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The paradigm of genetic alterations being restricted to
direct DNA damage after exposure to ionizing radiation
has been challenged by observations in which cells that are
not exposed to ionizing radiation exhibit responses
typically associated with direct radiation exposure. These
effects are demonstrated in cells that are the descendants
of irradiated cells (radiation-induced genomic instability)
or in cells that are in contact with irradiated cells or
receive certain signals from irradiated cells (radiation-
induced bystander effects). There is accumulating evidence
that radiation-induced genomic instability may be a
consequence of, and in some cell systems may also
produce, bystander interactions involving intercellular
signalling, production of cytokines and free-radical
generation. These processes are also features of inflam-
matory responses that are known to have the potential for
both bystander-mediated and persisting damage as well as
for conferring a predisposition to malignancy. Thus,
radiation-induced genomic instability and untargeted
bystander effects may reflect inter-related aspects of
inflammatory-type responses to radiation-induced stress
and injury and contribute to the variety of pathological
consequences of radiation exposures.
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Radiation-induced genomic instability

Significant biological consequences of exposure to
ionizing radiation include cell death, gene mutations
and chromosome aberrations. These effects are con-
ventionally attributed to an irreversible change resulting
from the deposition of energy in the DNA of an
irradiated cell being fixed either during the processing
and enzymatic repair of DNA damage or during DNA
replication. Accordingly, it has been widely accepted
that most of these changes take place immediately
following exposure. Thus, if the damage were repaired,
the progeny of an irradiated cell would appear normal
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(Figure 1a), but if misrepaired, the progeny would be
expected to show any transmissible radiation-induced
genetic change and all cells derived from such a cell
would exhibit the same genetic change, that is, the effect
would be clonal (Figure 1b). However, many laboratory
studies have demonstrated nonclonal chromosome
aberrations (Pampfer and Streffer, 1989; Kadhim et al.,
1992, 1994; Marder and Morgan, 1993; Holmberg et al.,
1995, 1998; Grosovsky et al., 1996; Watson et al., 2001)
and mutations (Little er al., 1990, 1997; Chang and
Little, 1992; Harper et al., 1997) in the clonal progeny of
irradiated cells. In addition, it has been apparent for
many years that radiation-induced cytotoxicity, defined
as loss of reproductive potential, may be delayed for up
to six generations of cell replication (Puck and Marcus,
1956; Elkind and Sutton, 1959; Trott and Hug, 1970)
with death occurring randomly among the progeny cells
(Thompson and Suit, 1969). More recently, the progeny
of irradiated cells have been shown to exhibit an
enhanced death rate and loss of reproductive potential
that persists for many generations and possibly indefi-
nitely in established cell lines (Seymour et al., 1986;
Gorgojo and Little, 1989; Little et al., 1990; Seymour
and Mothersill, 1992; Brown and Trott, 1994; Mother-
sill et al., 1998). The terms lethal mutations and delayed
reproductive death are used interchangeably for this
delayed death phenotype. All the various dysgenetic
effects (Simons, 1995) in which delayed death, gene
mutations and a variety of chromosomal abnormalities
can be demonstrated in cells that are not themselves
irradiated but are the progeny of cells exposed to
ionizing radiation many cell divisions previously have
been interpreted as manifestations of a radiation-
induced genomic instability (Figure 1c). Induced in-
stability is a genome-wide process (Li et al., 1992, 1994;
Grosovsky et al., 1996) and the cellular phenotype is
similar to that of the inherited chromosome instability
syndromes, characterized by spontaneously high levels
of chromosomal abnormalities and mutations (Meyn,
1997; Wright, 1999; Futaki and Liu, 2001). Despite the
apparent similarities, radiation-induced genomic in-
stability seems to reflect epigenetic processes rather than
mutation of genome maintenance genes (Clutton et al.,
1996a; Limoli et al., 1998b; Morgan et al., 2002; Nagar
et al., 2003). However, the radiation-induced chromo-
somal instability phenotype in both haemopoietic tissue
(Watson et al, 1997) and mammary epithelium
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Figure 1 Models of the responses of clonogenic cells to ionizing
radiation with mutations and/or chromosomal aberrations shown
as filled circles and apparently normal cells as open circles. (a) If a
cell faithfully repairs DNA damage then its clonal descendants will
appear normal. (b) If a cell is directly mutated by radiation then all
its descendants will express the same mutation. (¢) Radiation-
induced genomic instability is characterized by nonclonal effects in
descendant cells

(Ponnaiya et al., 1997) is strongly influenced by genetic
factors with some genotypes being susceptible and
others relatively resistant.

The number of studies designed to assess radiation-
induced genomic instability in vivo are limited, but the
earliest report of the induction of chromosomal
instability in normal cells is that of mouse zygote
irradiation (Pampfer and Streffer, 1989). In this study,
skin fibroblast cultures obtained from foetuses derived
from X-irradiated zygotes were found to have a two- to
three-fold increase in the types of abnormalities found
as spontaneous aberrations in controls. After whole
body irradiation with either X-rays or neutrons,
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chromosomal instability was demonstrated in the bone
marrow for up to 24 months postirradiation, indicating
that chromosomal instability can be initiated and
maintained in vivo (Watson et al., 2000, 2001) as well
as being initiated in vitro and perpetuated in vivo as
demonstrated using a bone marrow transplantation
protocol (Watson et al., 1996, 2000). In the whole body
irradiation studies, there was no direct relationship
between cells expressing stable and unstable aberrations,
but there was significant interindividual variation in the
expression of both stable and unstable aberrations. The
mice used in these studies were inbred (and therefore
genetically identical), irradiated at the same time and
had concurrent age-matched controls. Thus, interindi-
vidual variation in the expression of chromosomal
aberrations must reflect the biological variation that
might be expected of a complex in vivo system.
Furthermore, when compared to in vitro studies, the in
vivo data showed less damage per cell and fewer cells
demonstrating chromosomal instability. This difference
can be attributed largely to the cellular defence
mechanisms that have evolved to recognize and remove
aberrant cells.

