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Introduction

The importance of chromosome aberrations for evolution and their association with human health have
been recognized for almost a century. However, the mechanisms involved in the formation of chromosome
aberrations are still not well understood. Ionizing radiation is most efficient in inducing chromosome aber-
rations and the basic principles of aberration formation were laid out in the early 1930’s, even though the
molecular structure of the eukaryotic chromosome was not known at that time. Techniques to prepare and
stain chromosomes have improved gradually in the last decades, parallel with increased ability to identify
and quantify chromosome aberrations, thus leading to a better understanding of their origin. Use of colchi-
cine, squash technique for plant chromosomes, hypotonic shock for mammalian chromosomes, various
banding techniques in the 1960’s, sister chromatid differentiation in the early 1970’s and fluorescence in
situ hybridization (FISH) in the late 1980’s have been main break-throughs enabling us to study chromo-
some aberrations in great detail. Especially the increasing availability of whole chromosome-specific, arm-
specific, region-specific, centromere- and telomere-specific DNA probes has revolutionized the ways to look
at chromosomes and their aberrations.

The articles in this volume deal with chromosome structure, mechanisms of aberration formation and
applied aspects of aberration analyses. Papers which were presented at the 6th International Symposium on
Chromosome Aberrations held at the University of Duisburg-Essen, Germany (10th to 13th September,
2003) and a collection of invited papers in this field are included.

The first group of 14 papers deal with Basic Aspects of chromosome aberrations, such as DNA damage
processing in relation to aberration formation, the importance of non-homologous end joining, homologous
recombination and the nature of aberrations.

The role of telomeres and telomerase in maintaining the integrity of chromosomes is an important area
of research and five papers under Telomeres deal with this area.

Chromosome aberrations induced by ionizing radiation have been studied in great detail over the years
and data generated in the 1930’s and 1940’s were used as a quantitative basis for formulating theories to
explain the biological action of radiation. Knowledge of types and frequencies of lesions induced by ionizing
radiation, especially DNA double strand breaks, as well as the quantification of aberrations have increased
in the last decade and it has been possible to generate biophysical models for the origin of radiation-induced
chromosome aberrations. Three papers are presented under Modelling.

Papers dealing with ionizing radiation-induced chromosome aberrations are presented in two groups,
namely Low-LET-Radiation (eight papers) and High-LET-Radiation (nine papers). There are qualitative
and quantitative differences between chromosome aberrations induced by low LET (such as X-rays and
Á-rays) and high LET radiation (such as neutrons, heavy ions and radon). High LET radiation induces high
frequencies of complex chromosome exchanges and FISH studies have shed light on the origin of these types
of aberrations.

A fraction of chromosome aberrations induced in germ cells are transmitted to the next generation and
this is of great concern from the point of view of genetic risk. Four papers included under Heritable Effects
deal with this aspect.

Numerical and structural aberrations are important both in congenital abnormalities and tumors.
Studying micronuclei using centromere-specific probes can easily make assessment of aneuploidy as well as
chromosome breaks. Four papers are presented in the section Aneuploidy and Micronuclei.
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Sister chromatid exchanges (SCEs) are intrachromosomal exchanges probably reflecting a homologous
recombination process. Three papers dealing with mechanisms of formation of SCEs are presented under
Sister Chromatid Exchanges.

Cells derived from patients suffering from recessive diseases (such as ataxia telangiectasia, Fanconi ane-
mia, Bloom’s syndrome) are chromosomally unstable. The genetic basis of these diseases is understood now,
thanks to the molecular biological techniques, which have become available. Specific chromosome translo-
cations or deletions characterize many human cancers. Chromosome aberrations in lymphocytes of individ-
uals can be used as a biomarker of cancer risk. Twelve papers in this area of research are presented under the
heading Applied Aspects/Cancer.

The papers in this special issue show the importance of basic and applied aspects of studying chromo-
some aberrations. It becomes clear that this field of research is of great interest and by far not out of the
scope of modern science. Molecular cytogenetics is an especially rapidly expanding field and has contrib-
uted to our knowledge of chromosome structure and interphase nuclei, as well as the formation of chromo-
some aberrations. In the area of clinical genetics and oncology, these techniques have been of great value in
diagnosis and prevention of outcome of diseases. We strongly believe that the future for this area is very
bright.

We would like to thank Mrs. Rita Nadorf for her unfailing and devoted assistance in organizing the
symposium as well as in editing of this volume.

G. Obe
A.T. Natarajan
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Abstract. DNA double-strand breaks (DSB) are considered
the critical primary lesion in the formation of chromosomal
aberrations (CA). DSB occur spontaneously during the cell
cycle and are induced by a variety of exogenous agents such as
ionising radiation. To combat this potentially lethal damage,
two related repair pathways, namely homologous recombina-
tion (HR) and non-homologous DNA end joining (NHEJ),
have evolved, both of which are well conserved from bacteria to
humans. Depending on the pathway used, the underlying

mechanisms are capable of eliminating DSB without altera-
tions to the original genomic sequence (error-free) but also may
induce small scale mutations (base pair substitutions, deletions
and/or insertions) and gross CA (error-prone). In this paper, we
review the major pathways of DSB-repair, the proteins in-
volved therein and their impact on the prevention of CA for-
mation and carcinogenesis.

Copyright © 2003 S. Karger AG, Basel

Faithful maintenance and replication of the genetic material
is central to all living organisms. The integrity of the extremely
long and fragile DNA molecules is constantly challenged by
attack from agents arising from normal cell metabolism (e.g.
oxygen free radicals) and from environmental agents (e.g.
radiation and chemicals). The manifestation of such DNA
damage in the form of mutations may lead to altered or severely
impaired cell functions that may cause carcinogenesis or cell
death.

To counteract this potentially lethal damage, complex and
tightly regulated networks of repair mechanisms exist in all
organisms. These mechanisms are highly specialized for differ-
ent subsets of DNA lesions and are well conserved throughout
evolution. Lesions that affect only one DNA strand, such as

base modifications and mismatches, are excised and repaired
by using the intact complementary strand as a template to
restore the original sequence (base excision repair: BER; nu-
cleotide excision repair: NER; mismatch repair: MMR). De-
fects in these pathways (especially MMR) lead to a mutator
phenotype that is characterized by elevated levels of point
mutations and small deletions and/or insertions (Lengauer et
al., 1998). In contrast, double-strand breaks (DSB) and inter-
strand cross-links (ICL) affect both DNA strands so that no
intact template remains available for repair. These lesions are
especially genotoxic and, therefore, potent inducers of chromo-
somal aberrations (CA). Two major pathways, homologous
recombination (HR) and nonhomologous end joining (NHEJ)
are involved in the elimination of DSB (Pfeiffer et al., 2000).
Genetic defects in either of these pathways lead to a chromo-
somal instability phenotype which is characterized by elevated
levels of CA (Jasin, 2000; Ferguson and Alt, 2001; van Gent et
al., 2001).

Common CA, often observed in tumour cells, include, for
instance, the loss (deletion) or gain (insertion) of chromosome
fragments as well as reciprocal translocations in which chromo-
some arms are exchanged (Obe et al., 2002). While larger dele-
tions may lead to the inactivation of tumour suppressor genes
(e.g. by loss of heterozygosity; LOH), insertions and transloca-
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tions may be associated with deregulation of gene expression or
gene fusion, which may cause the activation of proto-oncogenes
(Lengauer et al., 1998). The biological significance of the differ-
ent DNA repair pathways for the prevention of carcinogenesis
is underscored by the pre-disposition to cancer at a young age of
patients carrying inherited mutations in DNA repair genes (e.g.
defects in MMR are associated with hereditary non-polyposis
colon cancer: HNPCC; deregulation of HR is associated with
familial breast cancer; defects in NHEJ are associated with a
variety of lymphomas) (Lengauer et al., 1998; Venkitaraman,
2000; Duker, 2002). Because of their importance for the main-
tenance of genome integrity and thus the prevention of tumou-
rigenesis, DNA repair genes have also been designated as “care-
takers” (Levitt and Hickson, 2002) in contrast to the so-called
“gate-keepers” (oncogenes and tumour suppressor genes),
which are involved in the regulation of cell cycle and growth
(Levine, 1997). In this review, we focus on the repair of DSB by
HR and NHEJ and their importance for the prevention and
formation of CA in mammalian cells.

Sources of DSB

The first evidence that DSB are potent inducers of CA came
from studies in which cells or animals were exposed to ionizing
radiation (IR), an agent that generates many different lesions of
which DSB are the most genotoxic (Ward, 2000). At relatively
low doses, IR does not cause cell death but markedly contrib-
utes to the formation of CA (Sachs et al., 2000). Later, treat-
ment of cells with restriction endonucleases (RE; enzymes that
induce only DSB), gave direct evidence that DSB are indeed
the primary lesion responsible for the formation of CA (Bryant,
1984; Natarajan and Obe, 1984). However, DSB are not only
induced by exogenous factors but also by a variety of endoge-
nous factors produced during the normal cellular metabolism
(e.g. oxygen free radicals) (Barnes, 2002). An estimated ten
DSB arise spontaneously in each S-phase because each single-
strand break (SSB) in a parental strand which is passed by the
replication fork may be converted to a DSB in the correspond-
ing sister chromatid (Haber, 1999). Finally, DSB are interme-
diates in such important processes as meiotic recombination,
which is essential for germ cell development (Dresser, 2000),
NHEJ-mediated V(D)J recombination of immunoglobin (Ig) or
T-cell receptor (Tcr) genes in B- and T-lymphocytes, respective-
ly (Bassing et al., 2002), Ig heavy class switching (Honjo et al.,
2002), and somatic hypermutation (Reynaud et al., 2003).

Mechanisms capable of eliminating DSB are subdivided in
homology-dependent and -independent processes. The former
are based on HR which requires extensive sequence homolo-
gies of several hundred base pairs to restore the original
sequence at the break site (error-free DSB repair). In contrast,
homology-independent processes are based on NHEJ, which
can completely dispense with sequence homology and is able to
rejoin any two DSB ends end-to-end. Thereby, it often creates
small sequence alterations at the break site (error-prone DSB
repair). Mammalian cells harboring defects in NHEJ or HR
display increased sensitivity to IR (and other clastogenic
agents) and elevated frequencies of spontaneous CA which

indicates that both mechanisms are involved in DSB repair and
counteract the formation of CA (Thacker and Zdzienicka,
2003). The relative contribution of these pathways to DSB
repair and the prevention of CA depend on the organism, cell
type and cell cycle stage. In yeast, DSB are primarily repaired
via HR while in higher eukaryotes, both NHEJ and HR are
important. However, marked differences in the preference of
pathway usage exist between different model systems (e.g.
DT40 chicken cells vs. mammalian cells) (van Gent et al.,
2001). In mammals, defects in both HR and NHEJ lead to a
predisposition to cancer and at the cellular level the frequency
of CA is increased.

Homology-dependent mechanisms

Homologous recombination is a universal process that is
highly conserved from bacteria to mammals. The best para-
digm for HR is found in meiosis where it serves to create genet-
ic diversity in germ cells (Keeney, 2001). However, HR also
plays important roles in the error-free repair of DSB in mitotic
cells (Richardson et al., 1998), in the restarting of stalled repli-
cation forks (Alberts, 2003), and in telomere length mainte-
nance in cells lacking telomerase (Neumann and Reddel, 2002).
Accordingly, defects in HR result in sensitivity to genotoxic
agents, mitotic and meiotic CA, and genome instability.

HR comprises conservative (error-free) DSB repair, which
is also called “gene conversion” (GC; this term is originally
derived from meiotic recombination but is nowadays also used
as a synonym for conservative HR occurring in mitotic cells)
and non-conservative (error-prone) single-strand annealing
(SSA) (Paques and Haber, 1999). In its core reaction, conserva-
tive HR utilizes a long DNA 3)-single-strand, generated exonu-
cleolytically from a DSB or a stalled replication fork, to invade
an intact DNA duplex at a site of sequence homology (d-loop
formation). There, homologous pairing is initiated followed by
formation of a Holliday junction (HJ) intermediate, branch
migration, and HJ resolution. This reaction finally results in
strand exchange in which the sequence information of the
intact donor is transferred to the broken recipient to yield two
intact DNA copies (= conservative). In meiotically dividing
germ cells, HR occurs between the two homologues resulting in
GC with associated cross-over (exchange between two alleles of
the same gene) and thus genetic diversity. In mitotic cells, HR
occurs with high preference (factor 100–1,000) between the
identical sister chromatids so that the original sequence is
restored at the break site (GC without associated cross-over)
(Johnson and Jasin, 2001). In this way, exchange between dif-
ferent alleles is suppressed, which otherwise could lead to LOH
by loss of the wild-type allele and the concomittant expression
of the recessive mutant allele. The high abundance of repetitive
sequences in the mammalian genome poses another problem to
conservative HR because erroneous strand exchange between
homologous sequences (such as repeat units) on heterologous
chromosomes (= ectopic or homeologous recombination) can
cause CA in the form of reciprocal translocations (Richardson
et al., 1998).
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In contrast to the conservative HR, the non-conservative
SSA process utilizes two regions of sequence homology (e.g.
repeat units) within the same or two different chromosomes,
which results in the loss of one repeat unit and the intervening
sequence (= non-conservative) (Paques and Haber, 1999).
Intra-chromosomal SSA leads to interstitial deletions, inter-
chromosomal SSA to translocations that are associated with
deletions. Therefore, SSA may be regarded as an error-prone
sub-pathway of HR (Venkitaraman, 2002). Like HR, SSA is
also initiated by long DNA single strands that originate from a
DSB. These, however, do not invade an intact DNA duplex
(and thus do not result in strand exchange) but interact with
each other directly via their shared regions of sequence homolo-
gy (as little as F30 bp but typically several hundred bp).

In the yeast Saccharomyces cerevisiae, conservative HR
requires (among several accessory proteins like RPA, DNA
polymerases, ligases, and nucleases) nine specialized recombi-
nation proteins of the Rad52 epistasis group (Rad51p, Rad52p,
Rad54p, Rad55p, Rad57p, Rad59p) as well as Rad50p,
Mre11p and Xrs2p (Haber, 2000). All these proteins are highly
conserved and some of them possess several homologues in ver-
tebrate cells. Homozygous loss of the recA-like strand exchange
protein Rad51p is lethal in mammalian cells (Sonoda et al.,
1998). The catalytic activity of Rad51p is fundamental for HR:
many Rad51p monomers bind the long DSB-derived 3)-single
strand to form a nucleoprotein filament which invades a
homologous duplex (Eggler et al., 2002). Thereafter, Rad51p
catalyses the strand exchange reaction. The importance of this
reaction is reflected by the existence of five RAD51 para-
logues in mammalian cells (RAD51B/RAD51L1; RAD51C/
RAD51L2; RAD51D/ RAD51L3; XRCC2; XRCC3) some of
which interact with each other and with Rad51p and probably
modulate its activity in dependence of the corresponding task.
Interestingly, homozygous loss of most of the RAD51 paralo-
gues leads to embryonic lethality, and strong reduction of HR
accompanied by simultaneous increase of CA frequency on the
cellular level which indicates the important role of these genes
in HR (Thacker and Zdzienicka, 2003). While Rad52p plays a
central role in S. cerevisiae, its loss does not cause a visible phe-
notype in mammalian cells indicating that there might be back
up proteins for Rad52p (e.g. Rad59p) (Rijkers et al., 1998).
Rad52p forms heptameric rings that bind to the ends of long
DNA single-strands and probably help to promote the forma-
tion and/or stabilization of the Rad51p nucleoprotein filament
(Benson et al., 1998; Stasiak et al., 2000). DNA-bound Rad52p
furthermore promotes the annealing of homologous DNA sin-
gle strands, the basic reaction of the error-prone SSA-pathway
for which Rad51p is not required (Reddy et al., 1997; Kagawa
et al., 2001). Rad55p and Rad57p form a heterodimer that also
assists the formation of the Rad51p nucleoprotein filament
(Sung, 1997). Rad54p is a chromatin remodeling ATPase that
interacts with Rad51p and stabilises the nucleoprotein filament
(Jaskelioff et al., 2003; Mazin et al., 2003). In mammalian cells,
Rad54p plays a key role in sister chromatid recombination
while its homologue Rad54Bp appears to participate in inter-
chromosomal transactions (Miyagawa et al., 2002). Rad59p
apparently interacts with Rad52p and augments its SSA-activi-
ty (Davis and Symington, 2001). In yeast, Rad59p plays a role

in ectopic HR that depends on the presence of Rad52p but is
independent of the function of Rad51p (SSA) (Jablonovich et
al., 1999). Therefore, Rad59p may act in a salvage mechanism
that operates when the Rad51p nucleoprotein filament is not
functional.

The Rad50p-Mre11p-Nbs1p protein complex is essential
for several different processes such as HR, SSA, NHEJ, telo-
mere maintenance, induction of meiotic DSB, regulation of the
G2/M cell cycle checkpoint, and chromatin structure (Haber,
1998). The components of the protein complex are conserved
between yeast and mammalian cells and the bacterial homolo-
gues of RAD50 and MRE11 are the SbcC and SbcD genes,
respectively (Connelly and Leach, 2002). Mre11p is a nuclease
that is involved in generation of the long DNA single-strands
from DSB termini which are required for HR and SSA. Com-
plete inactivation of MRE11 or RAD50 is lethal in mammalian
cells (Xiao and Weaver, 1997; Luo et al., 1999). Mutations in
the NBS1 gene, the human orthologue of the yeast XRS2 gene,
cause Nijmegen Breakage Syndrome (NBS), a recessive heredi-
tary disorder that is similar to Ataxia telangiectasia (AT) (Va-
ron et al., 1998; Carney et al., 1998). Non-null mutations in the
human MRE11 gene (hMRE11), which result in partial loss of
function (hypomorphic), also cause an AT-like disorder
(ATLD) (Stewart et al., 1999). Cells from patients with NBS,
AT, or ATLD are extremely sensitive to DSB-inducing agents
and display radiation-resistant DNA synthesis (RDS) after irra-
diation with IR, and NBS1-deficient cells show reduced levels
of HR (Tauchi et al., 2002). The finding that the ATM kinase
(the protein defective in AT cells) phosphorylates Nbs1p after
damage induction indicates a further role of the Rad50p-
Mre11p-Nbs1p complex in damage-dependent cell cycle regu-
lation (S-phase check point) (Petrini, 1999).

