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Abstract

Exposure of GM10115 hamster—-human hybrid cells to X-rays can result in the induction of chromosomal instability in
the progeny of surviving cells. This instability manifests as the dynamic production of novel sub-populations of cells with
unigue cytogenetic rearrangements involving the “marker” human chromosome. We have used the comet assay to investigate
whether there was an elevated level of endogenous DNA breaks in chromosomally unstable clones that could provide a
source for the chromosomal rearrangements and thus account for the persistent instability observed. Our results indicate
no significant difference in comet tail measurement between non-irradiated and radiation-induced chromosomally unstable
clones. Using two-color fluorescence in situ hybridization we also investigated whether recombinational events involving
the interstitial telomere repeat-like sequences in GM10115 cells were involved at frequencies higher than random processes
would otherwise predict. Nine of 11 clones demonstrated a significantly higher than expected involvement of these interstitial
telomere repeat-like sequences at the recombination junction between the human and hamster chromosomes. Since elevate
levels of endogenous breaks were not detected in unstable clones we propose that epigenetic or bystander effects (BSES)
lead to the activation of recombinational pathways that perpetuate the unstable phenotype. Specifically, we expand upon the
hypothesis that radiation induces conditions and/or factors that stimulate the production of reactive oxygen species (ROS).
These reactive intermediates then contribute to a chronic pro-oxidant environment that cycles over multiple generations,
promoting chromosomal recombination and other phenotypes associated with genomic instability. © 2002 Elsevier Science
B.V. All rights reserved.
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1. Introduction ter radiation exposure. These deleterious effects are

broadly grouped under the all-embracing phenomena

Exposure to ionizing radiation can resultin the man- of radiation-induced genomic instability, which we de-

ifestation of a number of deleterious endpoints in the fine as the increased rate of acquisition of alterations
progeny of irradiated cells, multiple generations af- in the genome. Because these effects can be observed

days, weeks, months, even years after exposure of the
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fax: +1-410-706-6138. radiation initiates a process within a cell that is perpet-
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consequences of the initiation and perpetuation of ge- supplemented with 10% fetal bovine serum, 2mM
nomic instability includes such deleterious endpoints r-glutamine, 100 penicillin, 200 mg/ml streptomycin
as chromosomal rearrangements, delayed mutation,and 0.2 mMv-proline. This hamster—human hybrid
DNA nucleotide repeat instability, cellular transforma- cell line is cultured at 34C in an atmosphere of 5%
tion, and even cell death (reviewed[In3]). Whatever CO, in air.
the process(es) that radiation initiates it/these must be The generation of chromosomally unstable clones
capable of inducing gross genomic rearrangements for of cells by exposure to X-rays has been described
prolonged periods of time over sequential cell gener- elsewhere[8-10]. A clone is classified as chromo-
ations. somally unstable if there are3 sub-populations of
We have been investigating chromosomal destabi- cells within the clone that show different cytogenetic
lization as one endpoint of radiation-induced genomic rearrangements involving the human chromosome.
instability. Conventional wisdom dictates that the The total number of rearrangements involving the hu-
primary DNA lesion leading to chromosomal rear- man chromosome must make up at least 5% the total
rangements is the DNA double-strand brddib]. number of metaphase cells analyzed per clone. This
This suggests that in our chromosomally unstable cell is an operational definition and instability is based on
clones there should be increased levels of endogenousanalysis of at least 200 metaphase cells per clone fol-
DNA breaks that contribute to the novel chromosome lowing fluorescence in situ hybridization of probes to
rearrangements observed. We have tested this hy-human chromosome 4. Following exposure to X-rays
pothesis using the comet assay, a sensitive means ofwe have isolated a number of highly unstable clones
detecting DNA strand breaks, in clones of irradiated that were used in the experiments descrifgd0].
GM10115 cells that were chromosomally stable or  Analysis of DNA single-strand breaks utilized the
that demonstrated significant radiation-induced chro- alkaline comet assay as described by Tebbs i &].
mosomal instability. In addition, we have measured Briefly, cells were trypsinized and re-suspended in
chromosomal recombination at interstitial telomere 40wl of 0.5% low gelling point agarose and pipetted
repeat-like sequences (ITBs) to determine the neces-onto agraose-precoated slides. The agarose suspension
sity of strand-breakage as a prerequisite to the chro- was covered with a 25 mmx 25mm coverslip and
mosomal changes observed in unstable clones. Largeplaced at 4C. After 5min the coverslip was gently
discrete chromosomal regions containing telomere removed and the slide was submersed into lysing so-
repeat-like sequences are common in many rodentlution (2.5M NaCl, 100 mM EDTA, 10 mM Tris, 10%
cells [6], and we have previously demonstrated that DMSO, 1% Triton X-100, pH 10) for at least 1 h. Af-
these ITBs are involved in many of the chromosomal ter lysis, the slides were equilibrated for 40 min in a
rearrangements observed in unstable cell cldigs jar containing alkaline buffer (300 mM NaOH, 1 mM
Using two-color fluorescence in situ hybridization we EDTA, pH >13), transferred into an electrophoresis
have expanded these initial observations to investigate unit with alkaline buffer, and subjected to an electric
whether the ITBs are disproportionately involved in field of 0.86 V/cm for 15 min. Following electrophore-
delayed rearrangements involving the human chromo- sis the microgels were neutralized in 0.4 M Tris (pH
some within the hamster genome, thus implicating an 7.5), rinsed, dehydrated in 100% ethanol for 2 min
involvement of recombinational processes in driving and allowed to dry at room temperature. The DNA
chromosomal rearrangements. was stained with YOY&-1 (Molecular Probes, Ore-
gon, USA) (1:1000 in antifade) and visually examined
by fluorescence microscopy. Analysis of DNA strand
2. Materials and methods breakage was performed according to Collins et al.
[12]. Based on the extent of strand breakage, each cell
GM10115 (from the Human Genetic Mutant Cell was assigned to one of five classes, ranging from 0
Repository, Camden, NJ) contain a single copy of hu- (no visible tail) to 4 (maximally damaged). A cumu-
man chromosome 4 in a background of 21-24 hamster lative score (damage units) was calculated by multi-
chromosomes. These cells are maintained in exponen-plying the damage class by the percentage of cells per
tial growth in Dulbecco’s modified Eagle’s medium class, giving a cumulative score between 0 (100% of
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cells in class 0) and 400 (100% of cells in class 4). Al- The protocols for plasmid expansion, DNA labeling,

