM9 and xrs5 (Student’st-test,*p
< 0.05,** p < 0.01).

tively (Figs. 2 and 3). Therefore, the bystander effect
observed in xrs5 was higher than that in EM9. Also, the
induced level of micronuclei in xrs5 was increased fur-
ther during the 24 h incubation following microbeam
irradiation (Fig. 3).

Fig. 3. Micronuclei induced per 2000 binucleated cells by mi-
crobeam irradiation. Total incidence minus the background level of
micronuclei is represented at 24 h (solid symbols) and 48 h (open
symbols). The data were obtained using the data fromFig. 2.
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Fig. 4. The clonogenic surviving fractions in CHO, EM9 and xrs5
cells. A single cell was irradiated with 1 Gy of X-ray microbeam.
Results are the means± S.E.M from three independent experiments.
A significant difference was observed between the surviving fractions
in CHO and xrs5 (Student’st-test,*p < 0.05).

The results of the clonogenic survival assay are
shown inFig. 4. The surviving fraction in the cell pop-
ulation of CHO and EM9 was not affected when a
single cell in the population was irradiated with the X-

Fig. 5. Micronuclei induced by the transfer of conditioned medium
in CHO, EM9 and xrs5 cells. ‘IR + and−’ indicates whether the
conditioned medium transferred to unirradiated cells, had been irra-
diated in the presence or absence of cells, respectively. Cells were
incubated for 24 h, after irradiation before the conditioned medium
was transferred to unirradiated cells. Results show mean numbers
of micronuclei± S.E.M per 2000 binucleated cells from three inde-
pendent experiments. A significant difference was observed between
irradiated and unirradiated conditions in xrs5 (Student’st-test,*p <
0.05).

ray microbeam (surviving fractions in CHO and EM9
were 0.99 and 0.95, respectively). However, a signifi-
cant cell killing effect was observed in xrs5 cells (sur-
viving fraction was 0.78). These results suggest that
a defect in DNA double strand break repair leads to
increased cell killing in unirradiated cells through a
bystander response.

3.3. Media transfer experiments

Cells were irradiated with 1 Gy of conventional X-
rays and incubated for 24 h. The medium was then
transferred to an unirradiated cell population. The re-
sult showed that medium which had been conditioned
by incubation with irradiated cells induced signifi-
cant numbers of micronuclei in unirradiated xrs5 cells
(Fig. 5). The average number of induced micronuclei
by conditioned medium measured in CHO, EM9 and
xrs5 were 6.0, 8.7 and 59.7 per 2000 binucleated cells,
respectively (Fig. 5). A higher induction of micronuclei
was also observed in unirradiated xrs5 cells following
transfer of conditioned medium from irradiated CHO
cells (data not shown).

4. Discussion

In the present study, we have shown that the
radiation-induced bystander effects are much higher in
DNA double strand break repair -deficient cells than in
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tander cells. In the microbeam experiments cells
eeded at low density, consequently there was no d
ell-to-cell contact with others in the population. In t
ituation any bystander effect should be caused by
usion of factors, through the medium, from an irra
ted cell. This was confirmed by the medium tran
xperiments which showed higher bystander effec
rs5 cells (Fig. 5).

The bystander effect was not observed when
edium was irradiated with X-rays from the m

robeam (data not shown). The medium transfer
eriment showed that the conditioned medium f

rradiated CHO-K1 cells (normal repair ability) a
nduced micronuclei significantly in unirradiated x
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cells (data not shown). These results suggest that the
‘secretion level’ of the bystander factor for cell killing
and micronucleus formation does not depend on the
repair capacity of irradiated cells. However the level of
bystander factors secreted from irradiated cells should
depend on the type of cells irradiated as suggested by
Mothersill et al.[4]. Moreover, it seems that the by-
stander effect occurs continuously during the incuba-
tion period of an irradiated cell with unirradiated cells,
because the number of induced micronuclei found 48 h
after microbeam irradiation is higher than that after 24 h
incubation in xrs5, as shown inFigs. 2 and 3. We con-
cluded that the soluble factor secreted from irradiated
cells, even when a single cell was targeted with soft-X-
rays, reacts with unirradiated cells continuously, and
the sensitivity to the factor depends on the DNA repair
proficiency in the bystander cells.

The results presented here showing a higher degree
of bystander effect in xrs5 cells are consistent with the
two previous reports by Nagasawa et al.[25,26]which
show bystander effects in the chromosome aberration
assay and mutation assay. The repair-deficient clone
xrs5 has a defect in the function of Ku80 and the by-
stander effect observed may be related to this. It has
been suggested that the lower repair ability of DNA
double strand breaks in the bystander cells leads to
chromosome aberrations or deletion mutations through
unrepaired and misrepaired DNA double strand breaks,
and should be linked to a higher yield of micronu-
clei and a lower surviving fraction. EM9 cells, which
h owed
h trol
C
A ect
X
p ase
d rma-
t m-
a ge or
s aks,
a i-
c M9
w NA
d ls in-
d ks.

di-
a ea-
s t

was not observed in the wild-type CHO cells used in the
present study (Fig. 4), only in the dsb-repair-deficient
mutant. Although further work is required, differences
in the relative repair capacity of these two cell lines and
the influence of cell cycle sensitivity to bystander re-
sponses may play a role (Schettino et al., unpublished).

Although the detail is still not clear, we can divide
the mechanism of bystander induction of DNA double
strand breaks through the culture medium into three
steps. Firstly the bystander factor is secreted from irra-
diated cells. Short-lived radicals such as ROS and NO
are induced after irradiation, and may be implicated in
this process, as radical scavengers can be effective for
suppression of bystander response[3,5,6]. The second
step is the diffusion of the bystander factors from irra-
diated cells through the culture medium. To have any
effect, these short-lived radicals must be converted to
long-lived radicals such as the radical reported recently
to cause mutations indirectly in the cells[28–30], or
cytokines such as TGF-�1 which has been reported to
be involved in radiation-induced bystander responses
[31,32]. Finally the signal transduction pathways (from
the surface to the inside of cell) must be activated in
bystander cells. Our present results suggest that DNA
double strand breaks are induced in bystander cells,
therefore an oxidative stress-independent signal path-
way should be activated in bystander cells. As chromo-
some damage inducing micronuclei are caused by the
alteration of stable conformation of chromatin struc-
ture, one possibility is that the activation of chromatin
r and
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ave reduced base excision repair capacity, also sh
igher micronuclei induction compared to con
HO cells after microbeam irradiation (Figs. 2 and 3).
s EM9 cells have shown higher sensitivity to dir
-irradiation in the micronucleus assay (Fig. 1), it is
roposed that misrepair of delayed repairability of b
amage or single strand breaks also lead to the fo

ion of micronuclei. It is likely that some clustered da
ge, such as base damage from oxidative dama
ingle strand breaks, form DNA double strand bre
s reported previously[27]. However, the yields of m
ronuclei induced by the bystander response in E
as much smaller than that in xrs5, implying that D
ouble strand breaks are induced in bystander cel
ependently of base damage or single strand brea

In a previous study, in which a single cell was irra
ted in V79 cell population a bystander response m
ured as 10% cell killing was detected[24]. This effec
emodeling, which is susceptible to DNA double str
reaks, is induced in bystander cells. Further inv
ations are required to define the bystander factor

he related signal transduction processes necessa
he bystander response.
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