Because of the high content of repetitive DNA in the mam-
malian genome, tight regulation of HR is essential to prevent
ectopic recombination and thus the formation of CA. Here, the
products of the breast cancer tumour suppressor genes BRCA1
and BRCA2 play a fundamental role (Venkitaraman, 2002).
Both genes encode very large proteins (1,833 aa and 3,418 aa),
which are expressed in the nucleus during S- and G2-phase.
They share little similarity with each other, and no orthologues
have yet been identified in invertebrates. Complete inactiva-
tion of BRCA1 or BRCA2 leads to cellular lethality and hypo-
morphic mutations cause high frequencies of CA indicating
that both proteins are involved in the maintenance of chroma-
tin structure (Ludwig et al., 1997). Furthermore, both proteins
appear to function in DNA repair, recombination, cell cycle
control, and regulation of transcription. By binding of several
Rad51p monomers via its eight central BRC-repeat motifs
(each F30–40 aa), Brca2p inhibits formation of the Rad51p
nucleoprotein filament and thus regulates the availability and
activity of Rad51p to prevent undesired HR reactions during
normal cell metabolism (Davies et al., 2001). This model is sup-
ported by the observation that cells with BRCA2 deficiency
perform less accurate HR but instead more error-prone SSA
that does not require Rad51p (Tutt and Ashworth, 2002). If
this model was correct, the Rad51p-Brca2p complex would
have to be activated by DNA damage or replication arrest (e.g.
by an ATM-mediated phosphorylation cascade). This activa-
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tion could lead to a steric alteration of the Rad51p-Brca2p com-
plex and thus to a controlled loading of a DNA single-strand
with Rad51p (Davies et al., 2001).

The role of Brca1p in the HR reaction is less well defined.
One of many different interactors of Brca1p is the Rad50p-
Mre11p-Nbs1p complex (Zhong et al., 1999; Wang et al.,
2000). Since Brca1p binds directly to DNA and inhibits the
nuclease activity of Mre11p in vitro, it is possible that Brca1p
regulates the length of the DNA single strands generated by
Mre11p at the DSB (Paull et al., 2001). This is also supported
by the finding that HR and SSA (both need long single strands)
but not NHEJ are impaired in BRCA1 deficient cells. Brca1p
probably also plays a more general role in signaling of DSB and
the following regulation cascades because it is phosphorylated
by the ATM and CHK2 kinase after IR-irradiation (Wang et
al., 2000). Furthermore, Brca1p appears to be involved in chro-
matin remodelling after damage induction because Brca1p foci
appear very early at sites of induced DSB (Celeste et al., 2003).
Together with Bard1p, Brca1p forms a heterodimer exhibiting
E3 ubiquitin ligase activity, which is possibly involved in the
degradation of proteins responsible for RNA stability by poly-
adenylation (Ruffner et al., 2001; Hashizume et al., 2001). Such
an enzymatic function of Brca1p would have profound conse-
quences for the stability and activity of the corresponding sub-
strate proteins and could help to explain the diverse biological
funtions of Brca1p.

A further connection to HR and the two BRCA genes
emerges from the investigation of the FANC genes which are
defective in the hereditary disease Faconi anaemia (FA) (Ste-
wart and Elledge, 2002; D’Andrea and Grompe, 2003). Cells
derived from FA patients display increased sensitivity towards
DSB- and ICL-inducing agents and highly elevated frequencies
of CA. ICL completely block transcription and replication and
are probably converted to a DSB intermediate, which is subse-
quently repaired by HR. This thesis is supported by the obser-
vation that cells with defects in BRCA1 and BRCA2 or
RAD51C display extremely increased sensitivity towards ICL-
inducing agents and strongly elevated frequencies of sponta-
neous CA. With the exception of FANC-B, all other known
FANC genes (-A, C, D1, D2, E, F, G) have been cloned. Inter-
estingly, the corresponding proteins neither share homology
with each other nor with other known proteins, and no homolo-
gues have yet been identfied in invertebrates. At least five pro-
teins (FancAp, Cp, Ep, Fp, Gp) form a larger stable complex
that regulates the (possibly Brca1p-mediated) ubiquitination of
FancD2p after ICL induction, which then is recruited to
Rad51p containing repair foci. Furthermore, FancD2p inter-
acts with Nbs1p and is phosphorylated by the ATM kinase after
IR irradiation (Nakanishi et al., 2002). The fact that patients
belonging to the FANC-D1 complementation group harbour
hypomorphic mutations within the BRCA2 gene, lead to the
surprising finding that FANC-D1 (and probably also FANC-B)
is identical with BRCA2 (Howlett et al., 2002). This and the
fact that FancAp interacts directly with Brca1p and FancGp
interacts with Brca2p/FancD1p implies a role of the FANC
gene products in the HR mediated repair of DSB and ICL (Fol-
ias et al., 2002; Hussain et al., 2003).

Homology-independent mechanisms

In contrast to HR which is most active through late S/G2-
phase of the cell cycle, the homology-independent NHEJ path-
way is active during all cell cycle phases and appears to play a
major role in eliminating spontaneous and IR-induced DSB
during G1 and G0 phases (Rothkamm et al., 2003). Further-
more, it is essential for the repair of DSB occurring during
V(D)J recombination and Ig class switch (Jackson and Jeggo,
1995). NHEJ is able to join DNA ends directly in the absence of
sequence homology and thus to restore an intact DNA duplex.
However, the original sequence is only precisely restored if two
complementary ends are re-ligated. In contrast, two non-com-
plementary ends first have to be processed by DNA polymer-
ases and/or nucleases to yield a ligatable structure. These modi-
fications lead to small scale alterations in the range of a few
base pairs or kilobases, which are only detectable by restriction
mapping or sequence analysis. If ends that originate from dif-
ferent chromosomes are erroneously rejoined, CA (e.g. translo-
cations and dicentrics) may arise (Pfeiffer, 1998).

Obviously, NHEJ is – in contrast to conservative HR – inac-
curate and can cause mutations. Considering this mutagenic
potential, it is surprising that mammalian cells preferentially
use the NHEJ pathway for DSB repair (Wang et al., 2001). This
could be related to the independence of NHEJ of sequence
homology, which facilitates repair in G0 and G1. Independence
of sequence homology and the fact that the majority of cells are
in G1 might also be responsible for the remarkably high effi-
ciency of this pathway (in an HR-deficient background, the
majority of IR-induced DSB is repaired by NHEJ after only
one hour) (Wang et al., 2001). The consequences of NHEJ-
mediated DSB repair should be tolerable if the number of ini-
tial DSB remains small so that originally connected ends are
rejoined with high preference. The probability that small
sequence alterations at break points affect a critical region of an
essential expressed gene is expected to be low because of the
low proportion of coding sequences in the mammalian genome
(F1%). If, still, an essential gene was affected in diploid cells,
the intact allele could compensate for the defective one, and
irreversibly damaged cells could be eliminated by apoptosis.
Thus, NHEJ-mediated DSB repair is expected to cause disad-
vantageous mutations and CA only in a few cases.

The investigation of different hamster cell lines displaying
extreme sensitivity to IR and defects in DSB repair led to the
identification of the genes XRCC4 to XRCC7 and LIG4 (Jeg-
go, 1998; Thacker and Zdzienicka, 2003). All five genes are
essential for NHEJ-mediated DSB repair and V(D)J recombi-
nation, and XRCC4 and LIG4 also perform essential functions
in early embryonic development (Barnes et al., 1998; Gao et al.,
1998). The corresponding gene products are Xrcc4p, which
forms a protein complex with DNA ligase IV (Lig4p) and great-
ly stimulates ligation activity (Grawunder et al., 1997).
XRCC5, 6, and 7 encode the three components of the DNA
dependent protein kinase (DNA-PK), which consists of the
Ku70/Ku80 heterodimer and the catalytic sub-unit of the
kinase (DNA-PKCS) (Featherstone and Jackson, 1999a, b). Loss
of any of the three components causes the SCID (severe com-
bined immuno deficiency) phenotype in mice (Jackson and
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Jeggo, 1995). Because of its ability to bind with high preference
to DNA ends in a sequence-independent manner, the Ku70/80
heterdimer probably functions as an alignment factor that
binds to DSB ends and subsequently stimulates their alignment
and ligation by Lig4p (Thode et al., 1990; Feldmann et al.,
2000). The latter two steps require the interaction of Ku with
DNA-PKCS. DNA-PKCS also participates in signal transduction
after DNA damage and the recruitment of further repair
enzymes to the DSB site (Jackson, 2002).

Before Lig4p can catalyse the final NHEJ reaction step of
DNA backbone ligation, most DSB ends have to be converted
into ligatable structures by DNA nucleases and/or polymerases.
The enzymes involved in these steps are not yet well defined,
but PolÌ is implicated in the filling of small single-stranded (ss)
gaps (Cooper et al., 2000; Mahajan et al., 2002). Mutations in
the recently cloned Artemis gene cause the human radiosensi-
tive SCID (RS-SCID) phenotype (Moshous et al., 2001). The
gene encodes a member of the metallo-ß-lactamase superfami-
ly, a nuclease that is essential for the opening of the hairpin
intermediates that occur during V(D)J recombination (Ma et
al., 2002). Its endonucleolytic activity on ss overhangs suggests
an additional role in the trimming of complex IR-induced DSB
ends during NHEJ (Jeggo and O’Neill, 2002). Finally, the
Rad50p-Mre11p-Nbs1p complex also participates in NHEJ.
This is supported by the fact that Mre11p interacts with Ku70
in mammalian cells and that mutations in the three yeast
homologues lead to a 50- to 100-fold decrease of NHEJ in a
RAD52 background (Critchlow and Jackson, 1998; Goedecke
et al., 1999). Although the precise role of the Rad50p-Mre11p-
Nbs1p complex in NHEJ is yet unclear it is possible that the
nucleolytic activities of Rad50p and Mre11p are involved in
the removal of unpaired bases. Furthermore, Rad50p possesses
long flexible hooks (Cys–X–X–Cys motif), which – together
with Mre11p – can form complexes supposed to function as
bridges between two sister chromatids or two DSB ends (de Jag-
er et al., 2001). How and in which order the Ku70/80 hetero-
dimer and the Rad50p-Mre11p-Nbs1 complex interact with
each other in the NHEJ reaction is not yet clarified.

Apart from the “classical” Ku-dependent NHEJ pathway,
there exists at least one more, Ku-independent NHEJ pathway
that is error-prone because it generates mostly small deletions
carrying microhomologies (small homology patches of 1–7 bp)
at their break points, which are reminiscent of the SSA pathway
(Göttlich et al., 1998; Feldmann et al., 2000). This slower back-
up NHEJ pathway appears to take over in cells in which the
more efficient (20–30 fold faster) Ku-dependent NHEJ path-
way is inactivated due to mutations in XRCC4 to XRCC7, or
LIG4, respectively (Wang et al., 2001, 2003). Because of its
error-proneness, the Ku-independent pathway could be respon-
sible for the formation of certain complex translocations found
in some aggressive B-cell lymphomas that arise in NHEJ-defi-
cient mice as a result of incorrectly re-joined V(D)J interme-
diates (Roth, 2002). The factors participating in this NHEJ
mechanism are presently unknown. Due to the high frequency
of deletions with characteristic sequence homologies at their
break points, it cannot be excluded, however, that the backup
NHEJ pathway recruits components of the SSA pathway (e.g.
Rad50p-Mre11p-Nbs1p; Rad52p).

Conclusions

The recent research on DSB repair pathways has not only
provided insights in the functioning of these mechanisms but
has also shown that the number of proteins and the complexity
of their interactions is much larger than previously anticipated.
Surprisingly, many proteins do not only function in one single
but several different pathways (e.g. Rad50p-Mre11p-Nbs1p).
This may, in part, explain the pleiotropic phenotypes of cells
carrying mutations in the corresponding genes. Such complex
interactions between proteins within different pathways re-
quires tight regulation within the cell cycle which is achieved by
post-translational modifications such as phosphorylation, ubi-
quitination, or sumoylation.

Another, most interesting question concerns the regulation
of pathway selection. NHEJ appears to be most active when
HR is not possible due to the absence of a homologous donor
sequence. Thus, HR is most active and important during late
S/G2-phase, where it is coupled to replication and participates
in the repair of replication-induced DSB and the restarting of
stalled replication forks. On the other hand, the Ku-dependent
NHEJ pathway is probably responsible for the repair of DSB
during G0 and G1. This view is supported by recent reports
showing that not only eukaryotes but also some bacteria (e.g.
B. subtilis) and archaea possess operons that encode functional
NHEJ components (YKoV = Ku70/80; YKoU = Lig4 plus
associated nuclease and primase) (Aravind and Koonin, 2001;
Doherty et al., 2001; Weller and Doherty, 2001). This unex-
pected finding not only provides new evolutionary insights into
the core biochemistry of NHEJ but also suggests that selection
of NHEJ in bacteria, and perhaps eukaryotes, might be driven
by prolonged periods of mitotic exit. Many microorganisms,
including NHEJ-containing prokaryotes, initiate a defined cel-
lular state of prolonged cell cycle exit (stationary phase) in
response to environmental stress. Therefore, NHEJ might be
especially efficient in stationary phase to counteract DSB
induced by heat, dessication and other factors. NHEJ might
also participate in “adaptive mutagenesis” postulated as a
mechanism for genome diversification under stress during sta-
tionary phase which is independent of RecA in B. subtilis. Thus
it is possible that NHEJ is activated in preference to HR during
prolonged periods of mitotic exit (Wilson et al., 2003).

In summary, the data reviewed here show that mammalian
cells possess different highly efficient mechanisms to deal with
DSB in different situations. Of these DSB repair pathways,
only HR is usually highly accurate while SSA and NHEJ are
error-prone because they generate small scale mutations in the
form of deletions and/or insertions. When malfunctioning, all
three pathways have the potential to generate CA which may be
regarded as the light microscopically visible part of a much larg-
er spectrum of mutations induced by these mechanisms. This
becomes especially obvious in cells carrying mutations in the
corresponding HR and NHEJ repair genes because these cells
exhibit highly elevated frequencies of spontaneous CA. This
shows that the same mechanisms that usually prevent the for-
mation of deleterious CA are also responsible for the formation
of CA when DSB induced in different chromosomes are errone-
ously rejoined or recombined.
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Abstract. It is widely accepted that unrepaired or misre-
paired DNA double strand breaks (DSBs) lead to the formation
of chromosome aberrations. DSBs induced in the DNA of high-
er eukaryotes by endogenous processes or exogenous agents can
in principle be repaired either by non-homologous endjoining
(NHEJ), or homology directed repair (HDR). The basis on
which the selection of the DSB repair pathway is made remains
unknown but may depend on the inducing agent, or process.
Evaluation of the relative contribution of NHEJ and HDR spe-
cifically to the repair of ionizing radiation (IR) induced DSBs is
important for our understanding of the mechanisms leading to
chromosome aberration formation. Here, we review recent
work from our laboratories contributing to this line of inquiry.
Analysis of DSB rejoining in irradiated cells using pulsed-field
gel electrophoresis reveals a fast component operating with half
times of 10–30 min. This component of DSB rejoining is
severely compromised in cells with mutations in DNA-PKcs,
Ku, DNA ligase IV, or XRCC4, as well as after chemical inhibi-
tion of DNA-PK, indicating that it reflects classical NHEJ; we
termed this form of DSB rejoining D-NHEJ to signify its
dependence on DNA-PK. Although chemical inhibition, or
mutation, in any of these factors delays processing, cells ulti-
mately remove the majority of DSBs using an alternative path-
way operating with slower kinetics (half time 2–10 h). This
alternative, slow pathway of DSB rejoining remains unaffected
in mutants deficient in several genes of the RAD52 epistasis
group, suggesting that it may not reflect HDR. We proposed
that it reflects an alternative form of NHEJ that operates as a

backup (B-NHEJ) to the DNA-PK-dependent (D-NHEJ) path-
way. Biochemical studies confirm the presence in cell extracts
of DNA end joining activities operating in the absence of DNA-
PK and indicate the dominant role for D-NHEJ, when active.
These observations in aggregate suggest that NHEJ, operating
via two complementary pathways, B-NHEJ and D-NHEJ, is
the main mechanism through which IR-induced DSBs are
removed from the DNA of higher eukaryotes. HDR is consid-
ered to either act on a small fraction of IR induced DSBs, or to
engage in the repair process at a step after the initial end join-
ing. We propose that high speed D-NHEJ is an evolutionary
development in higher eukaryotes orchestrated around the
newly evolved DNA-PKcs and pre-existing factors. It achieves
within a few minutes restoration of chromosome integrity
through an optimized synapsis mechanism operating by a
sequence of protein-protein interactions in the context of chro-
matin and the nuclear matrix. As a consequence D-NHEJ
mostly joins the correct DNA ends and suppresses the forma-
tion of chromosome aberrations, albeit, without ensuring resto-
ration of DNA sequence around the break. B-NHEJ is likely to
be an evolutionarily older pathway with less optimized synap-
sis mechanisms that rejoins DNA ends with kinetics of several
hours. The slow kinetics and suboptimal synapsis mechanisms
of B-NHEJ allow more time for exchanges through the joining
of incorrect ends and cause the formation of chromosome aber-
rations in wild type and D-NHEJ mutant cells. 

Copyright © 2003 S. Karger AG, Basel

DNA double strand breaks (DSBs) can be induced in the
genome of eukaryotic cells by endogenous processes associated
with oxidative metabolism, errors during DNA replication
and various forms of site-specific DNA recombination, as well
as by exogenous agents such as ionizing radiation (IR) and
chemicals. DSBs disrupt the integrity of the genome and are
therefore severe lesions, which, if unrepaired or if misre-
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paired, can cause genomic instability and cancer, mutations,
or cell death.

Three enzymatically distinct processes, homology directed
repair (HDR), single strand annealing (SSA), and non-homolo-
gous end joining (NHEJ) can, in principle, repair DSBs with a
different degree of fidelity (Jackson, 2002; Khanna and Jack-
son, 2001; Thompson and Limoli, 2003). HDR removes DSBs
by utilizing homologous DNA segments, on the same or differ-
ent DNA molecules, and restores faithfully the original DNA
sequence around the break. SSA removes DSBs by annealing
the DNA segment containing the break with a homologous seg-
ment on the same DNA molecule while excising intervening
non-homologous segments. The process restores the DNA se-
quence around the break, but is associated with a loss of genetic
material; it is therefore a mutagenic process. Finally, NHEJ
removes DSBs from the genome by simply joining the DNA
ends without homology requirements and without ensuring
sequence restoration around the break.