though these units are arbitrary, they are related to the two-color hybridization and analysis were as previ-

relative tail intensity as a function of break frequency ously described7]. At least 200 metaphase cells were

[13]. Data are derived from two independent experi- analyzed per clone. From previous measurements we

ments per clone with at least 100 cells per experiment know that the ITB makes up5% the total length of

(from two replicate slides each) analyzed. all the chromosomes in metaphase cells containing
Analysis of the potential involvement of ITBs in  21-24 chromosomg3].

the recombination between the human and hamster

chromosomes was by two-color fluorescence in situ

hybridization. The ITBs were identified after hy- 3. Results

bridization with the fluorescence labeled plasmid

pSXNeol.6, containing 1.6kb of ;AG3 repeats The mean values from two independent experi-

kindly provided by Dr. J.P. Murnane at the University ments assigned to the tail lengths for non-irradiated

of California, San Francisco. The human chromo- GM10115 cells, two clones derived from cells that

some was identified after hybridization and binding of survived irradiation, but were chromosomally stable,

a fluorescence antibody against a labeled Bluescript and four chromosomally unstable clones are presented

vector based library of human chromosome 4-specific in Fig. 1 The distribution of comet sizes within these

DNA sequences kindly provided by Drs. J. Gray and clones is summarized ifig. 2 There was no sig-

D. Pinkel, University of California, San Francisco. nificant difference in the endogenous level of DNA

DNA Damage (arbitrary unit)

CHOC4 130 146 CS9 LS12 115 138
stable clones unstable clones

Fig. 1. The mean value assigned to comet length in non-irradiated GM10115 (CHOC4) cells, two irradiated but chromosomally stable
clones (146, 130), and four radiation-induced chromosomally unstable clones (CS9, LS12, 138 and 115). The results are the mean of two
independent experiments.
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Fig. 2. The distribution of comet sizes within the clones.

breaks observed between chromosomally stable andhamster ITBs Fig. 3B) than would be expected by
unstable clones. chance. Two clones, 138 and CS9 showe@b% of
Following two-color chromosome painting the the rearrangements involved three color junctions.
number of sub-populations of cells within a clone ITBs make up~5% of the GM10115 genom§r]
showing unique rearrangements involving human so if the observed rearrangements involving human
chromosome 4 and the percentage of tricolor junctions chromosome 4 were random, we would expect them

(hamster—ITB—human) was determinedalfle J). to be involved in~5% of chromosomal rearrange-
All clones examined had between 21 and 23 chro- ments. Clearly for the majority of our unstable clones,
mosomes, and between 14 and 16 ITBsg( 3A). the sub-populations of chromosomally unstable cells