Mechanisms underlying radiation-induced genomic
instability

At present, the mechanism of induction of instability by
ionizing radiation is not fully understood nor is it clear
whether all endpoints reflect a common mechanism. In
all the various studies, the frequency of induced
instability is orders of magnitude greater than that of
conventional gene mutation frequencies and although in
some studies using established cell lines a large number
of postirradiation cell divisions before assay might have
allowed for selection of a radiation-induced gene
mutation that confers a mutator phenotype, overall
the data indicate that the mechanism underlying induced
instability is epigenetic. Typically, the spontaneous
frequency of gene mutations in mammalian cells is of
the order of 10~° and this increases 10-fold to ~10°°
(0.001% of surviving clonogenic cells) after exposure to
1 Gy X-rays. However, approximately 10% of surviving
cells produce clones that exhibit delayed hypoxanthine
phosphoribosyl-transferase (hprt) mutations (Harper
et al., 1997, Little et al., 1997, Little, 1998) and a similar
or much greater proportion (in some cases up to ~50%)
exhibit chromosomal instability (Kadhim et al., 1992,
1994; Marder and Morgan, 1993). In a comparative
study of hprt mutations induced directly by irradiation
or arising as a consequence of induced instability, 75%
of those induced directly by X-rays (‘conventional’
mutations) involved partial or total gene deletions and
25% small-scale or point mutations, whereas only 28%
of the delayed mutations were associated with large
deletions and the majority were small-scale changes
(Little et al., 1997). This observation of a mutation
spectrum more like that of spontaneously arising
mutations than conventional radiation-induced muta-
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tions is similar to many of the cytogenetic investigations
in which the aberrations associated with radiation-
induced chromosomal instability are similar to those
arising spontaneously in the cells (Pampfer and Streffer,
1989; Kadhim et al., 1994, Watson et al., 2001).
Unstable aberrations characteristic of radiation-induced
chromosomal instability may commonly result in
apoptosis and this may account for a component of
the delayed reproductive death/lethal mutation pheno-
type in some cell systems (Limoli er al., 1998b;
Mothersill et al., 2000a).

It is well established that cultured cells acquire
spontaneous mutational changes as a consequence of
free-radical toxicity, attributable largely to the genera-
tion of hydrogen peroxide from polyamine substrates
(Parchment and Natarajan, 1992) and in vivo, major
causes of spontaneous DNA damage are oxidative
damage associated with normal metabolism (Chance
et al., 1979), reactive oxygen species (ROS) produced by
phagocytic cells (Babior, 1984, 2000) and from lipid
peroxidation (Tappel, 1973). Thus, the association of
radiation-induced chromosomal instability with in-
creased intracellular ROS, oxidative DNA base damage
and vulnerability to free-radical-mediated membrane
damage in haemopoietic cells (Clutton et al., 1996a) and
an association of increased ROS with radiation-induced
delayed death caused by ongoing apoptosis or necrosis
in CHO cells (Limoli et al., 1998b, 2001) provided a
potential epigenetic mechanism for radiation-induced
genomic instability. However, some death may also
result from signal antonymy generating an apoptotic
response to conflicting simultaneous signals for prolif-
eration and cell cycle arrest (Hibner and Coutinho,
1994).

The role of DNA strand breakage as the molecular
lesion responsible for initiating genomic instability has
been investigated in a comparative study of radiation
and chemical agents and ionizing radiation, bleomycin
and neocarzinostatin were found to be equally effective
at eliciting delayed chromosomal instability (Limoli
et al., 1997). Exponentially growing cells cultured in a
medium containing bromodeoxyuridine, then exposed
to nonionizing UVA light in the presence of the dye
Hoechst 33258, showed significant levels of DNA strand
breaks and base damage and clonal populations derived
from single progenitor cells surviving such photolysis
exhibited chromosomal instability (Limoli et al., 1998a).
However, treatment with four different restriction
endonucleases did not result in any delayed instability,
indicating that DNA strand breakage per se does not
necessarily produce instability (Limoli ef al., 1997). That
agents other than ionizing radiation induce an instability
phenotype in cultured cells was also demonstrated by
the production of a delayed reproductive death pheno-
type in the progeny of nontransformed human kerati-
nocytes exposed to a range of environmental mutagens
or cytotoxic compounds. The results clearly linked the
delayed death phenotype with substances that induced
DNA strand breaks (Mothersill et al., 1998). However,
all the substances that were effective in inducing
instability in this study (ionizing radiation, nonionizing
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ultraviolet radiation, nickel, cadmium, hydrogen per-
oxide and bleomycin) are known to induce oxidative
stress. Subsequently, it was demonstrated that cadmium
and nickel could produce chromosomal instability in
human diploid fibroblasts in vitro and the effect could
not be predicted from acute toxicity data as instability
was demonstrated at levels where no acute toxic effects
could be demonstrated (Coen et al., 2001). More
recently, in a study of human skin keratinocytes
(HaCaT cells) exposed to UV-A radiation, delayed
reproductive death, elevated mutation frequency and an
increase in micronucleus formation up to 21 days after
initial exposure were all consistent with an instability
phenotype (Phillipson ez al., 2002). Reversal of these
effects using catalase was consistent with a role for
hydrogen peroxide in instability. Overall, the results of
investigations of other agents capable of inducing an
instability phenotype are consistent with the free-radical
model proposed for radiation-induced instability
(Clutton et al., 1996a; Limoli et al., 1998b, 2001).