While single strand annealing, predominantly documented
in yeast (Paques and Haber, 1999), makes an uncertain contri-
bution in higher eukaryotes, NHEJ and HDR are documented
processes with well developed enzymatic machineries that have
been implicated in DSB repair in higher eukaryotes (Jackson,
2002; Khanna and Jackson, 2001; Thompson and Limoli,
2003). Model systems developed for studying the role of HDR
in DSB repair have provided estimates that this process
accounts for the removal of approximately 50% of the DSBs
induced by a rare cutting restriction endonuclease, I-Sce I (Ja-
sin, 2000; Pierce et al., 2001). The remaining breaks are
thought to be repaired by NHEJ.

It is not immediately clear whether similar estimates regard-
ing the involvement of HDR and NHEJ also hold for IR-
induced DSBs. Notably, estimates from DSB repair kinetics in
mutants with defects in homologous recombination (see below)
suggest a much lower HDR contribution and implicate NHEJ
in the removal of the majority of IR-induced DSBs. Discrepan-
cies regarding the contribution of different repair mechanisms
between results obtained with restriction endonuclease-in-
duced DSBs and IR-induced DSBs raise the possibility that the
type of ends presented to the repair machineries contributes to
pathway selection as it has been suggested for yeast (Lewis and
Resnick, 2000; Lewis et al., 1999). We focus therefore here on
IR-induced DSBs.

There is evidence that most common chromosome aberra-
tions observed in cells exposed to IR derive either from unre-
paired or misrepaired DSBs (Bryant, 1984, 1988; Natarajan,
2002; Natarajan et al., 1986; Obe et al., 2002; Pfeiffer et al.,
1996). It is likely that pathway selection for the removal of
these lesions from the genome will also determine the probabil-
ity that a particular DSB will remain unrepaired, or how it will
be misrepaired to a chromosomal aberration. Therefore, infor-
mation on the pathways involved in the repair of DSBs, will
have profound consequences for our understanding of the
mechanisms of chromosome aberration formation. Key ques-
tions remain regarding the identity of the pathways involved
and the characterization of their relative contribution. To
address this question we have undertaken systematic genetic
and biochemical studies focusing on the mechanisms of rejoin-

Fig. 1. Rejoining of DSB as measured by pulsed-field gel electrophoresis
in M059J and M059K cells exposed to IR. Note the difference in the kinetics
between wild type (M059K) and DNA-PKcs deficient M059J cells. The
insert shows similar results obtained with cells treated with wortmannin.

ing of IR-induced DSBs. Below we summarize key findings
from these studies and discuss them from the perspective of
chromosome aberration formation.

Fast rejoining of DSBs through DNA-PK-dependent NHEJ
(D-NHEJ)
We evaluated DSB rejoining in irradiated cells of different

genetic backgrounds using pulsed-field gel electrophoresis. The
rationale was to combine a methodology allowing quantitative
analysis of the rejoining kinetics, with mutants defective in a
specific repair pathway to delineate the contribution of NHEJ
and HDR in the processing of IR-induced DSBs. As a possible
outcome we anticipated a relatively fast removal of DSBs by
NHEJ and a slower removal, following kinetics similar to those
observed in yeast, for DSBs repaired by HDR.

The contribution of DNA-PK dependent NHEJ in the pro-
cessing of IR-induced DSBs can be analyzed by evaluating the
kinetics of rejoining in cells defective in components of the
DNA-PK complex. Initial studies were carried out using as a
biological system M059J and M059K cells. M059J cells are
radiosensitive compared to their isogenic counterpart, M059K,
and the increased radiosensitivity is caused by a defect in
DNA-PK activity resulting from a mutation in DNA-PKcs (Al-
lalunis-Turner et al., 1993; Anderson et al., 2001; Lees-Miller et
al., 1995). Figure 1 depicts previously described kinetics of
DSB rejoining in these cell lines (DiBiase et al., 2000). The data
indicates that in M059K cells, approximately 80% of the
breaks are rejoined in less than 2 h; rejoining is practically com-
plete within 6 h. The kinetics is biphasic and dominated by a
fast component operating with half-times of approximately
20 min removing over 80% of the induced DSBs. It is followed
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Fig. 2. Results similar to those described in Fig. 1 but for DT40 cells and
various mutants obtained by targeted gene disruption. The lines drawn for
RAD51–/– and Rad54–/– cells are practically identical and cannot be discrimi-
nated from each other.

by a slow component that rejoins remaining DSBs with a half
time of 10–12 h (DiBiase et al., 2000).

In M059J cells rejoining is impaired with fewer breaks
rejoined at any given time as compared to M059K cells (Fig. 1).
Despite this deficiency, biphasic kinetics is observed with half
times for the fast and slow components similar to those of
M059K cells. Yet, in M059J cells less than 30% of DSBs are
removed with fast kinetics. At 24 h, the DSB repair signal
reaches values only slightly higher than those measured in
M059K cells, suggesting nearly complete rejoining of DSBs.
Thus, in M059J cells, DNA-PK deficiency reduces the fraction
of DSBs removed with fast kinetics, but does not gravely reduce
the overall fraction of DSBs rejoined, as compared to wild type
cells; this is in agreement with results obtained with scid cells
(Nevaldine et al., 1997). Because longer repair times are
required to evaluate the fate of IR-induced DSBs in mutants
with defects in components of DNA-PK, earlier studies includ-
ing measurements for only up to 4–6 h gave the incorrect
impression that nearly 50% of IR-induced DSBs remained
unrepaired. A crucial conclusion from the observation that
M059J cells ultimately rejoin the majority of IR induced DSBs
is that human cells, and probably cells of higher eukaryotes in
general, are equipped with a DSB rejoining apparatus that
remains active in the absence of DNA-PK, and which can
remove nearly all DSBs from the genome (DiBiase et al., 2000).

Similar results were obtained in experiments using mutants
deficient in Ku (Wang et al., 2001a) and DNA ligase IV (Wang
et al., 2001b), as well as wild type cells exposed to wortmannin
to chemically inactivate DNA-PK (Wang et al., 2001b), indi-
cating the generality of the observations. In addition, recent
experiments using premature chromosome condensation to
visualize interphase chromosomes in human lymphocytes have

provided results similar to those described above at much lower
doses of radiation (to be described in detail elsewhere). In
aggregate these findings allow the following conclusions. First,
the fast component of DSB rejoining is DNA-PK- and DNA
ligase IV-dependent as it becomes significantly compromised
when these factors are inactivated, chemically or genetically.
An estimated 20–30% of DSBs that rejoined in M059J cells
and other mutants with similar defects, with fast kinetics may
be due to residual activity, as treatment of M059J cells with
wortmannin reduces this fraction to less than 10% (insert in
Fig. 1). We proposed to term this component of DSB rejoining
D-NHEJ to indicate that it reflects DNA-PK-dependent
NHEJ. Second, the slow component of DSB rejoining is a
DNA-PK-independent process, as it remains active in DNA-
PK and DNA ligase IV deficient cells. This component of DSB
rejoining was a good candidate for HDR based on its slow
kinetics, and characterization of its nature, the goal of a subse-
quent series of investigations.

Slow rejoining of DSBs may not be attributed to HDR
We carried out genetic studies to systematically evaluate the

role of genes implicated in homologous recombination in the
rejoining of IR-induced DSBs with particular emphasis on the
slow component. We employed as a model DT40 cells, a chick-
en B cell line which relies on gene conversion to generate immu-
noglobulin diversity (Bezzubova and Buerstedde, 1994) and
which has as a result 1000-fold upregulated levels of homolo-
gous recombination compared to mammalian cells (Buerstedde
and Takeda, 1991). This increase in homologous recombina-
tion greatly facilitates the generation of mutants by gene target-
ing and enables an evaluation of the role of HDR in DNA DSB
rejoining.

Figure 2 shows a summary of previously published results of
pulsed field gel electrophoresis experiments carried out using
DT40 cells (Wang et al., 2001a). When fitted to the sum of
two exponential functions repair half-times of approximately
13 min and 4.5 h are calculated for the fast and the slow compo-
nents of rejoining, respectively. It is estimated that 78% of the
DSBs are removed by the fast component and 22% by the slow
component of rejoining. These values are similar to those dis-
cussed above and indicate that despite the 1000-fold increase in
homologous recombination, DT40 cells remove DSBs from
their genome with a similar relative distribution between the
fast and the slow component as mammalian cells. Similar to the
results with M059K cells treatment with 20 ÌM wortmannin
inhibited rejoining, and fitting estimated that 37 % and 63 % of
the DSBs were processed with fast and slow kinetics, respec-
tively (Fig. 2).

To further evaluate the role of HDR in DSB rejoining we
studied DT40 mutants generated by targeted disruption of
genes involved in HDR. Figure 2 includes results obtained with
a conditional Rad51 mutant tested under conditions suppress-
ing expression of RAD51 (Sonoda et al., 1998). It is evident that
this deficiency is not accompanied by a measurable defect in
DSB rejoining. Analysis of RAD51B–/– DT40 cells indicates
mild radiosensitivity to IR and suggests roles in homologous
recombination for this protein distinct from those of Rad51
and other proteins of the RAD52 epistasis group (Takata et al.,



Cytogenet Genome Res 104:14–20 (2004) 17

2000). Yet, RAD51B–/– cells rejoin DSBs as efficiently as wild
type cells. RAD52–/– DT40 mutants show no hypersensitivity to
killing by IR (Yamaguchi-Iwai et al., 1998) and, not surprising-
ly, DSB rejoining kinetics indistinguishable from those of wild
type cells. Deletion of RAD54 in DT40 renders cells radiosensi-
tive to killing (Bezzubova et al., 1997; Takata et al., 1998). Fig-
ure 2 shows that despite these defects, DSB rejoining proceeds
in RAD54–/– rapidly and with kinetics similar to those of wild
type cells.

The above results failed to demonstrate a detectable role of
HDR in DSB rejoining. However, it could be argued that actual
defects in HDR deficient cells are masked by an overly active
and extremely fast NHEJ apparatus that is capable of efficient-
ly removing DSBs from the genome, thus limiting the possible
consequences of HDR defects. We tested this by comparing
rejoining of DSBs between a KU70–/– and KU70–/–/RAD54–/–

double knockout (Takata et al., 1998). The double mutant
showed kinetics similar to that of KU70–/– cells (Wang et al.,
2001a) suggesting that even disruption of RAD54 on a KU70–/–

background does not significantly affect the kinetics of DSB
rejoining.

Thus, a 1000-fold increase in the potential for homologous
recombination in DT40 cells, targeted disruption of genes criti-
cal for homologous recombination such as RAD51, RAD51B,
RAD52 and RAD54, and even double mutations in KU70–/–

/RAD54–/– produce no measurable alterations in the rejoining
kinetics. In aggregate these observations are not compatible
with a role of HDR in the slow component of DSB rejoining.
But if no HDR then which process underlies the slow form of
DSB rejoining? Based on the above observations and on reports
that the slow component of DSB rejoining is error-prone
(Evans et al., 1996; Loebrich et al., 1995) we proposed that it
represents a second form of NHEJ distinct from the DNA-PK
dependent D-NHEJ (Wang et al., 2001a). Under normal cir-
cumstances, D-NHEJ dominates rejoining and quickly re-
moves DSBs from the genome. However, when D-NHEJ is
compromised, DSB rejoining is not halted but is brought to
near completion by this alternative pathway that acts as a back-
up – thus the term B-NHEJ. Extensive literature addressing
DNA end joining from a different angle also points to the oper-
ation of alternative, DNA-PK independent, pathways of NHEJ
in cells of higher eukaryotes preferentially utilizing terminal
homologies of a few nucleotides which may be equivalent to
B-NHEJ (Chang et al., 1993; Harrington et al., 1992; Kabo-
tyanski et al., 1998; Roth et al., 1985; Verkaik et al., 2002).

Biochemical evidence for backup repair pathways in cells of
higher eukaryotes
Biochemical studies are extensively used to study DSB

repair (Labhart, 1999), and conditions developed that repro-
duce a DNA-PK dependent form of NHEJ (Baumann and
West, 1998; Huang and Dynan, 2002). We inquired therefore
whether similar studies can also provide supporting evidence
for the operation of alternative pathways of NHEJ, such as B-
NHEJ. We employed an assay utilizing restriction endonu-
clease linearized plasmid as a substrate and cellular extracts as
a source of enzymes to evaluate DNA end joining activity in
vitro. Recently reported results showed high DNA end joining

activity in HeLa cell extracts leading to the formation of
dimers, trimers and other higher order multimers; more than
70% of the input plasmid is ligated after 1 h at 25°C (Wang et
al., 2003) (see also Fig. 3). However, efficient DNA end joining
is also observed under the conditions employed in reactions
assembled with extracts of M059J cells (Fig. 3). Thus, despite
the absence of DNA-PKcs, DNA end joining activity can be
high. We also evaluated the role of Ku in DNA end joining by
depleting this protein through immunoprecipitation from ex-
tracts of HeLa and M059J cells. Despite Ku depletion, DNA
end joining was not diminished in reactions assembled with
either HeLa or M059J cell extracts (Fig. 3). These observations
confirm the presence in HeLa cell extracts of activities effi-
ciently catalyzing DNA end joining in the absence of Ku or
DNA-PKcs, probably via an alternative DNA end joining path-
way that may be operationally equivalent to the genetically
defined B-NHEJ.

Although end joining is taking place in the absence of DNA-
PKcs or Ku, these factors are engaged in a dominant fashion in
the reaction when present in the extracts. This is suggested by
the observation that treatment with wortmannin to inactivate
DNA-PK completely inhibits DNA end joining in HeLa cells
but not in M059J cells that lack DNA-PKcs (Fig. 3). Similarly,
sera from individuals with polymyositis-scleroderma overlap
syndrome that contain antibodies against Ku, inhibit DNA end
joining in reactions assembled with HeLa cell extracts and to a
lesser degree with M059J cell extracts (Fig. 3). These results are
in line with a priority engagement of Ku and DNA-PKcs in
DNA end joining and suggest that further processing of the
break becomes impaired when these factors are inhibited.

Overall, biochemical observations provide supporting evi-
dence for the operation of alternative, DNA-PK-independent
pathways of NHEJ and reproduce the dominant character in
the engagement of DNA-PKcs and Ku in the reaction.

How is HDR contributing to DSB repair?
The lack of a detectable role for HDR in the repair of IR-

induced DSBs is in apparent contradiction with genetic studies
indicating a contribution for HDR to cell radiosensitivity to
killing. Combination of these observations to those presented

Fig. 3. End joining in vitro of linearized plasmid DNA by activities
present in extracts of HeLa and M059J cells. End joining leads to the forma-
tion of dimers and multimers. Shown are results obtained with normal cell
extracts, extracts in which Ku was removed by immunodepletion (Hela-Ku,
M059J-Ku), extracts treated with 2 ÌM wortmannin (HeLa+Wort,
M059J+Wort), as well as extracts treated with a serum containing anti-Ku
antibodies (HeLa+AbKu, M059J+AbKu).
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Fig. 4. Model for DSB rejoining in human cells (see text
for details).

here leads us to propose that HDR either handles a very small
subset of highly lethal DSBs, or, more likely, is recruited after
the initial stage of rejoining. We have proposed (Asaad et al.,
2000; DiBiase et al., 2000; Wang et al., 2001a, 2003; Xia et al.,
2001) that in vertebrate cells, the closure of the initial DSB is
carried out by D-NHEJ or B-NHEJ to generate a hypothetical
transitional state of the original lesion designated T*, marked
as such by, as of yet, unidentified proteins. T* is then recog-
nized by the HDR system which is recruited on T* with the
purpose of restoring the sequence around the original break – a
task that cannot be reliably accomplished by NHEJ. By intro-
ducing NHEJ, cells of higher eukaryotes rapidly restore integri-
ty in their large genome, relying on HDR only to restore critical
DNA sequences at a later time. This controlled approach to
HDR may reduce illegitimate recombination events that could

be initiated by repeat sequences (Bennett et al., 1996) and may
explain the suppression observed in the utilization of HDR for
the initial rejoining event. Thus, although mammalian cells can
freely shift between fast (D-NHEJ) and slow (B-NHEJ) forms
of NHEJ, they appear genetically, or otherwise, constrained
from shifting to HDR. This is equivalent to a genetic program-
ming or a “hard-wiring” towards the use of NHEJ for the
removal of DNA DSBs from their genome and is opposite to
what is seen in yeast, where nearly all repair of IR-induced
breaks is carried out by HDR.

A kinetic model of DSB rejoining in higher eukaryotes:
consequences for the formation of chromosome aberrations
D-NHEJ may be an evolutionarily young pathway of DSB

processing that evolved around DNA-PKcs but which also uti-
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lized pre-existing components such as for example Ku and
DNA ligase IV. These pre-existing proteins may have operated
as part of a NHEJ pathway similar to B-NHEJ. Speed appears
as the main feature of this new development, and is probably
mediated by improved interactions, through DNA-PKcs, be-
tween the participating proteins. DNA-PKcs in turn may act as
a platform and activator of the different participants (Smith
and Jackson, 1999). It is as if DNA-PKcs evolved to accelerate
the function of B-NHEJ. Judging from the difference in the half
times between the fast and the slow components of rejoining,
this acceleration is impressive and amounts to 32-fold in mam-
malian cells such as M059K and about 20-fold in the avian
DT40 cells. By stimulating the function of a pre-existing B-
NHEJ apparatus, DNA-PKcs may have allowed higher euka-
ryotes to shift effectively and parsimoniously the task of DSB
rejoining from homologous recombination to D-NHEJ. How-
ever, the mechanisms by which HDR is suppressed in higher
eukaryotes at the open break status remain obscure.