With the exception of clones 24 and 115, unstable showed the ITBs to be involved significantly more
clones showed significantly higher frequencies of re- often than expected by chance. However, this was not
arrangements that juxtaposed human chromatin andalways the case. In two of our unstable clones, 24
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Table 1
Two-color fluorescence in situ analysis of chromosomal instability, and the involvement of the ITB in chromosomal recombination between
the human and hamster chromosomes

Clone Cells with chromosome No. of Three color Chromosome né. ITBs per
4 rearranged (%) sub-populatiorfs junctions (%) metaphase céll
GM10111% 0 1 — 229+ 0.3 15.8+ 0.5
Stables
102 2 2 0.0 22.8£ 0.5 15.5+ 0.6
110 100 2 85.0 22.#% 0.6 15.6+ 0.6
114 100 1 0.0 22.8 0.5 15.8+ 0.6
118 0 1 - 22.8+ 0.5 15.7+ 0.5
130 1 2 0.0 22.3: 0.7 14.6+ 0.9
132 100 1 0.0 22.8 0.5 15.6+ 0.6
133 100 1 0.0 22.2- 0.6 15.2+ 0.8
141 3 2 33.0 22.6t 0.6 15.5+ 0.6
145 0 1 - 22.8+- 04 15.7+ 0.6
LS1 1 2 0.0 22.8+ 0.5 15.7+ 0.7
Unstables
126 5.3 3 20.0 22.8 0.7 15.7+ 0.5
152 55 5 27.3 22.8 0.4 15.7+ 0.6
24 100 8 0.0 22.2+ 0.7 14.6+ 0.8
147 10.1 7 26.7 22.& 0.7 14.74+ 0.8
115 98.5 19 0.5 22.x 0.7 15.8+ 0.6
Cs9 100 17 96.3 21.2 0.7 15.0+ 0.8
2 96.2 17 72.8 21.5 0.8 14.8+ 1.0
7 100 >20 14.5 22.5- 0.8 15.8+ 1.0
LS12 95.9 >20 55.1 22.3 0.7 153+ 1.0
23 100 16 36.5 23.6: 0.8 15.9+ 0.8
138 100 16 96.0 22.&¢ 0.6 15.8+ 0.6

2Sub-populations= populations of cells within a clone that show unique rearrangements of human chromosome 4.
bMean+ S.D.
CFive individual non-irradiated clones of GM10115 cells were analyzed.

(A) B)
Fig. 3. Two-color fluorescence in situ hybridization using probes against the ITB (red) and human chromosome 4 (green). CHO chromosomes
are counterstained with DAPI. (A) Control GM10115 cells. (B) Unstable CS9 cells, multiple hamster—ITB—human chromatin junctions are
apparent.
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and 115, the ITBs were not involved in any of the that a recombinational process, involving, or perhaps
rearrangements involving the human chromosome in driven by ITBs can perpetuate chromosomal instabil-
the multiple sub-populations of rearranged cells. ity in GM10115 cells. If this is indeed the case, as our
We also examined the potential involvement of ITBs studies suggest, then what stimulates this recombina-
in chromosomal rearrangements in a number of our tional process? We propose that this involves epige-
clones derived from cells that survived irradiation, but netic effects or bystander effects (BSES).
were chromosomally stable. Some of these, e.g. 110 BSEs are those effects observed in cells that were
and 141 showed a high frequency of metaphase cellsthemselves not irradiated, but were bystanders at the
with three-color junctions, but these obviously did not time of irradiation. These effects include induction
go on and become unstable. Clones 114, 132 and 133of mutation, micronuclei, sister chromatid exchange,
were all homogeneous with respect to a single type of transformation, gene expression and even cell death.
aberration involving the human chromosome. These There is a long literature on clastogenic factors and
were probably the result of aberrations directly in- other “compounds” secreted by cells after exposure to
duced by the radiation. Other clones, e.g. 141, may DNA damaging agents that stimulate and/or modify
have initiated the instability process but the unstable responses in cells that were not damafjes-20] By
sub-population failed to thrive within the clone and farthe most compelling evidence for BSEs come from
consequently did not evolve and did not meet our cri- studies using charged particle microbedgis22] Ir-
teria for instability. radiation of cellular cytoplasm with either a single or
an exact number ef-particles results in gene mutation
in the nucleug22] or micronuclei in non-irradiated
cells[21,23] The majority of studies to date on BSEs
have used high LET radiation. Low LET X-rays can
The alkaline comet assay can measure DNA strand also elicit this effect. Mothersill and Seymour took
breaks induced by X-ray doses as low as 0.6 {3l medium from irradiated human epithelial cells and
indicating it is a very sensitive assay for analysis of demonstrated that this was sufficient to reduce the
DNA breakage. Using this assay we were unable to clonogenic survival in unirradiated ce[84,25] This
detect any significant difference in endogenous break implicates a secreted factor that can kill unirradiated
frequency between non-irradiated cells, our chromoso- cells and we propose that factors similar to, or includ-
mally unstable clones, or our stable clones. This does ing these bystander factors described by others play a
not rule out the possibility that in unstable clones there significant role in the initiation and perpetuation of the
may be transient increases in DNA breaks, or that the multiple endpoints associated with radiation-induced
level of breaks may be elevated but still below the genomic instability.
level of detection using this assay. Indeed, Suzukietal. Cellular irradiation leads to the production of re-
have recently demonstrated that radiation-induced ge- active oxygen species (ROS) such as the superox-
nomic instability causes delayed DNA breakage, and ide anion, hydrogen peroxide, and hydroxy radicals,