Radiation-induced bystander effects

In addition to instability-generated effects, the paradigm
of genetic alterations being restricted to direct DNA
damage has also been challenged by a number of
developments in which mutations have been induced by
cytoplasmic irradiation or by a variety of effects,
normally detected in irradiated cells, being demon-
strated in cells that are not themselves irradiated, but in
the neighbourhood of irradiated cells or exposed to
factors produced by irradiated cells. Such effects are
collectively regarded as radiation-induced bystander
effects. One of the first radiation-induced bystander
effects was reported in 1992 as an unexpectedly high
frequency of sister chromatid exchanges in cultures of
Chinese hamster ovary cells after exposures where less
than 1% of cell nuclei were actually traversed by an
a-particle (Nagasawa and Little, 1992). Similar results
were reported in studies of cultured primary human lung
fibroblasts (Deshpande et al., 1996) and subsequent
studies (Nagasawa and Little, 1999) demonstrated a
significantly higher frequency of mutations at the Aprt
locus than would be predicted by a back extrapolation
from the data for higher doses. All these studies
indicated that the target size for genetic damage was
greater than the nucleus or indeed the whole cell.

A limitation of using low fluence a-particle irradiation
is that it is not possible to define the precise location of
the traversed cell and relate this to a response in a
nontraversed cell. This is where microbeam technology
(Brenner and Hall, 2002) that can irradiate with
submicrometre targeting capabilities is ideally placed
to advance the understanding of these processes. The
initial reports of microbeam experiments that challenged
the paradigm of nuclear irradiation being required to
produce mutations were of the induction of mutations
by cytoplasmic irradiation (Wu er al., 1999) and
micronucleated or apoptotic human fibroblasts exceed-



ing the number of cells traversed by a-particles (Prise
et al., 1998). These studies have been refined and
extended (Belyakov ef al., 1999, 2001) to demonstrate
bystander-mediated damage comprehensively that often
results in cell death.

In a comparison of cytoplasmic versus nuclear
irradiations, it was demonstrated that mutations at the
CD95 (S1) locus of human-hamster hybrid Ay cells
could be induced by a single a-particle traversal of the
cytoplasm, where minimal toxicity and a maximal
plateau was reached after four to eight cytoplasmic
traversals resulting in a mutant fraction of ~3x
background (Wu et al., 1999). In contrast, nuclear
irradiation-induced mutations increased linearly with
dose over a wide range. The spectrum of recovered
mutations also differed depending on whether irradia-
tion was targeted to the nucleus or the cytoplasm.
Nuclear irradiation mutants were predominately large
deletions, whereas mutants induced by cytoplasmic
irradiation consisted of localized changes, probably
reflecting base damage by ROS. The effects of a free-
radical scavenger and a thiol-depleting drug indicated
that the mutagenicity of cytoplasmic irradiation depends
on the generation of ROS, particularly hydroxyl
radicals. An important implication of this study is that
a-particle traversals of the cytoplasm may contribute a
significant proportion of overall mutant yield in the
environmentally relevant very low-dose region.
The difference in mutation spectrum is similar to the
difference between /prt mutations induced directly by
X-rays (mainly deletions) and those arising as a
consequence of radiation-induced genomic instability
(mainly small-scale mutations) (Little et al., 1997); that
is, mutations induced by cytoplasmic irradiation or as a
consequence of instability are similar to those arising
spontaneously. Subsequent studies demonstrated muta-
tions in Ay cells not traversed by an a-particle by a
mechanism that depended on cell-cell communication
(Zhou et al., 2000) and irradiation of only 10% of a
confluent population with a single a-particle per cell
resulted in a mutant yield similar to that observed when
all the cells in the population were irradiated. The effect
was eliminated in cells pretreated with octanol or in cells
carrying a dominant-negative connexin 43 vector to
inhibit gap-junction-mediated intercellular communica-
tion (Zhou et al., 2001).

In more recent investigations, a primary explant
technique has been used to model the in vivo micro-
architecture of normal urothelium. A total of 10
individual cell nuclei were irradiated either on the
periphery of the explant outgrowth, where proliferating
cells were located, or in the centre, where the cells were
terminally differentiated. The fraction of apoptotic and
micronucleated cells was measured 3 days later and a
significant bystander-induced damage was observed
after irradiation of cells at the periphery, but not at
the centre. Approximately 2000-6000 cells could be
damaged by the irradiation of the 10 cells initially,
suggesting a cascade mechanism of cell damage induc-
tion. However, the fraction of micronucleated and
apoptotic cells did not exceed 1-2% of the total number
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of the cells within the explant outgrowth and there was
evidence for premature terminal differentiation that was
interpreted as a protective effect. The potential to
produce bystander-induced damage in this system
seemed to depend on the proliferative status of the
irradiated cell (Belyakov et al., 2002, 2003).