The model in Fig. 4 recapitulates the interpretation of the
results presented here. In the presence of Ku and DNA-PKcs,
DNA ends are quickly captured and chromatin structure is
locally altered (not shown) to facilitate synapsis. This is the
rate-limiting step of the reaction and is considered to occur
close to the nuclear matrix mediated by a complex set of pro-
tein-protein interactions between DNA-PKcs, Ku, DNA ligase
IV, XRCC4, histones and other unidentified factors. End join-
ing is catalyzed by DNA ligase IV. The high speed of the pro-
cess and local changes in chromatin structure facilitate joining
of correct ends and suppress the formation of chromosome
aberrations. In the absence of Ku or DNA-PKcs, DNA ends are
not captured and local changes in chromatin structure fail to
occur. Ends remain open and are processed by components of
B-NHEJ with slow kinetics (hours) because of inefficient syn-
apsis at random locations in the nucleus. The long-lived DNA
ends may interact with other DNA ends in the vicinity, gener-
ated by IR or other processes, causing the formation of chromo-
some aberrations. In this model quick capture and local pro-
cessing of the DNA ends through optimized protein-protein

interactions and chromatin conformation changes is the central
mechanism by which joining errors are prevented during D-
NHEJ. The fast and slow components in the kinetics of DSB
rejoining in normal cells may reflect DNA-PK-dependent and
DNA-PK-independent rejoining as a consequence of the local
availability of DNA-PKcs rather than of the nature of the
lesion. We proposed the term “DNA-PK surveillance domains”
to describe regions in the nucleus benefiting from the presence
of DNA-PKcs.

Summary

The observations reviewed above provide an alternative
model of DSB repair in cells of higher eukaryotes exposed to
IR. According to this model, there is no provision for pathway
selection in the repair of DSBs but rather a tandem operation of
NHEJ and HDR, which together constitute the overall repair
process. As first step, NHEJ removes DSBs by joining DNA
ends without restoring DNA sequence. Subsequently, HDR is
initiated in a cell cycle dependent manner in a significant frac-
tion of the original DSB sites to restore DNA sequence. DSBs
are removed predominantly by the extremely fast D-NHEJ. If
D-NHEJ is not available in the vicinity of the DSB, or in the
particular cell, B-NHEJ removes remaining breaks with slow
kinetics. Both D-NHEJ and B-NHEJ are promiscuous in their
choice of ends and have no developed mechanisms for ensuring
that the correct ends are put back together. Rejoining of incor-
rect ends leads to the formation of chromosome aberrations.
Correct rejoining is enhanced by spatial confinement of the
DNA ends that may be provided in part by the organization of
DNA in chromatin. Diffusion of ends apart is also limited in
D-NHEJ by its high speed of operation. B-NHEJ is error-prone
mainly due to its slow kinetics. Chromosome aberrations are
likely to be formed by B-NHEJ and less likely by D-NHEJ. In
this model, HDR is unlikely to contribute to the formation of
chromosome aberrations.
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Abstract. The repair of DNA double strand breaks by
homologous recombination can occur by at least two pathways:
a Rad51-dependent pathway that is predominantly error free,
and a Rad51-independent pathway (single strand annealing,
SSA) that is error prone. In theory, chromosome exchanges can
result from (mis)repair by either pathway. Both repair path-
ways will involve a search for homologous sequence, leading to

co-localization of chromatin. Genes involved in homologous
recombination repair (HRR) have now been successfully
knocked out in mice and the role of HRR in the formation of
chromosome exchanges, particularly after ionising radiation, is
discussed in the light of new evidence.

Copyright © 2003 S. Karger AG, Basel

Pathways of homologous recombination repair

Homologous recombination repair (HRR) is the predomi-
nant mechanism for the repair of severe DNA damage in yeast,
but in mammalian cells was thought to be less important in the
repair of double strand breaks (dsb) than non-homologous end
joining (NHEJ). In particular the large number of sequence
repeats in mammalian cells, compared to yeast, could poten-
tially lead to high numbers of undesirable inter-chromosome
interactions through HRR. However in recent years HRR has
been shown to have an important role in the maintenance of
genome integrity, particularly during DNA replication (John-
son and Jasin, 2000). Although it has long been known that dsb
are the main inducers of chromosome aberrations, mechanisms
of chromosome aberration formation are still unresolved. The
production of mice with disruption (“knocking out”) of specific
repair genes has made available considerable information on
the role of repair genes in chromosome aberration formation,

especially for non-homologous end joining mechanisms (Fergu-
son and Alt, 2001; Blasco, 2002). Since there is a high degree of
homology between man and mouse, and chromosome aberra-
tions can result in malignant transformation, understanding
the role played by repair genes in the formation of chromosome
aberrations in knockout mice will potentially aid our under-
standing of the mechanism of cancer progression in humans.

Homologous recombination repair has at least two distinct
pathways; a conservative error-free RAD51-dependent path-
way and a non-conservative error-prone RAD51-independent
pathway. The RAD51-dependent pathway, known also as gene
conversion, involves a homology search and strand invasion to
allow dsb repair by copying (resynthesis) of an undamaged
homologous sequence. The majority of these events involve the
resynthesis of only a small amount of homologous sequence
without any lasting exchange of material. However, a unique
feature of this pathway is the formation of cross-stranded inter-
mediates (Holliday junctions, HJ) that may be resolved by cut-
ting either where they intersect, or in the outer strands (Fig. 1).
If cutting is purely at random, then the outcome should be
equal numbers of crossovers and non-crossovers, with the
former having the potential to form a chromosome exchange.
In yeast the repair of dsb by gene conversion yields crossovers
between chromosomes at widely variable frequencies depend-
ing on the genetic locus, with an average of 10–20% (Paques
and Haber, 1999), while in mammalian cells the use of reporter
gene constructs has found crossing-over frequencies to be negli-
gible (Richardson et al., 1998; Johnson and Jasin, 2000). In
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Fig. 1. Model of repair of a DNA double-strand break by homologous
recombination, showing junction resolution leading to crossing over. At the
site of a double-strand break in one DNA molecule (black), where the ends
have been resected to give long 3) single-stranded tails, strand invasion can
occur into a homologous undamaged molecule (grey). The undamaged mole-
cule acts as a template for resynthesis of the broken region (grey arrowheads).
Crossing over occurs when certain strands are cut and rejoined: in this
instance, the lefthand junction is cut on the outer DNA strands (small verti-
cal arrows) while the righthand junction is cut on the inner strands (small
horizontal arrows). If the grey molecule is rejoined to the black molecule at
the lefthand junction, as shown by curved arrow, then crossing over is
achieved. 

Fig. 2. Chromosome exchange arising from single-strand annealing: dou-
ble-strand breaks occur near to repeat sequences (black or grey rectangles) in
heterologous chromosomes (solid line or dashed line), and following resec-
tion these are annealed and ligated.

Alignment, annealing

Chromosome exchange with microdeletion

Resection

Trimming, ligation 

yeast, a minimum of 68 bp is needed to allow for homologous
invasion although the system works better with around 200 bp
(Paques and Haber, 1999; Richardson and Jasin, 2000a). A
length of homology of 11.7 kb resulting in the formation of a
long heteroduplex intermediate appears to promote crossing
over in yeast (Inbar et al., 2000).

A non-conservative HRR pathway, known as single-strand
annealing (SSA), has been identified in both mammalian cells
(Lin et al., 1984) and yeast (Sugawara et al., 2000). SSA relies
on the annealing of repeat sequences positioned adjacent to the
dsb. DNA strand ends provide an entry site for an exonuclease
to expose single strands that are then available for reannealing
at the repeats (Fig. 2). SSA requires a homology search, but not
a strand invasion step, and the efficiency of repair is directly
related to the length of homology with around 200 bp being
optimum (Sugawara et al., 2000). In yeast SSA competes with
the error-free HRR pathway, but repair by SSA always results
in small chromosome deletions. When a dsb occurs in each of
two chromosomes an exchange may be formed by SSA between
the chromosomal repeats (Fig. 2). Haber and Leung (1996)
showed that the SSA pathway in yeast could repair a dsb with
equal efficiency by inter-chromosomal events as by intra-chro-
mosomal events, showing that homology searches are not
restricted by proximity requirements.

A further recombination process known as break-induced
replication (BIR) appears to require the same proteins as SSA,
but involves one ended strand invasion followed by DNA syn-

thesis. BIR can either proceed to the end of the chromosome or
to a second dsb if available (Kraus et al., 2001). Simplistically,
BIR appears to be a special case of gene conversion over long
chromosomal distances; it is therefore a useful mechanism for
repairing the broken end of a chromosome. 

The involvement of specific chromosomal regions in
aberration formation

The HRR pathway is active predominantly during S and G2

phase when the sister chromatid is available as a template; dur-
ing DNA replication HRR plays a particularly important role
in resolving stalled replication forks (Cox, 2001). In G1 phase
when the sister chromatid is not available, the homologous
chromosome or sequence repeats in heterologous chromosomes
can be utilized for HRR. More than 50% of the human genome
consists of repeat sequences of which 145% are transposable
elements such as Alu repeats. Alu repeat sequences have been
found associated with chromosomal breakpoints and this asso-
ciation is greater than would be expected on a purely random
basis (Jeffs et al., 1998, 2001). Breakpoints have also been
shown to coincide with fragile sites, many of which contain
CCG trinucleotide repeat sequences and are common viral
integration sites (Glover, 1998). Herpes simplex type 1 virus
has been found to alter the proteins bound to centromeric pro-
tein CENP-C disrupting chromosome segregation as well as in-
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ducing chromosome breakage (Everett et al., 1999). The p and
q arms of chromosome 5 are frequently involved in rearrange-
ments in many tumours, breakage occurring near the centro-
mere which contains LINE 1 retrotransposons bounding alpha
satellite sequences which may render the region unstable
(Puechberty et al., 1999).

The transfer of chromosome segments to several different
chromosomes has been reported in individual cells in tumour
cell populations and called “jumping translocations” (Lejeune
et al., 1979). These events are nonrandom and nonreciprocal
involving only a few recipient and donor chromosomes and the
breakpoints appear to be associated predominantly with cen-
tromeric regions or close to viral integration sites (Padilla-Nash
et al., 2001). It has been postulated that jumping translocations
originate from recombination between chromosome regions
containing homologous viral DNA sequences that have inte-
grated into the genome followed by clonal selection. 

Increased recombination at the centromeric regions of chro-
mosome arms 1q, 9q, 16q and 19q has also been reported, and
hypomethylation and decondensation of the heterochromatin
has been proposed as a mechanism for the formation of
exchanges in the centromeric region (Hoffshir et al., 1992;
Sawyer et al., 1998). The pericentromeric region has long been
known to be a highly recombinogenic region containing large
blocks of DNA with a high degree of sequence similarity
between non-homologous chromosomes leading to integration
of DNA and chromosome exchange (Sumner et al., 1998; Hor-
vath et al., 2000; Yonggang et al., 2000). Centromeric DNA is
AT rich, heterochromatic and late replicating, and cells defi-
cient in HRR may be unable to resolve stalled replication forks
in late replicating DNA before the cell enters mitosis. This may
result in cells entering mitosis with unresolved dsb in centro-
meric DNA leading to chromosome breakage. Delayed replica-
tion has been shown to prevent mitotic chromosome condensa-
tion at mitosis resulting in chromosome instability (Smith et
al., 2001). 

Chromosome aberrations in HRR-deficient knockout mice

Live offspring are not obtained when members of the Rad51
gene family, including Rad51 (Lim and Hasty, 1996; Tsuzuki et
al., 1996) and the Rad51-like genes Xrcc2 (Deans et al., 2000),
Rad51l1 (Shu et al., 1999) and Rad51l3 (Pittman and Schimen-
ti, 2000), are knocked out in mice. These data show that these
genes are not functionally redundant and are required to repair
endogenous DNA damage, particularly in the developing em-
bryo when cells are undergoing rapid cell division. Rad51 is a
key protein for strand invasion in the gene conversion pathway:
even fibroblasts derived from Rad51–/–p53–/– mice fail to thrive
(Tsuzuki et al., 1996). However, embryonic fibroblasts (MEFs)
have been successfully isolated from 14-day-old Xrcc2–/– em-
bryos and detailed chromosome analysis has been undertaken
of passage 1 MEFs using multicolour spectral karyotyping
(SKY) (Deans et al., 2003). 

In the Xrcc2–/– MEFs chromosomal interchanges were the
main aberration type, with a high frequency of spontaneous
exchanges involving complex multiple rearrangements. Chro-

mosomal fragments or intrachanges were less frequently ob-
served with a ratio of interchanges to fragments of 4:1. How-
ever a significant number of chromosomal breaks were found
to occur at or near the centromere (detached centromeres). This
is in marked contrast with published data from NHEJ-deficient
mouse cells where the main aberration type was a chromosome
fragment and the ratio of interchanges to fragments was 1:4
(Ferguson et al., 2000). Interchanges involving homologues
occurred at a frequency of 17 % in primary MEFs, significantly
more than expected from random interactions (!3%). The
majority of homologue rearrangements were dicentrics and
these could have arisen as a result of an interchange between
sister chromatids (sister unions, SU) leading to the formation of
an isodicentric. However the frequency of SU, measured
directly in both primary Xrcc2–/– MEFs and the Xrcc2-deficient
hamster cell line irs1 was found to be very low (Griffin et al.,
2000; Deans et al., 2003). 

Primary Xrcc2–/– MEFs exposed to 3 Gy X-rays in G1 phase
fail to enter mitosis presumably due to unrepaired damage trig-
gering cell cycle checkpoints. However when spontaneously
immortalised Xrcc2–/– MEFs with inactive checkpoint controls
were exposed to 3 Gy X-rays in G1 phase, metaphases could be
collected for analysis. The aberration spectrum in immortal-
ized MEFs was found to be similar to that observed in unirra-
diated primary MEFs, with interchanges and detached cen-
tromeres being the predominant aberration types (Deans et al.,
2003). Detached centromeres were the result of either breakage
within the centromere or in the pericentromeric region, pre-
sumably following failed exchanges (see above).

Chromosome aberrations are not the main cause of cell
death in embryos deficient in HRR?

It has been suggested that high frequencies of chromosomal
breaks are the cause of death in chick Rad51 knockout cells
(Sonoda et al., 1998). Chromosome aberrations were also
observed at a high frequency in 14 day Xrcc2–/– mouse em-
bryonic fibroblasts (MEFs) after 24 h in culture (Deans et al.,
2000). However, experiments designed to detect chromosome
aberrations directly in 8–10 day embryonic tissue failed to
show an increase after 1 h incubation in colcemid. This sug-
gests that the high frequency of chromosome aberrations ob-
served in Xrcc2–/– MEFs in vitro may have arisen due to an
inability to cope with in vitro culturing conditions (e.g., higher
oxygen levels than in vivo) and/or that DNA damage in earlier
embryonic stages is not converted into aberrations. In particu-
lar, it was found that Xrcc2–/– embryos have increased levels of
apoptosis, with a marked increase throughout embryonic tis-
sues by 9.5 days, and extensive cell death particularly in the
nervous system at later stages (Deans et al., 2000). These data
suggest that damage triggers apoptosis in vivo, while fibroblast
cultures (which may apoptose less readily) show genetic insta-
bility.

However, cells from 8–10 day Xrcc2–/– embryos do show a
significant level of aneuploidy (10% in Xrcc2–/– compared to
0% in controls) which may be predominantly caused by centro-
some fragmentation at mitosis (Griffin et al., 2000; Deans et
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al., 2003). DNA double-strand breaks and replication defects
have been shown to be one of the primary causes of centrosome
disruption at mitosis, and in Drosophila embryos, nuclei with
defective centrosomes are eliminated from the cell pool by
apoptosis (Takada et al., 2003). The lack of chromosome aber-
rations in cells taken from Xrcc2–/– embryos at 8–10 days sug-
gests that aneuploidy in Xrcc2–/– mouse cells arises without the
presence of chromosome aberrations and may be the result of
centrosome breakup caused by unrepaired DNA damage.

The role of single-strand annealing (SSA) and homologue
interactions

The SSA pathway has been shown to be active in both yeast
and mammalian cells, but many of these studies have involved
the introduction of reporter (direct repeat) sequences into their
respective genomes. It is therefore not clear whether SSA repre-
sents a major pathway for repair in genomic DNA, especially in
mammalian cells. The relative lack of evidence for recurrent
breakpoint locations in translocations, given the requirement
for significant homology (see above) may suggest that SSA is
uncommon. Of relevance to this review, evidence has been
found for the use of SSA to repair endonuclease-induced dsb in
heterologous mammalian chromosomes, causing transloca-
tions (Richardson and Jasin, 2000b; see below). Data consis-
tent with the use of SSA has also been found in cells defective in
the breast cancer gene Brca2, which has been shown to have a
role in the regulation of RAD51-dependent HRR. Endonu-
clease-induced dsb in hypomorphic Brca2 mutant mouse ES
cells showed a decrease in repair by gene conversion, and by
inference a substantial elevation in repair by SSA (Tutt et al.,
2001). The Brca2 mutant mouse ES cells and embryonic fibro-
blasts also show high levels of chromosome interchanges. The
high frequency of chromatid interchanges observed in primary
Xrcc2 and Brca2 knockout MEFs may suggest the activity of
SSA. Additionally the higher than expected frequency of inter-
actions between homologous chromosomes in Xrcc2–/– MEFs
(Deans et al., 2003) is an indication of the possible involvement
of SSA. 

However, direct studies on cells deficient in SSA in mam-
malian cell systems are limited. The ERCC1 gene product is an
endonuclease suggested to be involved in cutting the single-
stranded flaps generated during SSA, and has been successfully
knocked out in mice (Melton et al., 1998). Studies on the effects
of UV irradiation on chromosome aberration formation in
Ercc1–/– cells show a 10-fold increase in the frequency of breaks
relative to exchanges, compared to wild type cells (Chipchase
and Melton, 2002), suggesting that SSA is a major pathway for
UV-induced chromosome exchange formation. 

In order for homologue interactions to take place either they
must be closely situated in the nucleus or significant strand
movement must occur. Somatic pairing of homologues has
been observed in budding yeast (Burgess et al., 1999) and in
Drosophila (Wu, 1993). As noted above, interactions between
chromosomes in yeast have been found to be as frequent as
those within chromosomes, and primarily governed by the size
of the sequence homology rather than the location of the

sequences (Haber and Leung, 1996). Site-specific recombina-
tion investigated using the Cre/loxP system in diploid yeast
show that collisions between loci are more frequent between
sequences on homologues than on heterologues (Burgess and
Kleckner, 1999). In mammalian cells there is evidence for non-
random positioning of chromosomes (Parada and Misteli,
2002; Tanabe et al., 2002; Williams and Fisher, 2003), but evi-
dence of homologue interactions is rare (LaSalle and Lalande,
1996). However, where structure-function parameters such as
gene density or transcription help determine chromosome posi-
tioning, it may be expected that homologues will be closer
together than heterologues. 