4, Discussion

subsequent activation of TP53 function may eliminate
cells which would otherwise accumulate genomic al-
terations (Suzuki et al., manuscript submitted for pub-
lication). Despite the importance of DNA damage in
the initial responses to radiation exposure, DNA strand
breakage appears to play a significantly more minor
role in delayed genomic instabilif].

On the other hand, analysis of three-color junctions
involving recombination between the human chromo-

which can indiscriminately damage a host of cellular

components. A number of studies from Lehnert and

co-workers have suggested that ROS also contribute
to the induction of SCEs in bystander celll6-28]

The observed increases in SCEs are very small but
suggest that a long-lived radical can persist over mul-
tiple cell generations to elicit SCEs, or that new ROS

are continuously being produced to increase SCEs.
There is evidence for long-lived radicals produced by

some, an ITB, and hamster chromatin indicates that ionizing radiation[29] and there is recent evidence

they are involved at a significantly higher frequency
than would be expected by chance. This confirms
and expands our previous observatiprissuggesting

for a role for ROS in modulating the mutagenic re-
sponses of cytoplasmic irradiation. Wu et[@R] pre-
treated cells with the antioxidant dimethyl sulfoxide
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(DMSO) to reduce ROS, or the thiol-depleting drug both the expression and production of interleukin-8
buthionineS-R-sulfoximine (BSO) to reduce intracel-  which in turn is linked to induced increases in ROS.
lular glutathione, and observed significant reductions These investigators demonstrated that treating cells
in mutation yields in human hamster_Acells irra- with interleukin-8 at concentrations commensurate
diated with foura-particles through the cytoplasm. with those occurring aftew-particle irradiation can
Furthermore, these investigators also demonstrated theinduce increased ROS in otherwise untreated cells.
induction of 8-hydroxy-deoxyguanosine, a marker of  Our studies to date argue against ROS acting alone
oxidative DNA damage in the nucleus of &ells ir- to induce instability in our GM10115 cells. Using
radiated with eightv-particles through the cytoplasm. concentrations of hydrogen peroxide that cause up to
While we do not dispute a role for ROS in the BSE three logs of cell kill[9], or concentrations of xan-
it is difficult to envisage a long-lived radical produced thine/xanthine oxidase that cause up to four logs of
by radiation that is capable of such striking levels of cell killing [39], we did not find any chromosomal in-
cell kill, mutation induction, and chromosome dam- stability in >80 independently isolated cloné$,39].
age as those described for BSE. Instead we proposeThese data demonstrate that ROS induced by a single
that some BSE factor (BSEF) is stimulated by cellular acute chemical exposure are not important in initiat-
irradiation and secreted into the culture medium. This ing instability in our model system. However, chronic
BSEF could itself be responsible for the observed exposure to endogenous metabolic or exogenous en-
BSEs and/or could generate extra-cellular ROS and vironmental oxidative stress can contribute to gene
act in conjunction with these ROS could elicit the amplification and genomic instability in other model
observed BSEs. In turn these ROS could stimulate systemg40], and it is more likely that chronic long
BSEF creating cycles of BSEFROSIBSEHIROS, term exposure is necessary to elicit a delayed response.
thus perpetuating a source of damage over time that Alternatively, normal cells have a “control
could account for the delayed instability observed. A mechanism” that normally suppresses genomic insta-
version of this hypothesis was originally proposed by bility. Stimulating a BSEF may disrupt this control
lyer and Lehnerf30] and there is precedence for this: resulting in activation of a destabilizing process that
transforming growth factofl (TGF1) is rapidly leads to instability (Barcellos-Hoff, personal commu-
secreted in response to low doses of ionizing radia- nication). For example, similar recombination events
tion [31,32] TGF1 can also activate cell surface involving the ITB to those described here have been
membrane-associated NADH oxidase releasin@®H observed in other hamster cell lines in the absence
and other ROS as a consequeli8d-36] which in of radiation [41,42] This suggests that cells may
turn can stimulate TGR1 [36,37] TGFR1 is in- normally suppress instability but that radiation may
creased in the supernatants of irradiated cells and addi-stimulate factors that overcome this suppression and
tion of recombinant TGRB1 to unirradiated cells and  promote an endogenous process.
its ability to produce an SCE response can be totally There is direct evidence that genomic instabil-
inhibited by anti-TGF81 neutralizing antibodief80]. ity has an epigenetic component, i.e. that radiation
We do not wish to imply that all BSEs observed are might mediate its delayed effects via extranuclear
due to TGFB1 secretion and subsequent redox activa- and even extracellular events. Kadhim et[4B] an-
tion. Indeed, a number of genes are induced by radia- alyzed chromosomal instability in murine stem cells
tion including tissue-type plasminogen activator, col- following a-particle irradiation. Many of the surviv-
lagenase, cytokines such as tumor necrosis factor- ing stem cells analyzed by these investigators were
a-interferon, and fibroblast growth factor 2 (reviewed those that, by chance, did not get “hit” during irra-
in [37]). Instead we are trying to establish precedence diation. In fact, Kadhim et al[43] calculated from
for BSEHIROSIBSEF cycles to play a role in the their survival data that the probability of a stem cell
observed detrimental effects associated with radiation surviving a “hit” or passage of a singteparticle was
exposure in surviving cells. A host of compounds may ~10%, but cytogenetic analysis of surviving colonies
be secreted by cells and function alone, or in concert revealed that 40-60% had karyotypic abnormalities.
to elicit BSEs. For example, Narayanan et [@8] In more recent studies these investigators have unam-
have also shown that low dosesceparticles increase  biguously demonstrated that when a protective grid