Mechanisms underlying radiation-induced bystander
effects

The bystander effect, operationally defined as the
induction of radiation-induced effects in nonirradiated
cells, may reflect the occurrence of at least two separate
mechanisms for the transfer of a damaging signal from
irradiated cells. One mechanism seems dependent on
gap-junction intercellular communication stimulating a
damage-signalling pathway mediated by the tumour
suppressor gene product p53 (Azzam et al., 1998, 2001).
Other studies implicate a second mechanism in which
irradiated cells secrete cytokines such as TGF-f or IL-8
or other factors that act to increase intracellular levels of
ROS in unirradiated cells (Lehnert and Goodwin,
1997a,b; Narayanan et al., 1997; Iyer and Lehnert,
2000).

The first evidence for a p53-mediated bystander effect
was reported in a study of rat lung epithelial cells in
culture exposed to low-dose o-irradiation (Hickman
et al., 1994). Using flow cytometry, a greater proportion
of cells expressed the p53 protein than were hit by an o-
particle. A role for gap-junction-mediated communica-
tion in inducing this signalling pathway was then
reported by Little and coworkers (Azzam et al., 1998),
who investigated the response of confluent cultures of
primary human diploid fibroblasts exposed to low
fluences of a-particles. When 5% of nuclei were
traversed by a particle, an overall three- to four-fold
increase was observed in the protein levels of p53 and its
downstream target CDKNI1A (also commonly known as
CDKNIA/p21wait/eel - g protein involved in cell cycle
checkpoint function). The increased level of expression
was eliminated by pretreatment with the gap-junction
intercellular communication inhibitor lindane. An in situ
immunofluorescence technique was then used to observe
the patterns of expression in cultures in which approxi-
mately 2% of cells were irradiated. Increased expression
of CDKNI1A/p21 was observed in a clustered pattern;
some groups of cells displayed elevated levels, whereas
other groups of cells in the same culture remained at
background levels of expression. Using genetically
engineered cells, connexin 43 gap junctions were directly
implicated in mediating this bystander effect (Azzam
et al., 2001).

The second type of mechanism mediating bystander
effects by secretion of a factor or factors was first
demonstrated by Lehnert and coworkers as an increase
in sister chromatid exchanges in unirradiated human
lung fibroblasts exposed to the medium in which cells
had been irradiated with low fluences of w«-particles
(Lehnert and Goodwin, 1997a). This protocol can be

7061

Oncogene



Radiation-induced genomic instability and bystander effects
SA Lorimore et al

7062

used to observe a bystander effect for periods of at least
24 h after the radiation exposure, suggesting a continual
production/secretion of factors perhaps until the return
of cellular DNA damage response to basal levels. The
bystander signal also induces an elevation in intracel-
lular levels of ROS, including superoxide and hydrogen
peroxide. This effect is postulated to be critical in the
transmission of damage (Lehnert and Goodwin,
1997a,b). Elimination of the bystander effect by heat
treatment of the harvested medium or by treatment of
irradiated cells with protein synthesis inhibitors indi-
cates that the secreted factors are proteins (Lehnert and
Goodwin, 1997b; Narayanan et al., 1997; Iyer and
Lehnert, 2000) and there is evidence linking the
NADPH oxidase/NF-kB pathway to this bystander
effect (Iyer and Lehnert, 2000). The untargeted induc-
tion of sister chromatid exchanges in lung fibroblasts
does not demonstrate a linear relationship to dose over
the range of 1-13 cGy but is maximally induced by the
lowest doses investigated (~ 1cGy), suggesting a switch
mechanism for the activation of a generalized cellular
response after damage to a large non-nuclear cellular
target. Interestingly, the gap-junction-dependent by-
stander effect for the induction of CDKNIA/p21 in
skin fibroblasts exhibits a similar lack of linear response
being maximally induced at ~1cGy (Azzam et al.,
2001). In other studies of normal human lung fibroblasts
exposed in vitro to a low dose of a-particles, prolifera-
tion was stimulated and this response also occurred
when unirradiated cells were treated with supernatants
from irradiated cells. The promitogenic response was
attributed to increases in the concentrations of a
cytokine (TGF-f1) in cell supernatants; a concentration
that also induced intracellular ROS in unirradiated cells
and, unlike the gap-junction-mediated mechanism in
skin fibroblasts (Azzam et al., 2001), led to decreased
cellular levels of CDKNIA/p21 and also p53 (Iyer and
Lehnert, 2000). Potentially related to the mechanisms
mediating cytogenetic damage not requiring gap-junc-
tional communication is the finding that the medium in
which certain cells have been irradiated contains an
activity, probably a protein, that produces cytotoxic
effects in nonirradiated cells (Mothersill and Seymour,
1998; Lyng et al., 2000, 2002; Mothersill et al., 2000b,
2001; Seymour and Mothersill, 2000). The first detect-
able effect of the medium containing the cytotoxic
activity on recipient cells is a rapid (1-2min) calcium
pulse followed 30 min—2 h later by changes in mitochon-
drial membrane permeability and the induction of ROS
(Lyng et al., 2000, 2002); a role for mitochondrial
metabolism is suggested by the lack of signal production
by cells that lacked functional glucose-6-phosphate
dehydrogenase (Mothersill et al., 2000b).