Studies on the complexity of chromosome interchanges
detected using M-FISH demonstrates that overlap in chromo-
some “territories” must be greater than previously supposed
(Savage, 2002). Live studies on mammalian cells show chro-
mosome movement to be limited suggesting that interactions
are restricted to neighbouring transcriptionally active loci
(Buchenau et al., 1997). Fluorescence in situ hybridisation
(FISH) was used to investigate positioning of centromeric
heterochromatin and the TP53 gene in human leukaemia cell
lines after ionising radiation. Some movement of homologous
centromeres and the TP53 genes was observed 0.5–5 h after
radiation but this movement was related to changes occurring
in chromatin condensation after exposure to 5 Gy Á-rays (Jir-
sova et al., 2001). Studies tracking the movement of specific
chromosomes do show a directed movement of homologous
chromosomes after ionizing radiation (Dolling et al., 1997).
However, wild-type mammalian cells after ionising radiation
show a random interaction of chromosomes with no prefer-
ence for homologue interactions (Cornforth et al., 2002). Re-
cently it has been shown that recombination between direct
repeats (SSA) in yeast requires functional microtubules, sug-
gesting that microtubule-dependent chromosomal movement
may be required (Thrower et al., 2003). However, in mamma-
lian systems it is possible that interactions between repeat
sequences on heterologous chromosomes will occur predomi-
nantly between neighbouring loci and the sufficiently large
number of repeats in the mammalian genome may prevent
the need for a large scale movement to search for a homolo-
gous sequence.

The high frequency of homologous chromosome interac-
tions in unirradiated primary Xrcc2–/– MEFs was not observed
in immortalised MEFs after ionising radiation. This suggests
that following irradiation, repair occurs predominantly by
NHEJ in the immortalised MEFs. Conversely, primary
Xrcc2–/– MEFs exposed to endogenous oxidative damage in
vitro are delayed from entering S phase by a G1 checkpoint con-
trol when the cell may have time to undertake a homology
search resulting in the observed elevation of interactions be-
tween homologues. 

The one-hit exchange and the role of HRR

Studies with ultrasoft X-rays, where a single track cannot
span more than one chromosome, led to the proposal that chro-
mosome interchanges could be formed from a single “hit”
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(Thacker et al., 1980; Goodhead et al., 1993; Griffin et al.,
1998). If two ultrasoft X-ray tracks (i.e., a track through each of
two chromosomes) were required for exchange formation then
the response should be purely dose-squared, but it was found
that there was a substantial linear component to the exchange
induction curve. However the question of whether chromo-
some exchanges can be generated by one dsb remains contro-
versial. One issue is whether pseudo-linearity of the dose-
response can occur. Dose-response data were initially obtained
from the scoring of dicentric chromosomes from solid-stained
preparations (Thacker et al., 1980); with the advent of FISH a
considerable amount of additional dose-response data has been
generated (Griffin et al., 1998). While the painting of only a few
chromosomes for determining dose response may result in an
apparent linear response (Sachs et al., 2000; Savage, 2000),
data obtained using M-FISH, where all interactions should be
visible, show a significant linear component to the dose-
response curve for simple exchanges (Loucas and Cornforth,
2001).

More recently studies to determine the number of dsb
needed to form an exchange have involved the use of the rare
cutting I-SceI endonuclease in mouse ES cells (Richardson and
Jasin, 2000b). Recombination substrates carrying homologous
mutant genes incorporating I-SceI cut sites were introduced
into chromosomes 14 and 17 and, following expression of the
endonuclease, interchanges between chromosomes were deter-
mined by two-colour FISH. Chromosome interchanges were
only detected in cells where both chromosomes carried I-SceI
cut sites, and not when only one of the chromosomes had a cut
site. Sequence analysis of the breakpoints revealed that none of
the recombinants could have arisen by gene conversion accom-
panied by crossing over, and the authors proposed that they
were the result of SSA between homologous sequences of the
mutant genes. However, breaks induced by enzymes will be
simple compared to the clustered damage sites containing
radiation-induced breaks. The repair of clustered damage sites
may involve additional repair proteins, compared to endonu-
clease-induced dsb, including the use of HRR with an en-
hanced possibility of crossing over. 

A number of studies have looked for further evidence of the
one-hit exchange following ionising radiation. However, these
experiments, which involve the fusion of irradiated with unir-
radiated cells to examine interaction between damaged and
undamaged chromosomes, have yielded conflicting results
(Cornforth, 1990; F. Darroudi, pers. comm.). More recently it
was found that when the radioactive isotope 125I was incorpo-
rated into early-replicating chromosomal regions of synchro-
nized hamster cells, a significant level of exchanges occurred in
the late replicating Xq chromosome arm that had not incorpo-
rated the isotope (Ludwikow et al., 2002). This result suggests
that radiation-induced damage can lead to untargeted effects,
perhaps through the initiation of a homology search in order to
repair clustered lesions. 

Fig. 3. Scheme for identification of break-induced replication (BIR) in
harlequin stained chromosomes after exposure of mammalian cells to BrdU
(B) for two cell cycles followed by a two-hour thymidine (T) chase. The com-
pletely BrdU-substituted strand (BB) is broken and replaced by BIR in the
presence of thymidine (TT).

T  B B B   B T TT

BBTBBIR

G2 + 
Thymidine

(2 hr chase)

 

Is there a role for HRR in the formation of complex
exchanges?

Complex chromosome rearrangements involving three or
more breaks in two or more chromosomes have been shown to
be a common occurrence especially after high LET radiation
(Griffin et al., 1995; Simpson and Savage, 1996). One of the
questions that remains to be answered is how multiple chromo-
somes can be involved in interactions when they occupy dis-
crete domains in interphase and movement is limited (see
above). Calculations using Monte Carlo computer software
simulating chromosome aberrations from FISH data found
that complex exchanges were underpredicted by a random
recombinational repair mechanism and therefore favoured
their formation by random breakage and reunion (Sachs et al.,
2000).

Using the premature chromosome condensation technique
it has been shown that there is a delay in the appearance of
complex exchanges after ionising radiation (Darroudi et al.,
1998). Xrcc2–/– MEFs show a very high background frequency
of complex exchanges which increases after both low and high
LET radiation indicating that HRR protects against complex
exchange formation. Brca2–/– ES cells also show a high frequen-
cy of complex exchanges in culture (Tutt et al., 2001). However
the relatively low frequency of complex exchanges in Ercc1–/–

mouse cells indicates that SSA may be involved in their forma-
tion and the time needed to undertake a homology search
would account for the delay in the appearance of complex
exchanges at mitosis after ionizing radiation. The sequencing of
breakpoints induced in the HPRT gene after alpha particle irra-
diation of primary human fibroblasts has revealed short se-
quence repeats commonly found at the breakpoints (Singleton
et al., 2002). This indicates that small 2–5 bp repeats may assist
the repair of complex clustered damage produced by high LET
radiation and that simple end joining by non-homologous
mechanisms is not sufficient. 
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Is break-induced replication (BIR) utilized by mammalian
cell systems?

Evidence for BIR in hamster cell lines V79 (wild type) and
irs1 (Xrcc2–/–) after ionizing radiation was determined by incu-
bating cells in BrdU for two cell cycles. Immediately after irra-
diation cells were washed and exposed to thymidine to mark
the location of new DNA synthesis (Fig. 3). Cells were stained
with Giemsa/Hoechst in order to obtain harlequin chromo-
somes (pale strand BT/dark strand TT) (Perry and Wolff,
1974). DNA repair synthesis occurring after irradiation could
then be identified by dark patches on a pale-stained chromatid.
A small number of chromosomes with dark patches were iden-
tified, however their frequency was extremely low and there
was no difference in frequency between wild type and HRR-
deficient mutant hamster cell lines suggesting that BIR is not a
common method of repair of radiation-induced breaks in
mammalian cell systems.

Conclusions

The conservative HRR pathway ensures precise and correct
rejoining of DNA damage by gene conversion during S and G2

phase with the predominant use of the sister chromatid as a
repair template. However the error-prone SSA repair pathway
in competition with conservative HRR may lead to the forma-
tion of chromosome interchanges particularly after ionizing
radiation damage, if the many repeat sequences act as sub-
strates for repair. Evidence of nonrandom breakage occurring
at pericentromeric regions suggests the possible involvement of
repeat sequences, and SSA is one mechanism that could result
in exchanges occurring in these regions. The interaction be-
tween homologous chromosomes could be the consequence of
SSA and account for the high frequency of homologue interac-
tions in Xrcc2–/– MEFs. Cells lacking checkpoint controls in
addition to repair deficiency will accumulate high levels of
exchanges, contributing to genetic instability and potentially to
malignant transformation.
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Spatial distribution of selected genetic loci in nu-
clei of human leukemia cells after irradiation. Ra-
diat Res 155:311–319 (2001).

Johnson RD, Jasin M: Sister chromatid gene conver-
sion is a prominent double-strand break repair
pathway in mammalian cells. EMBO J 19:3398–
3407 (2000).

Kozubek S, Bartova E, Kozubek M, Lukasova E, Ca-
fourkova A, Koutna I, Skalnikova M: Spatial dis-
tribution of selected genetic loci in nuclei of human
leukemia cells after irradiation. Radiat Res
155:311–319 (2001).

Kraus E, Leung W-Y, Haber JE: Break-induced replica-
tion: A review and an example in budding yeast.
Proc natl Acad Sci, USA 98:8255–8262 (2001).

Kuppers R, Dall-Favera R: Mechanism of chromosom-
al translocations in B cell lymphomas. Oncogene
20:5580–5594 (2001).

LaSalle JM, Lalande M: Homologous association of
oppositely imprinted chromosomal domains.
Science 272:725–728 (1996).



Cytogenet Genome Res 104:21–27 (2004) 27

Lejeune J, Maunoury C, Prieur M, Van den Akker J:
Translocation sauteuse (5p;15q),8q;15q),(12q;
15q). Ann Génét 22:210–213 (1979).

Lim DS, Hasty P: A mutation in mouse rad51 results in
an early embryonic lethal that is suppressed by a
mutation in p53. Mol Cell Biol 16:7133–7143
(1996).

Lin F-L, Sperle K, Sternberg N: Model for homologous
recombination during transfer of DNA into mouse
L cells: Role for DNA ends in the recombination
process. Mol Cell Biol 4:1020–1034 (1984).

Loucas BD, Cornforth MN: Complex chromosome ex-
changes induced by gamma rays in human lympho-
cytes: an M-FISH study. Radiat Res 155:660–671
(2001).

Ludwikow G, Xiao Y, Hoebe RA, Franken NAP, Dar-
roundi F, Stap J, Van Oven CH, Van Nororden
CJF, Aten JA: Induction of chromosome aberra-
tions in unirradiated chromatin after partial irra-
diation of a cell nucleus. Int J Radiat Biol 78:239–
247 (2002).

Melton DW, Ketchen A-M, Nunez F, Bonatti-Abbo-
dandolo S, Abbondandolo A, Squires S, Johnson
RT: Cells from ERCC1-deficient mice show ge-
nome instability and a reduced frequency of
S-phase-dependent illegitimate chromosome ex-
change but a normal frequency of homologous
recombination. J Cell Sci 111:395–404 (1998).

Padilla-Nash HM, Heselmeyer-Haddad K, Wangsa D,
Zhang H, Ghadimi BM, Macville M, Augustus M,
Schrock E, Hilgenfeld E, Reid T: Jumping translo-
cations are common in solid tumor cell lines and
result in recurrent fusions of whole chromosome
arms. Genes Chrom Cancer 30:349–363 (2001).

Paques F, Haber JE: Multiple pathways of recombina-
tion induced double strand breaks in Saccharo-
myces cerevisiae. Micro Mol Biol Rev 63:349–404
(1999).

Parada L, Misteli T: Chromosome positioning in the
interphase nucleus. Trends Cell Biol 12:425–432
(2002).

Perry P, Wolff S: New Giemsa method for the differ-
ential staining of sister chromatids. Nature 251:
156–158 (1974).

Pittman DL, Schimenti JC: Midgestation lethality in
mice deficient for the RecA-related gene, Rad51d/
Rad51l3. Genesis 26:167–173 (2000).

Puechberty J, Laurent A-M, Gimenez S, Billult A,
Brun-Laurent M-E, Calenda A, Marcais B, Prades
C, Ioannou P, Yurov Y, Roizes G: Genetic and
physical analyses of the centromeric and pericen-
tromeric regions of the human chromosome 5:
recombination across 5cen. Genomics 56:274–287
(1999).

Richardson C, Jasin M: Coupled homologous and non-
homologous repair of a double-strand break pre-
serves genomic integrity in mammalian cells. Mol
Cell Biol 20:9068–9075 (2000a).

Richardson C, Jasin M: Frequent chromosomal trans-
locations induced by DNA double-strand breaks
Nature 405:697–700 (2000b).

Richardson C, Moynahan ME, Jasin M: Double-strand
break repair by interchromosomal recombination:
suppression of chromosomal translocations. Genes
Dev 12:3831–3842 (1998).

Sachs RK, Rogoff A, Chen AM, Simpson P, Savage
JRK, Hahnfeldt P, Hlatky LR: Underprediction of
visibly complex chromosome aberrations by a re-
combinational-repair (“one-hit”) model. Int J Ra-
diat Biol 76:129–148 (2000).

Savage JRK: Comment on Reply to letter from Chad-
wick and Leenhouts: On the dose-effect relation-
ship of the simple chromosomal rearrangements.
Int J Radiat Biol 76:1428–1429 (2000).

Savage JR: Reflections and meditations upon complex
chromosomal exchanges. Mut Res 512:93–109
(2002).

Sawyer JR, Tricot G, Mattox S, Jagannath S, Barlogie
B: Jumping translocations of chromosome 1q in
multiple myeloma: evidence for a mechanism in-
volving decondensation of pericentromeric hete-
rochromatin. Blood 91:1732–1741 (1998).

Shu Z, Smith S, Wang L, Rice MC, Kmiec EB: Disrup-
tion of muREC2/RAD51L1 in mice results in early
embryonic lethality which can be partially rescued
in a p53(–/–) background. Mol Cell Biol 19:8686–
8693 (1999).

Simpson P, Savage JRK: Dose-response curves for sim-
ple and complex chromosome aberrations induced
by x-rays and detected using fluorescence in situ
hybridisation. Int J Radiat Biol 69:429–436
(1996).

Singleton BK, Griffin CS, Thacker J: Clustered DNA
damage leads to complex genetic changes in irra-
diated human cells. Cancer Res 62:6263–6269
(2002).

Smith L, Plug A, Thayer M: Delayed replication timing
leads to delayed mitotic chromosome condensa-
tion and chromosomal instability of chromosome
translocations. Proc natl Acad Sci, USA 98:13300–
13305 (2001).

Sonoda E, Sasaki MS, Buerstedde JM, Bezzubova O,
Shinohara A, Ogawa H, Takata M, Yamaguchi-
Iwai Y, Takeda S: Rad51-deficient vertebrate cells
accumulate chromosomal breaks prior to cell
death. EMBO J 17:598–608 (1998).

Sugawara N, Grzegorz I, Haber JE: DNA length depen-
dence of the single-strand annealing pathway and
the role of Saccharomyces cerevisiae RAD59 in
double-strand break repair. Mol Cell Biol 20:5300–
5309 (2000).

Sumner AT, Mitchell AR, Ellis PM: A FISH study of
chromosome fusion in the ICF syndrome: involve-
ment of paracentric heterochromatin but not of the
centromeres themselves. J med Genet 35:833–835
(1998).

Takada S, Kelkar A, Theurkauf WE: Drosophila check-
point kinase 2 couples centrosome function and
spindle assembly to genomic integrity. Cell 113:
87–99 (2003).

Tanabe H, Muller S, Neusser M, von Hase J, Calcagno
E, Cremer M, Solovei I, Cremer C, Cremer T: Evo-
lutionary conservation of chromosome territory ar-
rangements in cell nuclei from higher primates.
Proc natl Acad Sci, USA 99:4424–4429 (2002).

Thacker J, Cox R, Goodhead DT: Do carbon ultrasoft
x-rays induce exchange aberrations in cultured
mammalian cells? Int J Radiat Biol 38:469–472
(1980).

Thrower DA, Stemple J, Yeh E, Bloom K: Nuclear
oscillations and nuclear filament formation accom-
pany single-strand annealing repair of a dicentric
chromosome in Saccharomyces cerevisiae. J Cell
Sci 116:561–569 (2003).

Tsuzuki T, Fujii Y, Sakumi K, Tominaga Y, Nakao K,
Sekiguchi M, Matsushiro A, Yoshimura Y, Morita
T: Targeted disruption of the Rad51 gene leads to
lethality in embryonic mice. Proc natl Acad Sci,
USA 93:6236–6240 (1996).

Tutt A, Bertwistle D, Valentine J, Gabriel A, Swift S,
Ross G, Griffin CS, Thacker J, Ashworth A: Muta-
tion of Brca2 stimulates error-prone homology-
directed repair of DNA double-strand breaks oc-
curring between repeated sequences. EMBO J
20:4704–4716 (2001).

Williams RR, Fisher AG: Chromosomes, positions
please! Nature Cell Biol 5:388–390 (2003).

Wu C: Transvection, nuclear structure, and chromatin
proteins. J Cell Biol 120:587–590 (1993).

Yonggang J, Eichler EE, Scheartz S, Nicholls RD:
Structure of chromosomal duplicons and their role
in mediating human genomic disorders. Genome
Res 10:597–610 (2000).



Basic Aspects

Cytogenet Genome Res 104:28–34 (2004)
DOI: 10.1159/000077463

Recombination repair pathway in the
maintenance of chromosomal integrity against
DNA interstrand crosslinks
M.S. Sasaki,a M. Takata,b E. Sonoda,c A. Tachibana,a and S. Takedac

a Radiation Biology Center, Kyoto University, Kyoto;
b Department of Immunology and Molecular Genetics, Kawasaki Medical University, Kurashiki;
c Department of Radiation Genetics, Faculty of Medicine, Kyoto University, Kyoto (Japan)

This work was supported in part by Grants-in-Aid for scientific research from the
Ministry of Education, Science, Culture, Sports and Technology, and research
grant from the Ministry of Health, Labor and Welfare of Japan.