98 WF. Morgan et al./Mutation Research 504 (2002) 91-100
shielded cells it was the non-irradiated cells that ex- contribute to the cycles of BSEFROSIIBSEHIROS,
hibited delayed chromosomal instabilifg4]. These etc. which in turn serve to perpetuate the de novo
data indicate that BSEs can result in chromosomal formation of novel chromosomal rearrangements we
instability, which has significant implications for the observe as radiation-induced chromosomal instability.
fate of cells surviving high LET irradiation. However, There is increasing in vitro and in vivo evidence that
the significance of these studies following exposure BSEs may be major players in the biological conse-
to low LET radiation is not clear since Kadhim et al. quences of radiation exposUegl,52] This paradigm
did not observe instability using the bone marrow shift away from the dogma that radiation-induced de-
assay system after X-irradiatiga3]. position of energy in the nucleus is paramount for the
Interestingly, one consistent characteristic of the deleterious biological effects of radiation will impact
large battery of chromosomally unstable clones we on how we interpret and evaluate the risk(s) associated
have generated in the past is that they almost all show with radiation exposure. Consequently it is important
a significantly reduced PIB,10]. That is, our chromo-  we understand what the BSE is, its mechanism(s) of
somally unstable clones also exhibit lethal mutations action, the molecular and cellular events associated
[45-47] or delayed reproductive cell deaf8,49], with its induction, and ultimately its biological and

another endpoint associated with radiation-induced
genomic instability. We have recently demonstrated
that reproductive failure in chromosomally unstable

clinical significance.

clones can in large part be rationalized by a fraction Acknowledgements

of the clonal population predisposed to undergoing
apoptosig[39]. Apoptosis involves a complex series
of biochemical reactions that result in a programmed
elimination of a cell from the proliferating popula-
tion. Induction of apoptosis by actinomycin-D, etopo-
side and staurosporine, and induction of necrosis by
sodium azide in GM10115 cells was accompanied by
an increase in the level of intracellular peroxy radicals
and lipid peroxidation products, two independent end-
points typically associated with oxidative stress. We
observed similar findings in several of our chromoso-
mally unstable clones which showed delayed apopto-
sis[39]. These results suggest that the elevated levels
of cellular free radical damage detected in chromoso-
mally unstable clones could be secreted by unstable
cells or derived from the fraction of cells dying by
apoptotic and/or necrotic processes. Our observations
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strated oxidative stress and oxy-radical formation in
a-particle-induced chromosomal instability in human
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increased oxy-radical levels described by[{88] and
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stability. These apoptosing cells constitute a risk to the
cellsin culture by releasing a variety of factors, e.g. in-
flammatory cytokines, nitric oxide-dependent factors,
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tion to the peroxy radicals that can trigger potentially
detrimental cellular responses. We propose that these

This work was supported by grant awards CA83872
and CA73924.