Clastogenic factors: long-range acting nontargeted
mechanisms

Prior to the recent studies of bystander effects, there are
numerous reports that irradiated cells may produce
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factors in vivo that can affect the survival and function
of unirradiated cells. Probably the first publication dates
from 1954 when damage to the sternal bone marrow of
children receiving splenic irradiation for chronic gran-
ulocytic leukaemia was reported (Parsons et al., 1954).
Subsequently, it was reported that plasma from X-
irradiated patients could cause chromosome damage in
lymphocytes held in short-term culture (Hollowell and
Littlefield, 1967) and a number of reports confirmed that
a transferable factor capable of causing chromosome
breaks in unirradiated lymphocytes was induced by
total-body irradiation (Goh and Sumner, 1968; Scott,
1969; Lloyd and Moquet, 1985) with considerable
interindividual variation in both production and re-
sponse (Littlefield er al., 1969). A stable clastogenic
activity in the plasma obtained from atomic bomb
survivors 31 years after exposure (Pant and Kamada,
1977) and a similar activity in Chernobyl liquidators
(Emerit et al., 1994, 1997) has been reported by Emerit
and her colleagues who have also described clastogenic
factors being produced by other cellular stresses and in
patients with a variety of chromosome instability
syndromes and inflammatory disorders (Emerit, 1990,
1994). These clastogenic factors are produced via
superoxide and also induce the production of super-
oxide; this may be the explanation for their persistence
over many years. The vicious circle of clastogenic factor
formation and action shifts the pro-oxidant/antioxidant
balance in cells towards the pro-oxidant state and
clastogenic factors can be regarded as markers of
oxidative stress. Their clastogenic activity may be
related to the formation of lipid peroxidation products
(Emerit ef al., 1991), inosine nucleotides (Auclair et al.,
1990) and cytotoxic cytokines (Emerit et al., 1995); all
candidates for mediating radiation-induced bystander
effects.

A link between radiation-induced bystander effects and
genomic instability

A potential link between radiation-induced genomic
instability and bystander effects was indicated by the
persistent reduction in the cloning efficiency of non-
irradiated normal and malignant epithelial cell lines
exposed to a medium from irradiated cultures (Mothersill
and Seymour, 1997). The medium irradiated in the
absence of cells had no effect nor did irradiated medium
from a fibroblast cell line, but irradiated medium from
epithelial cells had an extremely toxic effect on
nonirradiated fibroblasts. More recently, the medium
harvested from an irradiated human keratinocyte cell
line up to 35 population doublings postirradiation was
shown to induce rapid calcium fluxes and subsequent
loss of mitochondrial membrane potential and increases
in ROS in nonirradiated cells (Lyng et al., 2002). The
data are consistent with the induction of cell death in
nonirradiated cells by a signal produced by irradiated
cells and with the progeny of irradiated cells producing
the signal for many generations in culture.



The first link between radiation-induced chromoso-
mal instability and bystander effects was provided by
the observation that chromosomal instability was
expressed in the progeny of more clonogenic haemo-
poietic stem cells than were traversed by an a-particle
(Kadhim et al., 1992). This discrepancy, indicating that
cells exhibiting chromosome instability might be derived
from nonirradiated cells, was subsequently confirmed by
a direct experiment in which, by interposing a shielding
grid between the source of a-particles and the cells, the
ratio of irradiated to nonirradiated clonogenic cells was
manipulated such that the majority of exposed clono-
genic stem cells were killed (Lorimore et al., 1998).
Although survival data confirmed the expected reduc-
tion in the number of clonogenic cells traversed and
killed after irradiation by the introduction of the
shielding grid, there was no expected reduction in the
number of descendant clones exhibiting chromosomal
instability. As the expression of instability was similar
with or without shielding a bystander mechanism could
be largely or, indeed, wholly responsible for chromoso-
mal instability in haemopoictic cells after a-particle
irradiation (Figure 2a). The original study demonstrat-
ing in vitro chromosomal instability after low-fluence
irradiation (Kadhim et al., 1992) is compatible with such
a model. Interestingly, using microbeam technology, the
induction of genomic instability in human lymphocytes
by targeted a-particles (Kadhim ez al., 2001) has recently
been shown to have a significant bystander-mediated
component (Kadhim, 2002).

To investigate the potential for an indirect mechanism
of instability in vivo, mixtures of irradiated and
nonirradiated haemopoietic cells were transplanted
using a sex mismatch congenic transplantation protocol
such that cytogenetic scoring could distinguish not only
host-derived cells from donor-derived cells but also cells
derived from the irradiated or nonirradiated donor stem
cells (Watson et al., 2000). Using this system in which
relatively few stem cells were transplanted, chromoso-
mal instability was observed in the progeny of both
irradiated and nonirradiated stem cells up to 12 months
post-transplantation. At the sampling times chosen, cells
derived from the transplanted donor stem cells would
have reconstituted the haemopoietic system and restored
steady-state haemopoiesis in which, at any one time, all
haemopoietic cells would be derived from a limited
number of long-term repopulating stem cells. Thus, it is
exceedingly unlikely that any cells examined were
present in the original irradiated population and it is
also unlikely that the cells studied were the direct
progeny of the irradiated stem cells. Rather, they would
be the descendants of stem cells that were themselves the
progeny of the original transplanted long-term repopu-
lating stem cells. Instability transmitted from stem cells
to their descendants could explain the cytogenetic
aberrations observed in the descendants of irradiated
stem cells, but to explain chromosomal instability in the
distant progeny of nonirradiated stem cells a bystander-
type model has to be invoked (Watson et al., 2000;
Lorimore and Wright, 2003) and such a mechanism
might well be involved in what appears to be a direct
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Figure 2 Models of the inter-relationship between radiation-
induced genomic instability in haemopoietic tissues (Lorimore
et al., 1998; Lorimore and Wright, 2003) with mutations and/or
chromosomal aberrations shown as filled circles and apparently
normal cells as open circles and an ‘activated cell’ capable of
producing a bystander signal as a hatched circle. (a) A bystander
signal may induce a transmissible genomic instability or a damage
response in an unirradiated clonogenic cell (I) or in a cell that has
descended from an unirradiated clonogenic cell (II). In this model,
instability may be a consequence of bystander signalling from an
‘activated cell’ and bystander effects may initiate and be
responsible for radiation-induced genomic instability. (b) Radia-
tion-induced genomic instability transmitted from an irradiated
clonogenic cells may result in an ‘activated cell’ capable of inducing
a bystander-mediated transmissible genomic instability or a
damage response in an unirradiated clonogenic cell (I) or in a cell
that has descended from an unirradiated clonogenic cell (II). In this
model, radiation-induced genomic instability produces cells that
provide a bystander signal able to induce instability; that is, RIBE
can be both a cause (a) and/or a consequence (b) of RIGI
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transmission mechanism (Figure 2b). Important impli-
cations of the various experimental findings exploring
instability and bystander effects in the haemopoietic
system are that chromosomal instability can be induced
by a bystander mechanism and that bystander effects
may be produced as a consequence of instability, that is,
bystander effects can be both a cause and a consequence
of radiation-induced genomic instability (Lorimore and
Wright, 2003). Evidence that these effects are not
restricted to experimental models is provided by a
recent report of a 35-year-old man accidentally exposed
to acute high-dose total body neutron radiation who
received a stem cell transplant from his HLA-identical
sister. In monitoring this patient, chromosomal instabil-
ity in donor female cells was demonstrated consistent
with a bystander effect of the neutron exposure (Chiba
et al., 2002).