Received 10 September 2003; accepted 8 December 2003.

Request reprints from: Dr. M. S. Sasaki
17-12 Shironosato, Nagaokakyo-shi
Kyoto 617-0835 (Japan); telephone: +81-75-955-8943; fax: +81-75-955-8943
e-mail: msasaki@emp.mbox.media.kyoto-u.ac.jp.

ABC Fax + 41 61 306 12 34
E-mail karger@karger.ch
www.karger.com

© 2004 S. Karger AG, Basel
0301–0171/04/1044–0028$21.00/0

Accessible online at:
www.karger.com/cgr

Abstract. DNA interstrand crosslinks (ICL) present a major
threat to cell viability and genome integrity. In eukaryotic cells,
the ICLs have been suggested to be repaired by a complex pro-
cess involving Xpf/Ercc1-mediated endonucleolytic incision
and homologous recombination (HR). However, the entire fea-
ture of the ICL tolerating mechanism is still poorly understood.
Here we studied chromosome aberrations (CA) and sister chro-
matid exchanges (SCE) by the use of the crosslinking agent
mitomycin C (MMC), in chicken DT40 cells with the HR genes
disrupted by targeted replacement. The disruption of the
Rad54, Rad51B, Rad51C, Rad51D, Xrcc2 and Xrcc3 genes
resulted in a dramatic reduction of spontaneous and MMC-
induced SCEs. Interestingly, while HR-deficient cells were
hypersensitive to cell killing by MMC, MMC-induced CAs

were also suppressed in the HR-deficient cells except for
Rad51D-, Xrcc2- and Xrcc3-deficient cells. These observations
indicate that DNA double strand breaks (DSB) at stalled repli-
cation forks and those arising as repair intermediates present
strong signals to cell death but can be tolerated by the HR
repair pathway, where Rad54, Rad51B and Rad51C have an
initiative role and repair can be completed by their paralogs
Rad51D, Xrcc2 and Xrcc3. The impairment of the HR path-
way, which otherwise leads to cell death, may be somewhat sub-
stituted by an alternative mechanism such as the Mre11/
Rad50/Nbs1 pathway, resulting in reduced frequencies of SCEs
and CAs.

Copyright © 2003 S. Karger AG, Basel

DNA interstrand crosslinks (ICL) are introduced by cova-
lent binding of intercalating bifunctional alkylating agents.
With their trans bridging nature in DNA duplexs the ICLs
effectively cause cell death and chromosome aberrations (CA)
by preventing efficient DNA replication, and also make their
repair a special problem. The repair of ICLs also presents a spe-

cial concern in the human genetic disease Fanconi anemia
(FA), whose cells are characterized by hypersensitivity to cross-
linking agents such as mitomycin C (MMC) and have been sug-
gested to be defective in the repair of ICLs (Sasaki and Tono-
mura, 1973; Sasaki, 1975). Although ICL repair has been envis-
aged to be mediated by sequential nucleotide excision repair
(NER) and homologous recombination (HR) in bacteria such
as Escherichia coli (Cole, 1973), little is known about the mech-
anisms of ICL repair in mammalian cells. Recently, however,
an analogous repair pathway was identified in mammalian
cells, where the heterodimeric endonuclease of Xpf (xeroderma
pigmentosum complementation group F) and Ercc1 (excision
repair cross complementation group 1) plays a role in the 5)→
3) incision/recombination process (Kuraoka et al., 2000; De Sil-
va et al., 2000). An involvement of Rad1/Rad10, the yeast
homologs of Xpf/Ercc1, in HR was suggested in Saccharomyces
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Table 1. The frequencies of CAs and SCEs in untreated and MMC-treated DT40 cells with different genetic backgrounds

Chromosome aberrations (CAs/cell)  Sister chromatid exchanges (SCEs/cell)  Cell lines  

Untreated  MMC -treated  Net induced  Untreated  MMC -treated  Net induced  

DT40 (wild type)  0.013±0.009  1.393±0.096  1.380±0.096  2.74±1.74  6.17±2.98  3.43±3.45  
Ku70 -/- 0    ±0.050  1.127±0.087  1.127±0.100  2.69±1.73  6.52±3.34  3.83±3.76  
Rad54 -/- 0.100±0.031  0.633±0.065  0.533±0.072  1.66±1.34  3.38±2.26  1.72±2.63  
Ku70 -/-/Rad54 -/- 0.113±0.028  0.607±0.064  0.494±0.070  1.50±1.25  2.75±1.70  1.25±2.11  
Rad51B -/- 0.147±0.031  0.487±0.057  0.340±0.065  0.93±1.02  1.82±1.53  0.89±1.84  
Rad51C -/- 0.160±0.033  0.313±0.046  0.153±0.057  1.05±1.13  1.67±1.40  0.62±1.80  
Rad51D -/- 0.580                 ±0.076  1.940±0.139  1.360±0.158  1.38±1.15  2.05±1.49  0.67±1.88  
Xrcc2 -/- 0.213±0.038  1.633±0.105  1.420±0.112  1.91±1.26  1.87±1.43   –0.04±1.91  
Xrcc3 -/- 0.195±0.031  1.320±0.115  1.125±0.119  0.90±0.98  1.27±1.11  0.37±1.48  

cerevisiae (Fishman-Lobell and Haber, 1992; Bardwell et al.,
1994), and moreover, the role of Ercc1 in HR was also demon-
strated in mammalian cells (Sargent et al., 2000; Niedernhofer
et al., 2001). HR plays a critical role in the repair of DNA dou-
ble strand breaks (DSB). Indeed, a DSB is generated as an inter-
mediate of the ICL repair process (Magana-Schwenke et al.,
1982; Dardalhon and Averbeck, 1995; McHugh et al., 2000)
and by processing of a replication fork stalled at ICL site (De
Silva et al., 2000). The studies of radiosensitive mutants of
yeast and mammalian cells have revealed a series of Rad52
epistasis group genes relevant to HR including Rad51, which is
a structural and functional homolog of bacterial RecA (review
by Shinohara and Ogawa, 1995; Baumann and West, 1998;
Kanaar et al., 1998).

Sister chromatid exchange (SCE) is an isolocus switch of a
newly replicated chromatid with its sister and has been thought
to be a chromosomal manifestation of recombination repair.
Recently, Reiss et al. (2000) reported that the ectopic overex-
pression of RecA in tobacco plants stimulated SCEs. Previous-
ly, we also reported that spontaneous and MMC-induced SCEs
were modulated in the chicken DT40 cells which were defec-
tive in some genes of the Rad52 epistasis group (Sonoda et al.,
1999; Takata et al., 2001). These observations are consistent
with the involvement of the HR pathway in the cellular
response to ICLs. Here, we have extended the analysis to the
CAs with their relevance to SCEs and cell killing in HR-defi-
cient DT40 cells in response to the ICL-inducing agent MMC.
The effect of non-homologous end-joining (NHEJ) was also
studied in Ku70-deficient cells.

The results show that the disruption of Rad54, Rad51B,
Rad51C, Rad51D, Xrcc2 and Xrcc3 decreases the frequencies
of spontaneous and MMC-induced SCEs. A decrease in the fre-
quencies of MMC-induced CAs was also observed in Rad54,
Rad51B and Rad51C mutants but not in Rad51D, Xrcc2 and
Xrcc3 mutants although all HR mutants showed hypersensitiv-
ity to MMC. These paradoxical observations have been inter-
preted by invoking apoptotic cell elimination under conditions
of an impaired HR pathway, leaving an alternative repair path-
way utilizing Mre11, which does not generate SCEs and gross
CAs. 

Materials and methods

Cells and cell culture
DT40 chicken B-lymphocyte cells were cultured in RPMI-1640 culture

medium supplemented with 1 mM ß-mercaptoethanol, 10% fetal calf
serum and 1% chicken serum, and were maintained at 39.5 ° C in 5 % CO2-
95 % air. The generation of Ku70–/–, Rad54–/–, Rad51B(Rad51L1)–/–,
Rad51C(Rad51L2)–/–, Rad51D(Rad51L3)–/–, Xrcc2–/– and Xrcc3–/– knock-
out mutant cells have been described previously (Bezzubova et al., 1997;
Sonoda et al., 1998; Takata et al., 1998, 2000, 2001). The culture condi-
tions for the mutant cells were essentially the same as those for parental
DT40 cells.

Analysis of CAs and SCEs
The cells were incubated for 18–21 h in the presence of 10 ÌM BrdU. To

see the response to ICLs, the cells were treated with MMC (Kyowa Hakko
Kogyo, Tokyo) for the last 8–12 h at a concentration of 0.05 Ìg/ml. The time
of treatment with BrdU was adjusted to cover approximately two cell cycle
periods, and MMC treatment to cover the last cell cycle, depending on the
cell lines. With this experimental condition, approximately 30% of cells are
in their first mitoses, 70% were in the second mitoses and a negligible frac-
tion is in the third mitoses after addition of BrdU. The cells were then har-
vested for making air-drying chromosome preparations after treatment with
0.1 Ìg/ml Colcemid for the final 1.5–2 h. The chromosome preparations
prepared were then stained with the modified fluorescent-plus-Giemsa
(FPG) method of Perry and Wolff (1974) for SCE analysis or stained with
conventional Giemsa staining method for CA analysis. A minimum of 150
cells were scored for SCEs and 200 cells for CAs. The frequencies were ana-
lyzed only in the 12 macrochromosomes including one Z chromosome,
2A(1-5),+A2,+Z.

Results

The results of analysis of CAs and SCEs in untreated and
MMC-treated cells with different genetic backgrounds are pre-
sented in Table 1 and their frequencies are depicted in Fig-
ure 1. CAs were exclusively chromatid-type aberrations, in-
cluding single- or iso-chromatid breaks and chromatid ex-
changes. In the parental DT40 cells, the MMC treatment at this
dose (0.05 Ìg/ml) showed approximately a two-fold and 100-
fold increase of SCEs and CAs, respectively, as compared to the
spontaneous frequency. The frequencies in the Ku70-deficient
cells were not significantly different from those of the isogenic
parental DT40 cells, indicating that the NHEJ pathway was not
a significant determinant of the spontaneous and MMC-
induced SCEs and CAs. The frequencies of the spontaneous
CAs were significantly elevated in all cell lines deficient in
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Fig. 1. The frequencies of CAs and SCEs in untreated and MMC-treated DT40 cells with different genetic back-
ground. (A) CAs. (B) SCEs. Shaded bars: untreated cells. Black bars: MMC-treated cells.

Fig. 2. Relationship between MMC-induced SCEs and CAs. The net-
induced frequency of CAs is plotted against the net-induced frequency of
SCEs. The dotted line shows a 1:1 correlation or equivalent reduction. 

Fig. 3. Spontaneous and MMC-induced lethality of mutant cells (recon-
structed from Takata et al., 2000, 2001). (A) Level of spontaneous cell death
measured by flow cytometry of propidium iodide uptake. (B) Clonogenic sur-
vival after treatment with MMC. The cells were treated for 1 h with MMC,
washed three times and grown in medium containing methylcellulose.

the HR genes, namely, Rad54–/–, Rad51B–/–, Rad51C–/–,
Rad51D–/–, Xrcc2–/– and Xrcc3–/– cells. Thus, impaired HR
constitutes the genetic basis of the chromosomal instability. 

However, the effects of HR deficiency on MMC-induced
CAs, and spontaneous and MMC-induced SCEs were different
among the mutants. Disruption of the HR genes suppressed the
frequencies of both spontaneous and MMC-induced SCEs.
The suppressive effect on the MMC-induced SCEs differed
among mutants, F50% for Rad54–/–, F80% for Rad51B–/–,
Rad51C–/– and Rad51D–/–, and 90% or more for
Xrcc2–/– and Xrcc3–/– cells. Surprisingly, the frequencies of
MMC-induced CAs were also suppressed in Rad54–/–,
Rad51B–/– and Rad51C–/– cells. The Rad54–/–/Ku70–/– double
knockout mutant responded similarly to the Rad54–/– cells,
again indicating no relevance of the NHEJ process in the induc-
tion of CAs and SCEs by MMC. It was noteworthy that
Rad51D–/–, Xrcc2–/– and Xrcc3–/– were exceptional, in that the
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frequencies of MMC-induced CAs were not reduced at all
whereas the SCE frequencies were strongly suppressed. The
effect of MMC was evaluated by subtracting the spontaneous
frequencies. Figure 2 shows the relationship between net-
induced SCEs and CAs; there was a clear 1:1 relationship in the
reduction rates except for Rad51D–/–, Xrcc2–/– and Xrcc3–/–

cells, which were totally refractory to the reduction of MMC-
induced CAs.

Figure 3 shows the spontaneous frequencies of dead cells as
determined by flow cytometric analysis and clonogenic cell sur-
vival after MMC treatment. The spontaneous death rate as
measured by the intake of propidium iodide is elevated in the
HR-deficient cells, which is consistent with the elevated fre-
quency of spontaneous CAs, or chromosomal instability of
these cells. However, such parallelism does not hold for the sen-
sitivity to cell killing and CAs by MMC, particularly in the
Rad54–/–, Rad51B–/– and Rad51C–/– cells, where the cells are
highly sensitive to cell killing whereas CA frequencies are
reduced. This discordance suggests that CA formation is not a
major pathway to cell killing.

To see any effects of the recombination processes on the for-
mation of chromosome aberrations, the ratio of SCE to non-
SCE at the junction of iso-chromatid breaks was studied in dif-
ferentially stained chromatids of cells treated with MMC. These
were 9/37 (24.3%) for the parental DT40 cells, 15/28 (53.6%)
for Rad51D–/– cells, 26/57 (45.6%) for Xrcc2–/– cells and 11/35
(31.4%) for Xrcc3–/– cells. Although statistically non-signifi-
cant, the breaks associated with SCE tended to be higher in the
mutant cells, indicating that in these mutants of Rad51 paralogs
strand exchanges took place, but the HR process could not be
completed and hence resulted in chromatid discontinuity.

Discussion

We have studied chromosomal effects of the impaired
NHEJ and HR repair pathways in DT40 cells in response to
ICL-inducing agent, MMC. The results presented here together
with those of our previous observations (Sonoda et al., 1999;
Takata et al., 2000, 2001) clearly show that the HR pathway
presents a critical determinant of the level of spontaneous and
MMC-induced CAs and SCEs. However, a striking difference
in chromosomal effects among mutants indicates that the con-
sequences are different depending on the components of the
HR repair pathway that are impaired. Our particular interest is
the discordance among the endpoints, CAs, SCEs and cell kill-
ing, in response to MMC in HR-deficient cells. Although all of
the HR-deficient cells showed MMC hypersensitivity to cell
killing, both the frequencies of SCEs and CAs were reduced at a
comparable level in Rad54–/–, Rad51B–/– and Rad51C–/– cells
but not in Rad51D–/–, Xrcc2–/– and Xrcc3–/– cells, where SCEs
were reduced while CAs were not. The discordance between the
CA level and cell killing suggests that CA formation is not a
major pathway of cell killing by ICLs, at least in the present
experimental system, but that the unsuccessful repair of ICLs
may lead to immediate cell death. The surviving cells might be
those rescued from cell death by other yet unidentified mecha-
nisms that are not linked to SCE and CA, and hence represent a

Fig. 4. Proposed model for the ICL repair pathway in relation to the chro-
mosomal manifestations. ICLs are highly cytotoxic and may lead to cell
death by preventing efficient DNA replication, but are tolerated by a
sequence of repair pathways involving Xpf/Ercc1 structure-specific endonu-
cleolytic unhooking followed by HR repair, which is prone to SCE and CA
formation. HR-deficient cells are either killed or rescued by an alternative
repair pathway, for instance, the Mre11-mediated homologous end-joining
pathway, which is less prone to SCE and CA formation. Mre11 pathway:
repair pathway by Mre11/Rad50/Nbs1 complex. TLS: trans-lesion synthesis.
NER: nucleotide excision repair.

reduced number of SCEs and CAs. The back-up pathway
through Ku-mediated NHEJ is less likely because the levels of
SCEs and CAs were not different between Rad54–/– cells and
Ku70–/–/Rad54–/– double mutants.

ICL is a unique damage in that it involves both strands of
DNA, presenting a disturbance of DNA replication and hence
strong cytotoxicity. It is thus tempting to speculate on the pres-
ence of an efficient life-or-death decision system in response to
ICLs, where the HR repair pathway plays a key role in tolerat-
ing ICL lesions to survive. Indeed, small or fragmented cells
accumulate in HR-deficient cells, suggesting an increased level
of apoptotic cell death (Takata et al., 2000, 2001). In Chinese
hamster ovary (CHO) cells, the enhanced cytotoxicity by ICLs
has been demonstrated to be associated with apoptotic cell kill-
ing and reduced mutagenicity (Cai et al., 2001). Furthermore,
Becker et al. (2002) studied death pathways in Chinese hamster
V79 cells with different sensitivities to crosslinking agents and
reported that apoptosis was a predominant mechanism of the
cell death, which was accompanied by the accumulation of
DSBs in a dose-dependent manner. DSBs are probably com-
mon intermediates following treatment with crosslinking
agents and provide lesions to be repaired by HR. Recently, De
Silva et al. (2000) reported that DSBs accumulate in CHO and
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V79 cells after treatment with the crosslinking agent nitrogen
mustard. The accumulation of DSBs was independent of the
dysfunction of Xpf, Ercc1, Xrcc2 and Xrcc3 genes, in which the
level of DSBs was comparable to that in the wild type cells.