References

[1] W.F. Morgan, J.P. Day, M.l. Kaplan, E.M. McGhee, C.L.
Limoli, Genomic instability induced by ionizing radiation,
Radiat. Res. 146 (1996) 247-258.

[2] M.l. Kaplan, C.L. Limoli, W.F. Morgan, Perpetuating
radiation-induced chromosomal instability, Radiat. Oncol.
Invest. 5 (1997) 124-128.

[3] J.B. Little, H. Nagasawa, T. Pfenning, H. Vetrovs,
Radiation-induced genomic instability: delayed mutagenic and
cytogenetic effects of X-rays and-particles, Radiat. Res.
148 (1997) 299-307.

[4] W.F. Morgan, M.L. Fero, M.C. Land, R.A. Winegar, Inducible
expression and cytogenetic effects of tBeoRI restriction
endonuclease in Chinese hamster ovary cells, Mol. Cell. Biol.
8 (1988) 4204-4211.

[5] W.F. Morgan, J. Corcoran, A. Hartmann, M.l. Kaplan,
C.L. Limoli, B. Ponnaiya, DNA double-strand breaks,
chromosomal rearrangements, and genomic instability, Mutat.
Res. 404 (1998) 125-128.

[6] J. Meyne, R.J. Baker, H.H. Hobart, T.C. Hsu, O.A. Ryder,
0.G. Ward, J.E. Wiley, D.H. Wurster-Hill, T.L. Yates,
R.K. Moyzis, Distribution of non-telomeric sites of the
(TTAGGG)n telomeric sequence in vertebrate chromosomes,
Chromosoma (Berlin) 99 (1990) 3-10.

[7] J.P. Day, C.L. Limoli, W.F. Morgan, Recombination invol-
ving interstitial telomere repeat-like sequences promotes chro-
mosomal instability in Chinese hamster cells, Carcinogenesis
19 (1998) 259-265.



WF. Morgan et al./Mutation Research 504 (2002) 91-100 99

[8] B.A. Marder, W.F. Morgan, Delayed chromosomal instability  [22] L.J. Wu, G. Randers-Pehrson, A. Xu, C.A. Waldren, C.R.

induced by DNA damage, Mol. Cell. Biol. 13 (1993) 6667— Geard, Z. Yu, T.K. Hei, Targeted cytoplasmic irradiation with

6677. a-particles induces mutations in mammalian cells, Proc. Natl.
[9] C.L. Limoli, M.l. Kaplan, J.W. Phillips, G.M. Adair, W.F. Acad. Sci. U.S.A. 96 (1999) 4959-4964.

Morgan, Differential induction of chromosomal instability by ~ [23] O.V. Belyakov, K.M. Prise, K.R. Trott, B.D. Michael, Delayed

DNA strand-breaking agents, Cancer Res. 57 (1997) 4048— lethality, apoptosis and micronucleus formation in human

4056. fibroblasts irradiated with X-rays at-particles, Int. J. Radiat.
[10] C.L. Limoli, M.Il. Kaplan, J. Corcoran, M. Meyers, D.A. Biol. 75 (1999) 985-993.

Boothman, W.F. Morgan, Chromosomal instability and its [24] C. Mothersill, C. Seymour, Medium from irradiated human

relationship to other endpoints of genomic instability, Cancer epithelial cells but not human fibroblasts reduces the

Res. 57 (1997) 5557-5563. clonogenic surival of unirradiated cells, Int. J. Radiat. Biol.
[11] R.S. Tebbs, M.L. Flannery, J.J. Meneses, A. Hartmann, 71 (1997) 421-427.