An additional link between induced instability and
bystander effects has been provided by investigations of
both delayed apoptosis and radiation-induced chromo-
somal instability in the Chinese hamster-human hybrid
GM10115 cell line (Marder and Morgan, 1993; Limoli
et al., 1998D). In these cells a high level of recombination
involving interstitial telomere repeat-like sequences
characterizes the instability. Using the comet assay to
investigate whether there was an elevated level of
endogenous DNA breaks in chromosomally unstable
clones, no significant difference between nonirradiated
and radiation-induced chromosomally unstable clones
was found. Since elevated levels of endogenous breaks
were not detected in unstable clones, it was proposed
that bystander effects lead to the activation of recombi-
national pathways that perpetuate the unstable pheno-
type. Specifically, it was suggested that radiation induces
conditions and/or factors that stimulate the production
of ROS and these reactive intermediates contribute to a
chronic pro-oxidant environment that cycles over multi-
ple generations, promoting chromosomal recombination
and other phenotypes associated with genomic instabil-
ity (Morgan et al., 2002). Subsequently, a ‘death-
inducing effect’ of exposing GM 10115 cells to a medium
in which unstable GM 10115 cells had been cultured was
implicated in the delayed death associated with the
chromosomally unstable clones (Nagar et al., 2003).

Inflammatory-type processes as sources of bystander
signals in vivo

The cells responsible for bystander-mediated chromo-
somal instability in unirradiated haemopoietic cells in
vivo (Watson et al., 2000; Lorimore and Wright, 2003)
are likely to be of the mononuclear phagocytic (mono-
cyte/macrophage) lineage with characteristics in com-
mon with the activated phagocytes found in
inflammatory conditions as such cells are able to
produce gene mutations (Weitzman and Stossel, 1981),
DNA base modifications (Dizdaroglu et al., 1993),
DNA strand breaks (Birnboim, 1982; Shacter
et al., 1988) and cytogenetic damage (Weitberg et al.,
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1983) in neighbouring cells. In vivo, because of their
migratory properties, it is possible that activated
phagocytic cells generated as a consequence of induced
instability may also contribute to genetic damage in
nonhaemopoietic cells. That instability-derived acti-
vated phagocytes may produce genetic lesions in
neighbouring cells has similar implications to the
mechanisms proposed to explain the relationship
between inflammation and carcinogenesis (Weitzman
and Gordon, 1990; Rosin et al., 1994; Maeda and
Akaike, 1998; Darveau, 1999).

Recent studies have revealed indirect nontargeted
mechanisms that result in increased numbers of macro-
phages exhibiting the phenotype of activated phagocytes
after whole body irradiation (Lorimore et al., 2001).
Nitric oxide synthase expression, lysosomal enzyme
activity and the capacity to produce superoxide were
increased in these cells and time course investigations
correlated enzyme induction with phagocytosis of
apoptotic cells. That the macrophage activation was
associated with the phagocytic clearance of radiation-
induced apoptotic cells, rather than activation being a
direct effect of radiation, was confirmed by a number of
investigations using p53—/— mice that lack p53-depen-
dent radiation-induced apoptosis. Further investigations
of the tissue response to apoptosis revealed an
unexpected accumulation of neutrophils at the margins
of the splenic blood vessels and in splenic tissue. These
are classical signs of an acute inflammatory response
and the timing coincided with the increased macrophage
activity. This response was also an indirect consequence
of the irradiation and associated with radiation-induced
apoptosis, as it was not observed in irradiated p53—/—
mice. While it would be expected that the cell death
resulting from irradiation requires rapid phagocytic
clearance, the increase in enzyme activity after phago-
cytosis, the length of time that activated macrophages
persist and the inflammatory nature of the process
would not be expected as apoptosis is generally regarded
as a noninflammatory process. However, the findings
are remarkably similar to the neutrophil infiltration
observed in the thymus after irradiation (Uchimura
et al., 2000) and in vitro studies have shown
that phagocytosis of apoptotic cells results in the
production of both pro- and anti-inflammatory
cytokines (Giles et al., 2000; Gregory, 2000). Addition-
ally, nitric oxide can be either pro- or antiapoptotic,
can either downregulate or upregulate p53 activity
(Brune et al., 1996; Brockhaus and Brune, 1999)
and may be pro- or anti-inflammatory (Nathan and
Shiloh, 2000) depending on the context. Thus, it is
possible that nonspecific inflammatory-type responses to
radiation-induced stress and injury may contribute to
the wide variety of bystander-mediated effects
and to genomic instability. Studies in vitro of cells,
other than haemopoietic cells, that implicate soluble
factors and processes involving ROS in nontargeted
effects would be consistent with free-radical/cytokine-
mediated mechanisms comparable to an inflammatory
reaction. It is of particular interest that a persistent
subclinical inflammation among Japanese A-bomb