A putative life-or-death decision pathway in tolerating ICLs
is proposed in Figure 4. DSBs generated at the stalled DNA
replication forks or those introduced as intermediates of Xpf/
Ercc1-mediated incision process, may activate a complex HR
pathway, where DNA ends are first resected in the 5)→3) direc-
tion and the resulting 3) single-strand tails being stabilized by
RPA, and Rad51 catalyzing the invasion of single-strand tails
into the DNA double helix with sequence homology followed
by resynthesis of gaps, and then the resultant Holiday junctions
being resolved to yield two intact DNA molecules. This Rad51-
dependent exchange reaction is facilitated by Rad54 DNA-
dependent ATPase and coordinated by other members of
Rad52 epistasis group including Rad51B, Rad51C, Rad51D,
Xrcc2, Xrcc3, and Brca1 and Brca2 (review by Khanna and
Jackson, 2001). The involvement of the Rad51-mediated HR
pathway in the ICL repair was suggested by subnuclear assem-
bly of the Rad51 protein in cells treated with MMC (Takata et
al., 2000). Unsuccessful HR repair, depending on the role of the
components therein, could lead to cell death. The physical
interaction between Rad51 and Xrcc3, between Xrcc3 and
Rad51C, between Rad51B and Rad51C, between Rad51C and
Rad51D, and between Rad 51D and Xrcc2 (Braybrooke et al.,
2000; Liu et al., 1998; Schild et al., 2000; Thompson and
Schild, 1999) suggests, that these Rad51 paralogs constitute
functional complexes to cooperate with Rad51. Although the
role of each component in the HR repair process is still poorly
defined, it is likely that the impairment of the early steps in HR
could lead to immediate cell death, whereas the defective oper-
ation in the later steps could lead to abortive exchanges, which
may again present a signal for cell death or appear as chromo-
somal discontinuity when surviving and would be visualized as
a CA at the junction of a SCE. Recently, Xrcc3 has been
reported to function not only in the initial stages of HR but also
in the later stages in the formation and resolution of HR inter-
mediates, possibly by stabilizing heteroduplex DNA (Brenne-
man et al., 2002). The high level of CAs in Rad51D–/–, Xrcc2–/–

and Xrcc3–/– cells is consistent with this expectation. 
It is paradoxical that induction of CAs and SCEs by MMC is

apparently suppressed in Rad54–/–, Rad51B–/– and Rad51C–/–

cells while these HR mutants are all highly sensitive to cell kill-
ing by MMC. However, it may be speculated that the deficien-
cy in the HR repair pathway evokes an alternative pathway to
cope with the ICL damage. A potential role of NHEJ in ICL
repair has been suggested in yeast (McHugh et al., 2000). How-
ever, as mentioned above, the back-up operation of NHEJ is
less likely in our cell system because the response to MMC in
Rad54–/– cells was not different from that in the Ku70–/–

/Rad54–/– cells. In this respect, it is of particular interest that
MMC treatment also activates the subnuclear assembly of the
Mre11/Rad50/Nbs1 complex (Mre11 complex) (Nakanishi et
al., 2002; Pichierri et al., 2002) which catalyzes the homology-
directed end-joining or single strand annealing of the extended
single strand tails at DSBs resulting in end-joining of broken
ends (review by D’Amours and Jackson, 2002). The yeast

Mre11 mutant shows ICL sensitivity (McHugh et al., 2000),
and Nbs1-mutated human genetic disease Nijmegen breakage
syndrome is at least moderately sensitive to MMC (Kraakman-
van der Zwet et al., 1999; Nakanishi et al., 2002). Unlike the
HR pathway, the Mre11 pathway does not result in SCE unless
both sister chromatids contain DSBs. The molecular mecha-
nism of the interplay between HR- and Mre11-pathway is not
known, but the impaired Mre11 pathway has been reported to
enhance HR (Ivanov et al., 1992; Rattray and Symington,
1995; Tsubouchi and Ogawa, 1998). HR requires processing of
DSB into a resected DNA duplex with protruding 3) single
stranded DNA tail. However, Mre11 exhibits 3)→5) exonu-
clease activity producing a 5) single strand tail, which may not
provide a substrate for Rad51 to initiate strand invasion
toward HR (Haber, 1998; Sung et al., 2000; Symington, 2002).
Given the role of the strict preference of the sequence polarity,
the Mre11 complex could assist in making a choice for one of
the two pathways. The deficiency in HR pathway may stimu-
late the Mre11 pathway, and hence presents the reduction of
SCEs and CAs in HR-deficient mutants when they survive to
mitosis. However, the proposed model is highly speculative
and should be further validated experimentally.

The human genetic disease Fanconi anemia is known to be
hypersensitive to the ICL-inducing agents (Sasaki and Tono-
mura, 1973). To date, eight responsible genes have been identi-
fied, including FancA, FancC, FancD1 (Brca2), FancD2,
FancE, FancF, FancG (Xrcc9) and FancL (Joenje and Patel,
2001; Bagby, 2003; Meetei et al., 2003). The encoded proteins
form a multisubunit nuclear complex and appear to corporate
in a common cellular pathway because a mutation in each gene
causes similar clinical phenotypes. Furthermore, recent two-
hybrid and immunoprecipitation experiments indicate a direct
interaction with the HR pathways, e.g. the physical association
of FancA with Rad51, FancD2 with Nbs1, FancD1 (Brca2)
with Rad51, FancA with Brca1 and FancG with Brca2 (Joenje
and Patel, 2001; Nakanishi et al., 2002; Folias et al., 2002; Hus-
sain et al., 2003). More direct evidence for the involvement in
HR was demonstrated by Takata and his colleagues (Yamamo-
to et al., 2003). They showed that the repair by HR of I-SceI-
induced DSBs was severely suppressed in FancG-knockout
DT40 cells. The SCE response to MMC in FA cells is contro-
versial; a nearly normal response (Novotná et al., 1979),
reduced response (Latt et al., 1975) and variable among pa-
tients (Kano and Fujiwara, 1981; Sasaki, 1982). In our earlier
studies, a patient FA17JTO showed a somewhat elevated SCE
response to MMC, but another patient FA20JTO showed a
below normal response (Kano and Fujiwara, 1981; Sasaki,
1982). FA17JTO was assigned as group G and FA20JTO as
group A by mutation analysis (Tachibana et al., 1999, and their
unpublished data). In the FancG knockout DT40 cells, the fre-
quencies of spontaneous SCEs are higher than that in wild type
cells but those after MMC treatment are equivalent to that in
the wild type cells (Yamamoto et al., 2003), indicating that the
net-induced frequencies are rather reduced in the MMC-
treated mutant cells. However, because of the limited data
available at this stage, the SCE response in FA cells must await
further studies.
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Clearly, the HR repair pathway is of central importance for
the maintenance of chromosomal integrity towards ICLs. The
HR repair pathway is regulated by multiple genes and the chro-
mosomal manifestations of the ICL response are largely depen-
dent on the impaired subunits of the pathway. Moreover,
emerging evidence suggests the interplay with other repair com-
plexes; and these may be corporative, substitutive, or discrimi-
native depending on the cell cycle stages, and this further com-
plicates the ICL tolerating mechanism and its chromosomal

consequences. Inappropriate repair is a hallmark of clastoge-
nicity, mutagenesis and carcinogenicity, but living cells have an
alternative pathway, here referred to as death pathway, to
escape from the effects of genotoxic insult. The death pathway
seems to have considerable weight in tolerating ICL damage.
The life-or-death decision with its signaling mechanism may
vary among types of damage and cell types, and should consti-
tute a significant determinant of the chromosomal manifesta-
tion of the response to DNA damage, in particular to ICLs.
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Abstract. Repair of cyclobutane pyrimidine dimers (CPDs)
in cultured neonatal human fibroblasts and in Mus spretus ×
M. castaneus F1 neonatal skin fibroblasts was analyzed after
UVC-irradiation by cleavage with T4 endonuclease V cyclopy-
rimidine dimer glycosylase, alkaline-agarose gel electrophore-
sis, and Southern blotting. The blots were sequentially probed
with 32P-labeled Alu, or B2, to preferentially illuminate R-band
DNA, by L1 to preferentially illuminate G-band DNA, and by
satellite DNA to illuminate C-band DNA. These three different
DNA populations showed slightly different global nucleotide
excision repair rates that are in the order of speed, R-band
DNA 1 G-band DNA 1 C-band DNA. Fibroblasts from out-
bred neonatal mice and humans showed similar band-specific
repair rate ratios and the global repair rate of murine fibro-
blasts was almost as rapid as that of the human fibroblasts. The
mass distribution of the human Alu-probed signal was further

analyzed. Gel mobility data was fitted to a logistic equation to
include all Mr values. Hypothetical distributions of DNA ran-
domly cleaved to a particular number-average molecular
weight were fit to the logistic gel mobility function to determine
how such a randomly cleaved distribution of a particular cleav-
age frequency would be displayed along the experimental gel.
This revealed a rapidly repaired kinetic fraction that repre-
sented 17% of the Alu-probed signal (R-band DNA), almost
none of the L1 probed signal (G-band DNA), and reflects tran-
scription coupled repair of active genes. The remaining Alu-
probed DNA showed a random distribution of UVC-induced
CPDs throughout all stages of global nucleotide excision repair.
The Alu-probed CPDs disappeared with an excellent fit to first
order kinetics and with a half-life of seven hours.

Copyright © 2003 S. Karger AG, Basel

Nucleotide excision repair (NER) shows DNA domain-spe-
cific repair rates. The first reported domain rate difference was
a relatively slow nucleotide excision repair rate for furocoumar-
in adducts and N-acetoxy-2-acetylaminofluorene but not for
cyclobutane pyrimidine dimers (CPDs) in African green mon-
key ·-satellite DNA compared with that of the remaining,
euchromatic, DNA (Zolan et al., 1982). If the satellite DNA of
C-bands shows slow NER relative to the euchromatic portion

(R-bands and G-bands) of the genome, then what is the relative
repair rate of the R-bands, G-bands, and C-bands?

Global NER acts slowly on all DNA. Transcription-coupled
repair (TCR) is a very rapid repair of the transcribed strand of
active (Mellon et al., 1987) or transcriptionally poised (Mullen-
ders et al., 1991) genes. In hamster cell lines where global NER
is virtually absent, one report shows that CPD repair by TCR in
the DHFR gene is limited to the transcribed region of the tran-
scribed strand (Spivak and Hanawalt, 1996). While human
cells show efficient global NER, TCR is so rapid that 24 h after
UVC irradiation, large regions exist which are CPD free. These
CPD-free regions are especially apparent in Xeroderma pig-
mentosum type C (XPC) fibroblasts (Kantor and Deiss-Tol-
bert, 1995). XPC cells lack global NER activity (Venema et al.,
1991) and some 15% of the XPC genome receives 50% of the
repair activity (Kantor et al., 1990). CPD-free domains do not
form in Cockayne syndrome fibroblasts (Shanower and Kan-
tor, 1997), cells that lack TCR activity and retain only global
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NER activity (van Hoffen et al., 1993). The CPD-free domains
are observed in GC-rich DNA (Kantor and Deiss-Tolbert,
1995) in which active genes are concentrated. CPD-free do-
mains are large, 50 kb, and extend far from the boundaries of
the 3.5-kb ß-actin gene (Barsalou et al., 1994) or the 20-kb p53
gene (Tolbert and Kantor, 1996).

R-bands differ from G-bands in behavior and sequence with
R-band DNA constitutively replicating early while G-band
DNA usually replicates late (Goldman et al., 1984; Holmquist,
1987). About 79% of cytologically mapped genes map to R-
bands (Musio et al., 2002). The R-bands are GC rich and the
G-bands are AT rich (Bernardi, 2001). Humans have a subset
of very AT-rich R-bands called T-bands (Dutrillaux, 1973).
These bands are extremely enriched in genes (Holmquist, 1992;
Saccone et al., 1999; Bernardi, 2001). Surralles et al. (2002)
made probes from TCR-mediated repair sites of UVC-irra-
diated Xeroderma pigmentosum group C cells, cells that can
only repair the transcribed strand of active genes. These probes
illuminated a general R-band pattern with the strongest signal
over T-bands. Thus, TCR occurs in bands with active genes,
R-bands, and predominantly in the gene-richest of these R-
bands, T-bands.

Almost half of the human genome is composed of families of
interspersed repeats (Smit, 1999). The short interspersed re-
peats are called SINEs and the long ones are called LINEs (Sin-
ger, 1982). Most SINE families are concentrated in early repli-
cating, GC-rich, R-band DNA while most LINE families are
found concentrated in the late replicating, G-band DNA (Gold-
man et al., 1984; Holmquist and Caston, 1986). This band-
related distribution for the SINE family Alu and for the LINE
family L1 was first reported by Laura Manuelidis who used in
situ hybridization to localize the human L1 family to G-bands
(Manuelidis, 1982) and the Alu SINE family to R-bands (Man-
uelidis and Ward, 1984), by Soriano et al. (1983) who found L1
concentrated in AT-rich isochores (G-band DNA) and Alu con-
centrated in GC-rich isochores (R-band DNA), and by Koren-
berg and Rykowski (1988) who used FISH to produce a G-
banding pattern with an L1 probe and an R-banding pattern
with an Alu probe. The band-specific enrichments have been
quantified. Holmquist and Caston (1986) showed that 77% of
the signal from the L1 probe A36Fc was in late replicating
HeLa DNA while 23% of its signal was in early replicating
DNA. Smit (1999), using the sequenced human genome, re-
ported that the two light (AT-rich) isochores in autosomes are
comprised of 7.9% Alu and 17.6% L1 while the three heavy
(GC-rich) isochores are comprised of 17.1 % Alu and 7.3% L1.
Some human R-bands, T-bands, have higher concentrations of
Alu than do other R-bands. This extreme Alu-richness is corre-
lated with extreme gene richness (Holmquist, 1992). Thus,
using an L1 probe and an Alu probe to distinguish G-band
DNA from R-band DNA is not ideal but should well reflect any
trends of different damage or repair for these two band classes
of DNA.

FISH to mouse chromosomes using the murine SINE fami-
ly, B2, and the murine LINE family, L1, showed the same band
specificity (Boyle et al., 1990) as that previously reported for
human chromosomes using Alu and L1 (Korenberg and Ry-
kowski, 1988).

A replication banding pattern along chromosomes is com-
mon to all vertebrates (Holmquist, 1988). Superimposed upon
this replication time pattern, GC richness of the early replicat-
ing bands arose independently with homeothermia in birds and
mammals less than 350 million years ago (Holmquist, 1988).
Alu arose about 65 million years ago (Deininger and Daniels,
1986) eventually concentrating in R-bands. The mutational
load or substitutional cost was calculated for these patterns of
base composition or Alu concentration to have been generated
by random mutagenesis followed by selection against the “inap-
propriate” or selection for the “appropriate” regional base com-
position or regional Alu concentration and found to be impossi-
bly large (Holmquist, 1989). Consequently, the genomic pat-
terns of base composition differences and Alu concentration
differences must be due to some pattern-organized mutational
pressure (Holmquist, 1989; Holmquist and Filipski, 1994).
One possible cause of pattern-organized mutational pressure is
mediated by chromatin domains that exhibit differing levels of
vulnerability to damage or accessibility to repair.

Primary human fibroblasts are ideal for cyclobutane pyrim-
idine dimer (CPD) repair experiments because, after a high
dose of UV, they cease to enter S-phase while maintaining a
normal active CPD repair capacity. In contrast, the CPD repair
capacity of murine cells is problematic. Established rodent cell
lines only repair about 20% of induced CPDs (Bohr et al.,
1986) and this is predominantly due to transcription coupled
repair of transcribed strands (Mellon et al., 1987; Hanawalt,
1990). The repair capacity of Mus musculus primary em-
bryonic cells decreases with both the age of the donor embryo
and the passage number of the culture. These data suggest that
the genetic information for global excision repair in culture is
turned off after 17–19 days of development (Peleg et al., 1977).
In mouse skin, one study showed that the epidermal cells
removed CPDs only from active genes (Ruven et al., 1993);
global CPD repair appeared to be absent. Another study (Mit-
chell et al., 1999) showed that while some murine epidermal
cells do show slow global repair, others in the same tissue
appear incapable of global CPD repair. These mouse and ham-
ster cells usually have very low levels of DNA damage binding
protein 2 (DDB2-protein or p48-protein). p53 activity is re-
quired to upregulate this DDB-2 protein and DDB-2 is re-
quired for global CPD repair along the non-transcribed strand
but not for transcription-coupled repair (Tang et al., 2000; Zhu
et al., 2000). We searched for and found a murine cell line from
a cross of Mus spretus × M. castaneus that shows levels of global
NER almost equivalent to that of humans.

Mutagen-induced lesions often appear to be randomly dis-
tributed along the genome. When randomly distributed DNA
lesions are converted into DNA breaks, the resulting frequency
distribution of fragment sizes is given by the Eq. 1 (Kuhn,
1930).

WbA 0

b
= 

b

�
0

WFb = 1 – (1 + Pb ) e–Pb (1)

The number average molecular weight of a population of
polymers, M—n, is obtained by adding the number of molecules
in each fraction, each multiplied by its molecular weight, and
dividing the sum for all fractions by the total number of mole-
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cules. The weight average molecular weight, M—w, is obtained by
adding mass of molecules in each fraction, each multiplied by
its molecular weight, and dividing the sum for all fractions by
the total weight (see Tanford, 1961, pp. 146).

For randomly cleaved DNA, M—w = 2M—n. If one determines
Eq. 1 for all sizes and plots the log of b on the X axis and Wx,
along the Y axis, then a sigmoidal curve is obtained with Y
values that vary from 0 to 1. Such a plot describes the cumula-
tive weight fraction of DNA less than size “b” bases. This equa-
tion was used along with gel electrophoresis by Hamer and
Thomas (1975) and by Peterson (2000) to show that restriction
endonucleases cleave genomic DNA in a random fashion. With
modern computers, one can create small polymer-length inter-
vals and determine the weight fraction expected in each small
interval. The result is shown in Fig. 1A.

The plot in Fig. 1A describes the mass of randomly cleaved
DNA as a function of Mr. When the X-axis is changed to log10

of Mr, then the plot accurately describes the DNA mass as it is
size-fractionated in the log-linear mobility range of agarose gel
electrophoresis. In such a plot, the peak DNA concentration
occurs at an Mr which equals weight average molecular weight,
M—w (Drouin et al., 1996; Rodriguez et al., 1999). Using gel elec-
trophoresis of radiolabeled DNA, one can slice the gel and,
after scintillation counting, obtain a linear response to the 3[H]-
DNA content of each gel slice. Cleavage of tritiated V79 ham-
ster cell DNA with EcoRI or HhaI produced mobility distribu-
tions that fit a Kuhn distribution (Holmquist, 1988). In con-
trast, MspI-cleaved DNA showed a low Mr shoulder outside the
expected Kuhn distribution (Holmquist, 1988). This we now
know is due to the presence of CpG islands and their high con-
centrations of MspI cleavage sites at CCGG sequences and
shows how data deviating from the random cleavage assump-
tion indicates patterns of genome organization. Using fluoro-
chrome-stained denaturing agarose gels, we showed that perox-
yl radical-induced oxidized guanines produced a random dis-
tribution of FAPY + Endonuclease III-sensitive sites similar to
the distribution produced by restriction endonucleases (Rodri-
guez et al., 1999). Thus, Kuhn’s equation and modern linear
detection systems allow one to both determine an average
cleavage frequency and also test the randomness of the cleavage
pattern. But these determinations and tests require that the
DNA fragments fall within the log-linear range of the gel elec-
trophoresis system.