J.D. Tucker, L.H. Thompson, J.E. Cleaver, R.A. Pedersen, [25] C. Mothersill, C.B. Seymour, Cell—cell contact during

Requirement for theXrccl DNA base excision repair gene ~-irradiation is not required to induce a bystander effect

during early mouse development, Dev. Biol. 208 (1999) 513- in normal human keratinocytes: evidence for release during
529. ] ) ) ) irradiation of a signal controlling survival into the medium,
[12] A.R. Collins, S.J. Duthie, V.L. Dobson, Direct enzymic Radiat. Res. 149 (1998) 256-262 (see comments).
detection of endogenous oxidative base damage in human [26] A. Deshpande, E.H. Goodwin, S.M. Bailey, B.L. Marrone
lymphocyte DNA, Carcinogenesis 14 (1993) 1733-1735. B.E. Lehnerta-Particle-induced sister chromatid exchange in

[13] P.L. Olive, J.p. Banath, R.E. Durand, Heterogeneity in normal human lung fibroblasts: evidence for an extranuclear
radiation-induced DNA damage and repair in tumor and target, Radiat. Res. 145 (1996) 260—267.

normal cells measured using the comet assay, Radiat. Res.
122 (1990) 86-94.

R.S. Malyapa, C. Bi, E.W. Ahern, J.L. Roti Roti, Detection
of DNA damage by the alkaline comet assay after exposure
to low-dose (-radiation, Radiat. Res. 149 (1998) 396—400
(published erratum appears in Radiat. Res. 149 (5) (1998)
531).

[15] I. Emerit, N. Oganesian, T. Sarkisian, R. Arutyunyan, A.
Pogosian, K. Asrian, A. Levy, L. Cernjavski, Clastogenic
factors in the plasma of Chernobyl accident recovery workers:
anti-clastogenic effect oBinkgo biloba extract, Radiat. Res.
144 (1995) 198-205.

I. Emerit, A. Levy, L. Cernjavski, R. Arutyunyan, N.

[27] B.E. Lehnert, E.H. Goodwin, Extracellular factor(s) following
exposure tax-particles can cause sister chromatid exchanges
in normal human cells, Cancer Res. 57 (1997) 2164-2171.

[28] P.K. Narayanan, E.H. Goodwin, B.E. Lehnedt;Particles
initiate biological production of superoxide anions and
hydrogen peroxide in human cells, Cancer Res. 57 (1997)
3963-3971.

[29] S. Koyama, S. Kodama, K. Suzuki, T. Matsumoto,
T. Miyazaki, M. Watanabe, Radiation-induced long-lived
radicals which cause mutation and transformation, Mutat.
Res. 421 (1998) 45-54.

[30] R. lIyer, B.E. Lehnert, Factors underlying the cell

Oganesyan, A. Pogosian, H. Mejlumian, T. Sarkisian, M. growth-related bystander responsextparticles. Cancer Res.

Gulkandanian, M. Quastel, et al., Transferable clastogenic 60 (2000) 1290-1298. L .
activity in plasma from persons exposed as salvage personnel [31] M.H. Barcellos-Hoff, Radiation-induced transforming growth

[14

[16

of the Chernobyl reactor, J. Cancer Res. Clin. Oncol. 120 factor8 and subsequent extracellular matrix reorganization in
(1994) 558-561 ' murine mammary gland, Cancer Res. 53 (1993) 3880-3886.
[17] I. Emerit, M. Quastel, J. Goldsmith, L. Merkin, A. Levy, [32] M.H. Barcellos-Hoff, R. Derynck, M.L. Tsang, J.A.
L. Cernjavski, A. Alaoui-Youssefi, A. Pogossian, E. Riklis, Weatherbee, Transforming growth facr-activation in
Clastogenic factors in the plasma of children exposed at iradiated murine mammary gland, J. Clin. Invest. 93 (1994)
Chernobyl, Mutat. Res. 373 (1997) 47-54. 892-899. _
[18] F. Gemignani, M. Ballardin, F. Maggiani, AM. Rossi, A.  [33] V.J. Thannickal, P.M. Hassoun, A.C. White, B.L. Fanburg,
Antonelli, R. Barale, Chromosome aberrations in lymphocytes Enhanced rate of ¥O, release from bovine pulmonary artery
and clastogenic factors in plasma detected in Belarus children endothelial cells induced by TGE%, Am. J. Physiol. 265
10 years after Chernobyl accident, Mutat. Res. 446 (1999) (1993) L622-1626.
245-253 (in process citation). [34] V.J. Thannickal, B.L. Fanburg, Activation of an 8-
[19] K. Goh, H. Sumner, Breaks in normal human chromosomes: generating NADH oxidase in human lung fibroblasts by

are they induced by a transferable substance in the plasma transforming growth factopl, J. Biol. Chem. 270 (1995)
of persons exposed to total-body irradiation? Radiat. Res. 35 30334-30338.