survivors has recently been reported and it is suggested
that radiation-induced enhancement of inflammatory
reactions might contribute as an epigenetic and/or
bystander effect to the development of several
radiation-induced disorders, including nonmalignant
conditions (Neriishi et al.,, 2001; Hayashi et al.,
2003).

The response to damaging signals

The mechanisms underlying the response to DNA
damage can be regarded as three interlinked processes
of recognition of injury, damage assessment and
response implementation (Rich er al., 2000). The
recognition and response processes are not activated in
a simple linear manner because there are multiple
responses to DNA damage that trigger both repair
and apoptotic processes. Malfunctioning of these path-
ways may result in genetic instability and malignancy.
The pathways that signal the response to radiation
DNA damage involve the ATM protein, a member of
the phosphatidylinositol 3-kinase-like family (Durocher
and Jackson, 2001; Shiloh, 2001). ATM is the gene
mutated in the chromosomal instability syndrome ataxia
telangiectasia and the ATM protein can directly bind
and phosphorylate p53, enhancing its ability to trans-
activate downstream responsive genes such as
CDKNI1A/p2l. Cell cycle arrest allows for a period of
damage assessment and recruitment of DNA repair
proteins or, if the damage exceeds the repair capacity of
the cell, the initiation of apoptotic processes (Zhou and
Elledge, 2000). In the absence of DNA-PK, p53
phosphorylation attenuates Bax but not CDKNIA/
p21 induction after irradiation. Conversely, the activa-
tion of p53 in the absence of ATM does not affect Bax,
but abolishes CDKN1A/p21 induction (Barlow et al.,
1997; Wang et al., 2000) and these are examples of how
genetic modifiers of the damage response might influ-
ence outcome (Figure 3a). However, there are also
multiple interactions between checkpoint and apoptotic
programmes that contribute to the heterogeneity of
downstream events in response to DNA damage and the
complexity of these interactions may result in cell death
even though DNA repair mechanisms have been
initiated. Inherited mutations in many of these damage
recognition and response genes confers a high relative
risk of malignancy, although the overall incidence of
inherited human cancers represents less than 5% of all
cases (Mohrenweiser and Jones, 2000) and increasing
evidence suggests that the majority of tumours induced
by damaging environmental agents arise in people with
low penetrant genetic variants. Although such genetic
polymorphisms individually provide only a small
increase in susceptibility, they are important risk factors
due both to their higher incidences throughout the
population and the potential for synergistic effects of
mixtures of variants (Mohrenweiser and Jones, 2000;
Nebert, 2000; Knudsen et al., 2001; Pharoah et al.,
2002).
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Figure 3 (a) A schematic representation of how genetic modifiers
influencing the p53 response pathway would reduce or reinforce the
apoptotic response in a genotype-dependent manner. (b) The
implications of genetic modification of responses in the p53
pathway for the expression of radiation-induced genomic instabil-
ity and bystander effects in haemopoietic cells are shown
schematically as a differential sectoring of response in genetic
strains, susceptible to radiation-induced chromosomal instability
and expressing low levels of delayed death (CBA/Ca and DBA/2)
and those relatively resistant to the expression of chromosomal
instability expressing high levels of delayed death (C57BL/6)

As the very earliest events in radiation-induced
malignancy are not known (Hall, 2001) it is not
unreasonable to assume that there might be a link
between radiation-induced genomic instability and
malignancy (Little, 2000; Mothersill and Seymour,
2000) and perhaps a specific role as a ‘critical early
event associated with initiation of the carcinogenic
process’ (Ullrich and Ponnaiya, 1998). Although there
is evidence of genetic instability in radiogenic tumours,
it may not be possible to distinguish between instability
that may be a consequence of malignant changes in cells
and instability that might reflect the delayed effects of
exposure to ionizing radiation, that is, is such instability
a cause or a consequence of malignancy. However, it has
been suggested that instability-generated p53 point
mutations are important in the genesis of thorotrast-
induced tumours (Iwamoto et al., 1999; Ishikawa et al.,
2001) and that the high level of genome instability in
secondary solid tumours developing after radiotherapy
of bilateral retinoblastoma, including uncommon p53
mutations, is attributable to instability rather than a
direct effect of ionizing radiation (Lefevre et al., 2001).
Clearly, any process that increases the frequency with
which genetic changes arise will increase the probability
of relevant genetic changes in potential target cells and
the correlation between the genotype-dependent expres-
sion of chromosomal instability in mouse mammary
epithelial and susceptibility to mammary tumours
supports a role for radiation-induced instability in the
process of tumorigenesis (Ponnaiya et al., 1997; Ullrich
and Ponnaiya, 1998).

The genotype dependency of the expression of
radiation-induced chromosomal instability (Ponnaiya
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et al., 1997; Watson et al., 1997) and apoptotic response
(Clutton et al., 1996b; Mothersill et al., 1999; Wright,
2002), together with the many observations of genetic
factors influencing the response to ionizing radiation,
prompted an investigation to study the potential for
genetic modification of cell-type-specific p53 and apop-
totic responses that might relate to genetically deter-
mined differences in the longer-term outcomes of
radiation exposure (Lorimore er al., 2001; Wallace
et al., 2001; Coates et al., 2003). In these investigations,
strain-dependent differences in the amount, timing,
distribution and transcriptional activity of p53 in tissues
taken from identically treated inbred strains of mice
were demonstrated. Three strains, two susceptible to
radiation-induced chromosomal instability (DBA/2 and
CBA/Ca), the other relatively resistant to the expression
of chromosomal instability (C57BL/6), showed distinct
apoptotic responses after whole body ionizing radiation
exposure consistent with a genotype-dependent inverse
correlation between the potential to express chromoso-
mal aberrations and cell death (Figure 3b).

An important factor that influences radiation re-
sponses is the differential activation of p53-response
genes. Transcriptionally active p53 can represses or
activate genes, and there is increasing evidence for
differential activation of different p53 target genes in
different cells and tissues (Gorospe et al., 1997; Yu et al.,
1999; Bouvard et al., 2000; Burns et al., 2001; Fei et al.,
2002). It is now clear that the differential induction of
specific pS3-target genes is a genetically modified process
(Wallace et al., 2001; Coates et al., 2003). The data for
haemopoietic cells are consistent with a greater p53-
mediated transcriptional activation of the CDKNI1A/
p21 gene following irradiation tending to reduce the
apoptotic response (CBA/Ca and DBA/2) and a greater
upregulation of Bax reinforcing the apoptotic pro-
gramme (C57BL/6). Irradiated murine urinary epithe-
lium exhibits similar genotype-dependent apoptotic
responses that reflect the range of responses seen in
the human urothelium (Mothersill et al., 1999). In
contrast to these findings, the relationship between
delayed death and chromosomal instability exhibits a
more complex relationship in irradiated human HPV-G
keratinocytes (Mothersill ez al., 2000a) and there is no
evidence for differential CDKNI1A /p21 expression in the
mouse intestinal epithelium and no appreciable differ-
ences in Bax expression (Coates et al., 2003), clearly
showing that the genetic modification of p53-transcrip-
tional induction of CDKN1A/p21 and Bax is a tissue-
specific process and that the inverse correlations
between CDKN1A/p21, Bax and apoptosis do not hold
for all cell types.

Conclusions

The paradigm of genetic alterations being restricted to
direct DNA damage after exposure to ionizing radiation
has been challenged by observations in which radiation
induces conditions and/or factors that result in non-
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irradiated cells exhibiting a wide range of responses
conventionally associated with direct DNA damage.
These nontargeted effects are collectively referred to as
radiation-induced genomic instability and radiation-
induced bystander effects. Their expression is influenced
by cell-type and genetic factors and in some cases by the
type of radiation exposure. It is likely that either effect
may be a cause or a consequence of the other, but at
present it is not known to what extent these untargeted
effects contribute to overall cellular radiation responses
especially in vivo. Experimental studies of bystander
effects have documented a wide range of responses
involving gap-junction-mediated or cytokine-like activa-
tion of signalling processes that influence levels of ROS.
Intercellular signalling, production of cytokines and free
radicals are all features of inflammatory responses and
such responses may be protective or damaging depend-
ing on the context. In addition to the potential for
persisting and bystander-mediated damage, inflamma-
tory processes may confer a predisposition to malig-
nancy and other pathological consequences. Thus,
radiation-induced genomic instability and bystander
effects may reflect inter-related aspects of inflamma-
tory-type responses to radiation-induced stress and
injury and together with directly mediated effects may
be involved in the variety of the pathological con-
sequences of radiation exposures (Figure 4). Recent
evidence suggests that for certain cell types, whether a
damaging signal is a consequence of direct radiation or
arises as a consequence of an untargeted process, there
are genotype-dependent and cell-type specific modifiers
of the responses that influence the efficiency with which
a damaged cell initiates an apoptotic response or growth
arrest. These genetically modified signalling processes
may contribute to the underlying mechanisms for the
probability of tumour development and the type of
tumour induced by exposure to a given genotoxic agent
being strongly dependent on genetic background. The
genetic background that produces the more effective

\O
4/\

Epigenetic/ Non-targeted effects
Inflammatory-type responses

| “Conventional” targeted effects

PO <N\

Apoptotic Chackpoint & Apoptotic Checkpoint &
response repair response response repair response
Life / death Life / death

Ineffective Effective Ineffective Effective
response response response response

l = I

| Potential for pathological consequences | |Tissue homeostasis |

Figure 4 A schematic representation of the pathways by which a
cell may respond to ionizing radiation resulting in the potential for
pathological consequences from direct effects and/or indirect
nontargeted effects



apoptotic response and phagocytic clearance would be
less predisposed to adverse consequences of irradiation
due to a more effective elimination of unstable and
potentially malignant cells. Thus, both the degree of
radiation-induced genomic instability and the potential
consequences of this induced phenotype appear to
represent a balance between the production of geno-
toxic/clastogenic factors and the response of the cell to
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