(1968) 171-181. [35] V.J. Thannickal, K.D. Aldweib, B.L. Fanburg, Tyrosine
[20] J.G. Hollowell Jr., L.G. Littlefield, Chromosome damage phosphorylation regulates;@; production in lung fibroblasts
induced by plasma of X-rayed patients: an indirect effect of stimulated by transforming growth fact@t, J. Biol. Chem.
X-ray, Proc. Soc. Exp. Biol. Med. 129 (1968) 240-244. 273 (1998) 23611-23615.
[21] K.M. Prise, O.V. Belyakov, M. Folkard, B.D. Michael, Studies  [36] M.H. Barcellos-Hoff, T.A. Dix, Redox-mediated activation
of bystander effects in human fibroblasts using a charged of latent transforming growth fact@1, Mol. Endocrinol. 10

particle microbeam, Int. J. Radiat. Biol. 74 (1998) 793-798. (1996) 1077-1083.



100 WF. Morgan et al./Mutation Research 504 (2002) 91-100

[37] M.H. Barcellos-Hoff, How do tissues respond to damage at instability in the descendants of unirradiated surviving cells
the cellular level? The role of cytokines in irradiated tissues, after a-particle irradiation, Proc. Natl. Acad. Sci. U.S.A. 95
Radiat. Res. 150 (1998) S109-S120. (1998) 5730-5733.

[38] P.K. Narayanan, K.E. LaRue, E.H. Goodwin, B.E. Lehnert, [45] C. Mothersill, C. Seymour, Lethal mutations and genomic
a-Particles induce the production of interleukin-8 by human instability, Int. J. Radiat. Biol. 71 (1997) 751-758.
cells, Radiat. Res. 152 (1999) 57-63. [46] C.B. Seymour, C. Mothersill, T. Alper, High yields of lethal

[39] C.L. Limoli, A. Hartmann, L. Shephard, C.R. Yang, mutations in somatic mammalian cells that survive ionizing
D.A. Boothman, J. Bartholomew, W.F. Morgan, Apoptosis, radiation, Int. J. Radiat. Biol. 50 (1986) 167-179.
reproductive failure, and oxidative stress in Chinese hamster [47] C.B. Seymour, C. Mothersill, Delayed expression of lethal
ovary cells with compromised genomic integrity, Cancer Res. mutations and genomic instability in the progeny of
58 (1998) 3712-3718. human epithelial cells that survived in a bystander-killing

[40] C.R. Hunt, J.E. Sim, S.J. Sullivan, T. Featherstone, W. environment, Radiat. Oncol. Invest. 5 (1997) 106-110.
Golden, C.V. von Kapp-Herr, R.A. Hock, R.A. Gomez, A.J. [48] W.P. Chang, J.B. Little, Delayed reproductive death in
Parsian, D.R. Spitz, Genomic instability and catalase gene X-irradiated Chinese hamster ovary cells, Int. J. Radiat. Biol.
amplification induced by chronic exposure to oxidative stress, 60 (1991) 483-496.

Cancer Res. 58 (1998) 3986—3992. [49] W.P. Chang, J.B. Little, Delayed reproductive death as a

[41] L. Alvarez, J.W. Evans, R. Wilks, J.N. Lucas, J.M. Brown, dominant phenotype in cell clones surviving X-irradiation,
A.J. Giaccia, Chromosomal radiosensitivity at intrachro- Carcinogenesis 13 (1992) 923-928.
mosomal telomeric sites, Genes Chromosomes Cancer 8 [50] S.M. Clutton, K.M. Townsend, C. Walker, J.D. Ansell, E.G.
(1993) 8-14. Wright, Radiation-induced genomic instability and persis-

[42] J.P. Day, B.A. Marder, W.F. Morgan, Telomeres and their ting oxidative stress in primary bone marrow cultures,
possible role in chromosome stabilization, Environ. Mol. Carcinogenesis 17 (1996) 1633-1639.

Mutagen. 22 (1993) 245-249. [51] K. Baverstock, Radiation-induced genomic instability: a para-

[43] M.A. Kadhim, D.A. MacDonald, D.T. Goodhead, S.A. digm-breaking phenomenon and its relevance to environ-
Lorimore, S.J. Marsden, E.G. Wright, Transmission of mentally induced cancer, Mutat. Res. 454 (2000) 89-
chromosomal instability after plutoniumparticle irradiation, 109.

Nature 355 (1992) 738-740. [52] W.F. Morgan, Radiation-induced genomic instability and

[44] S.A. Lorimore, M.A. Kadhim, D.A. Pocock, D. Papworth, bystander effects: a paradigm shift in radiation biology,

D.L. Stevens, D.T. Goodhead, E.G. Wright, Chromosomal Military Med. 167 (2002) 44-45.



	Bystander effects in radiation-induced genomic instability
	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	References