For standard alkaline agarose gels that utilize a constant vol-
tage gradient, the log-linear mobility range extends about ten
fold, for example, from 2.5 to 20 kb in Fig. 1B. To determine
the behavior of randomly cleaved DNA outside this range, one
must fit the Kuhn distribution to the entire mobility function of
the gel and not to just within the log-linear range. The mobility
function in gels run with a constant voltage (Fig. 1B) is known
(Willis et al., 1988) and is a logistic function. In the gel, infinite-
ly long DNA does migrate into the gel with a mobility Ìmin and
very short DNA molecules migrate with a mobility Ìmax.
Between these extremes, Mr fractionation follows a logistic
function reflecting the same Pascal sampling phenomenon as
that experienced by a protein which partitions between the sta-
tionary phase and the mobile phase during column chromatog-
raphy. Equations relating mobility Ì and Mr are Ì = Ìo + a/

Fig. 1. (A) The mass fraction Wm of molecules “b” bases long was gener-
ated for a randomly cleaved infinitely long polymer. The probability of a
bond being cleaved is P = 0.00018. Wm = P2b(1 – P)b – 1 where Wm is the mass
fraction of DNA molecules of length b in bp. Kuhn showed that the mass
fraction ! b is Wb ^ b = integral from 0 to b of Wb db = 1 – (1 + Pb)e–Pb

(Kuhn, 1930). This integral equation and Microsoft Excel were used, for
example, to calculate the mass fraction between 18,100 and 18,200 bp as
mass fraction = (1 – (1 + 18,200P)e( – 18,200P)) – (1 – (1 + 18,100P)e( – 18,100P)).
Repeating this for a continuum of intervals generated the curve shown. An
interval corresponding to the mobility of molecules from 10 to 11 kb is
shown hatched. (B) A four-parameter logistic mobility function for electro-
phoretic mobility Ì = Ìo + a/(1 + (Mr/xo)b) was fit to the mobility of the
leftmost Mr standards from Fig. 2 using SigmaPlot’s Regression Wizard pro-
gram. The 800-kb marker in Fig. 2 was estimated as the mobility attained
when undamaged DNA reached 30 % of its maximum signal. Since the auto-
radiogram’s lane scan was divided into 120 slices, mobility is expressed as
slice number instead of mm. Lines from the axes to the curve show how one
would determine that molecules in slices 47–53 include a Mr range of 10–
11 kb. The shaded rectangle in panel A shows the expected mass fraction in
slices 47–53.

A

B

Mr, kb
0 20 40

0.00

0.01

Mobility, Slice #

0 20 40 60 80 100 120

1

10

100

1000

Random Break Mass Distribution
0.18 breaks/kb.
1 break/ 5.55 kb

M
as

s 
Fr

ac
ti

o
n

 in
 e

ac
h

 1
 k

b
 in

te
rv

al

Logistic Fit to the Mobility of the Mr Standards

Mobility = 5.76 + 119/[1+(Mr /7.11)
1.21

]

M
r 

, k
b

(1 + (Mr/xo)b) and Mr = xo[(a/(Ì – Ìo)) – 1]1/b where the parame-
ters Ìo = Ìmin, a = Ìmax, xo, and b, are, for a given electrophoresis
buffer, well defined functions of agarose concentration and vol-
tage gradient (Willis et al., 1988). For a particular gel run where
the time and voltage gradient are the same for all samples,
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mobility Ì can be measured in distance migrated. If each lane
of DNA is divided into many slices, mobility can be expressed
as slice number as in Fig. 1B. The parameters as determined by
best fit regression to the mobility of the Mr markers yielded the
equation Ì = 5.76 + [119/(1 + (Mr/7.11))]1.21. In Fig. 1B, Ìmin =
5.76 slices and Ìmax = 119 slices while the parameters 7.11 and
1.21 describe the shape of the sigmoidal curve between the
maximum and minimum mobility limits.

We fit the Kuhn distribution to the entire electrophoretic
mobility function to accurately predict the shape of the gel
mobility profile of randomly cleaved genomic DNA. Using T4-
pdg-cleaved DNA from UV-irradiated cells, we show that the
analysis method yields accurate estimates of global CPD repair
rates (T4-pdg-dependent Mn increases) and that deviations
from random CPD distributions during repair are due to the
rapidly repaired domains associated with TCR.

Materials and methods

Primary neonatal human foreskin fibroblasts were obtained by collage-
nase digestion and grown to confluence in 150-mm petri dishes in DMEM
medium + 10 % fetal calf serum. Medium was replaced two days before irra-
diation. The cells were washed once in isotonic saline. To prevent desiccation
of the cells during irradiation, 2 ml of isotonic saline was added to each plate.
Cells were then irradiated with 20 J/m2 of UVC. UVC fluence was monitored
with a Blak Ray UV meter (Ultraviolet Products Inc., Upland, CA, USA).
After irradiation, the isotonic salt solution was replaced with fresh medium.
Cells were periodically harvested over a two-day repair period.

Mus spretus × M. castaneus F1 neonatal skin fibroblasts were obtained by
collagenase digestion and cultured in DMEM medium + 10 % fetal calf
serum. Using a cytogenetic analysis of metaphase spreads, cell population
showed 10% aneuploid cells after 5 days in culture and 100 % aneuploid cells
after 14 days in culture. After 20 days, the “post-crisis” fibroblasts were
replated. Plates of 95% confluent cells were UVC (10 J/m2) irradiated as
described for the human cells and murine cells that adhered tightly to the
culture plate were harvested over a three-day repair period. In a separate
experiment to determine the response of the attached cells to UVC, a log-
phase culture of these murine fibroblasts was irradiated, 10 J/m2 of UVC,
and examined periodically by phase microscopy. At t = 0 h and 3 h, cells were
rapidly dividing and many telophase cells were present. At 18 and 28 h, telo-
phase cells were absent and there was a noticeable increase in rounded,
refractile, and floating cells. At 48 h, 35 % of the cells were floating or loosely
attached.

After repair and harvesting of cells by trypsinization, DNA was phenol-
extracted from isolated nuclei (Ye et al., 1998), quantified by A260, digested
to completion with T4-pdg (a gift from Steven Lloyd) as previously described
by Pfeifer et al. (1992), phenol extracted, and re-quantified by A260. 5 Ìg of
DNA in 3 Ìl was mixed with 3 Ìl of 100 mM NaOH, 4 mM EDTA. To this,
4 Ìl of 1 M NaOH, 50% glycerol, and 0.05 % bromocresol green was added.
10 Ìl/lane were loaded into the gel wells for alkaline 0.7 % agarose gel electro-
phoresis (running buffer; 30 mM NaOH, 2 mM EDTA) as previously
described by Drouin et al. (1996).

Analysis tools: After neutralization, fluorescent ethidium bromide-
stained gels were scanned with a FluorImager, S1. Southern blots were
imaged using a Molecular Dynamics, Inc. Storm 850 PhosphoImager.
Images were cropped, rotated, and saved as 16 bits/pixel TIFF files using
ImageQuant Tools v. 2.0. Lanes in the images were outlined by a rectangle
that included signal from the entire lane. Signal in each lane’s rectangle was
quantified as 120 different slices per lane using the grid option in an Image-
Quant 5.0 software package and saved as Excel files. To determine the
parameters for fitting logistic curves to the mobility of Mr standards, logistic
regression was done using the Regression Wizard option of SigmaPlot ver-
sion 4, SPSS, Inc.

32P-labeled probes were made as follows. End-labeled probes against
lambda DNA were made by extending HindIII-digested lambda with Kle-
now DNA polymerase in the presence of 32[P]-·-dCTP. Plasmids pSP6-4-B2

and KS13A containing the murine B2 and L1 sequences (Boyle et al., 1990)
were obtained from Terry Ashley. Probes were made from plasmids by ran-
dom priming using randomly synthesized octamers, a Boehringer Mannheim
Random-Primed-DNA-labeling kit, and 32[P]-·-dCTP. The remaining
probes were made after PCR amplification of 1–2 Ìg of genomic DNA. The
appropriate sized bands were eluted from the ethidium bromide-stained neu-
tral agarose gels using the extraction procedure recommended by QUIAEX
(Quiagen, Inc.). A second round of PCR amplification and gel purification
completed the preparation of DNA template for labeling. 32[P]-dCTP-labeled
probes were synthesized from PCR-amplified DNA sequences either by ran-
dom priming or by several rounds of linear PCR extension using only one
primer. The sequences amplified, primers used, and probe labeling methods
respectively are summarized as follows:

Human satellite probe: the 171-bp EcoRI satellite DNA fragment
described as fragment II in Fig. 9 of Wu and Manuelidis (1980):
5)ATATTTCCTATTCTACCATTGACCTCAAAG and 5)TTCTCAGTAA-
CTTCCTTGTGTTGTGTG, Randomly primed.

Human L1: GenBank HUMALUL1A, #M93406: 5)AGTGCTATCCC-
TGCCCTGC and 5)GGACATAGGCATGGGCAAGG Linear PCR amplif-
ication using the upper primer.

Human Alu: Blur8 GenBank HUMRSAB8, #J00091: 5)CTCGCTCTG-
TCACCAGGCTGG and 5)AATCCGAGCACTTTGGGAGGC, Randomly
primed.

Mus musculus major satellite probe: GenBank MMSDNA1: 5)CTGAA-
ATCACGGAAAATGAG and 5)GCCTTCAGTGTGCATTTCTCA.

2 Ìg of Mus musculus DNA was PCR amplified for 25 cycles using Taq
polymerase to produce ethidium bands at 240 and 480 bp. These bands were
excised from the neutral agarose gel and PCR amplified again. The product
was randomly primed to generate a 32P-labeled probe.

Alkaline gels were neutralized, the DNA partially depurinated (10 min
24 °C, 0.25 N HCl), the gels were reneutralized, and the DNA was trans-
ferred to membranes (Qiagen Inc.) by capillary blotting (Holmquist and Cas-
ton, 1986) and fixed to the membranes by UVB irradiation. Hybridization
was carried out as described by Tornaletti and Pfeifer (1996) excepting that
the pre-hybridization solution was modified so that 200 ml contained 0.4 g of
powdered non-fat milk and 2.5 ml of 15 mg/ml sonicated herring sperm
DNA. Another modification was that the hybridization solution was made
1× in Denhart’s solution (Holmquist and Caston, 1986). Before rehybridiza-
tion using a different probe, stripping of probes from membranes was accom-
plished in boiling 0.1–1% SDS (Ausubel et al., 1997; Current Protocols
2.10.7). All Southern blotting results were repeated three times over a period
of three years.

Results

DNA in the two chromosomal compartments, Alu- or B2-
probed “R-band” DNA, and L1-probed “G-band” DNA, is
damaged similarly (Figs. 3 and 8; 0 h repair). Satellite DNA is
tandemly repetitious and non-random in sequence. Its CPD
distribution was not amenable to the Kuhn equation and to this
comparison.

The repair of CPDs in the human fibroblasts is, except for
the C-band DNA, almost complete by 48 h. Between these tem-
poral extremes, all three chromosome compartments (Fig. 3)
show repair rates in the order, R-band DNA is faster than G-
band DNA, which is faster than C-band DNA. These rate dif-
ferences are most apparent in the partially repaired DNA pro-
files from the 8 h and 16 h samples. A visual inspection of the 8
h repair profiles suggests that the Alu-probed DNA has a rapid-
ly repaired kinetic component that is almost completely re-
paired by 8 h. A similar kinetic component is slightly noticeable
in the L1-probed signal. Excluding this rapid component from
consideration, the repair rates observed in DNA from the three
chromosomal compartments are in the relation Alu-probed 1
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Fig. 2. A CPD repair panel from 20 J/m2 UVC-irradiated human fibroblasts. DNA was size fractionated in alkaline 0.7 %
agarose and stained with ethidium bromide. Southern blots from this gel were sequentially probed with 32[P]-Alu, 32[P]-L1, and
32[P]-Satellite DNA. The Mr of full length Ï phage DNA and HindIII-digested Ï phage DNA are shown at the left. The mobility of
800-kb DNA was estimated as the mobility of uncut DNA when the signal on the well-proximal side of the peak of undigested
DNA was 30 % of maximum. The right side of the gel migrated faster than the left side. Assuming a linear dependence of
dVoltage/dx along the horizontal axis, the Mr mobility of intermediate lanes was estimated from the straight-line segments
connecting Mr markers. Repair times are indicated at the top. Small arrows indicate spots and smudges that appear as aberrant
peaks in Fig. 3.

L1-probed 1 Satellite probed (R-band 1 G-band 1 C-band).
The differences are quite apparent in Fig. 3 because the same
Southern transfer was probed several times and the resulting
autoradiograms could be exactly aligned before analysis. These
global nucleotide excision repair rate differences seem too
small to account for evolution of the base compositional differ-
ences between R- and G-band DNA.

Fitting a Kuhn random break distribution to the mobility
function and comparing this to the Alu-probed signal (Fig. 4)
yields two kinds of information, 1) a test of the shape of the
Alu-weighted mass distribution, and 2) a number average Alu-
weighted molecular weight (breaks/kb in Fig.4). The realized
mobility distributions of the Alu signal and the calculated ran-
dom cleavage distributions were similar except after 8 h of
repair when a shoulder of high Mr DNA falls outside the fitted
curve. Figure 5 shows that the 8-hour Alu-probed data can be
approximated by the sum of two randomly cleaved weight dis-

tributions. The higher Mr distribution is 22.5% of the Alu-
probed signal, has 0.029 breaks/kb, and represents a rapidly
repaired R-band component. The lower Mr distribution of the
Alu-probed DNA is 77.5% of the signal, has 0.12 breaks/kb,
and represents the more slowly repaired component.

The unirradiated signal in Fig. 4 reflects possible DNA
breakage during preparation. This was estimated in Fig. 4 as
0.018 breaks/kb. When this frequency of breakage is subtracted
from that of UV-irradiated, T4 Endo V cut DNA samples, the
result is an estimate of CPD density. This CPD density is plot-
ted in Fig. 6 as a function of repair time. Here, the CPD density
closely follows first order kinetics and half of the CPDs are
removed every 7 h. A lag of up to several hours has been noted
between the time of UVC irradiation and the time when CPD
repair initiates (reviewed in Holmquist and Gao, 1997). Such a
lag was not detected in Fig. 6.
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Fig. 3. Quantified “lane scans” from the three
human autoradiograms in Fig. 2. In the Alu auto-
radiogram of Fig. 2, a rectangle is shown enclosing
the left Mr marker lane. This rectangle was parti-
tioned into 120 slices. The sliced rectangle was
copied onto each lane. The CPM in each slice was
determined using ImageQuant software and
transferred to an Excel file to generate the “lane
scans”. The ten partitioned rectangles for the ten
lanes were selected, grouped, and copied onto the
TIFF images of the L1 and satellite DNA probed
autoradiograms. At 8 h and 24 h of repair, it is
apparent that the relative repair rates are Alu-
probed signal 1 L1-probed signal 1 Satellite-
probed signal.

Southern blots of the mouse cells’ repair (Fig. 7) and scans of
these blots (Fig. 8) revealed the same repair rate trends as were
demonstrated by human fibroblasts but with a murine global
repair rate about half that of the human fibroblasts. The B2-
probed “R-band” DNA repaired faster than did the L1-probed
“G-band” DNA. The B2-probed DNA but not the L1-probed
DNA had a rapidly repaired component that was noticeable in
the 16 and 24 h mobility profiles (Fig. 7). Before repair, the
mouse major satellite-probed DNA mobility profile showed a
higher Mr than did the B2- or L1-probed profiles (Fig. 7), and
did not fit a Kuhn distribution (data not shown). There are few-

er (52) dipyrimidines than expected by chance (116) along the
234-bp subunit of the Mus musculus major satellite and these
are asymmetrically disposed, 31 along one strand and 21 along
the other. Consequently, we expected a low density of induced
CPDs and a non-random mass distribution for the satellite-
probed signal.
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Fig. 4. Random cleavage weight distributions
(solid lines) fitted to the mobility of experimen-
tally determined Alu-probed signal (filled circles).
The mobility (slice #) of the Mr standards (hori-
zontal lines connecting Mr bands of the left and
right Mr standard lanes in Fig. 2) were determined
for each lane. Parameters for a logistic mobility
function as in Fig. 1B were fitted by non-linear
regression for each lane using Sigma Plot regres-
sion wizard software. From each lane’s mobility
function, the Mr of the upper and lower bound-
aries of each slice was determined. From these Mr
values, the mass fraction of DNA expected in the
slice was calculated as in Fig. 1A. P (breaks/kb)
was varied manually until a best fit was obtained
between data and the mass fraction calculations.
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Discussion

The three major chromosome compartments, R-bands, G-
bands, and C-bands, respectively, show CPD repair rates which
vary from faster to slower in that stated order for all three com-
partments (Fig. 3) and for R- and G-band murine compart-
ments (Fig. 8). The Alu-probed human R-band DNA has two
distinct repair rate components, with the slower repaired com-
ponent of R-band DNA being repaired slightly faster than G-
band DNA (Fig. 3).

In the human and murine cells, the distribution of UVC-
induced CPDs showed no noticeable difference between R-
band DNA and G-band DNA (Figs. 3 and 8; 0 h repair).
Although R-band DNA is located in the interior of nuclei and
G-band DNA is usually near the nuclear membrane (Cremer et
al., 2000) where it could act as a bodyguard (Hsu, 1975) against
UV damage, a differential CPD induction response was not
seen. Kantor and Deiss-Tolbert (1995) showed that several 50-
to 80-kb regions have quite different CPD densities immediate-
ly after UV irradiation and this is not inconsistent with our
data. Their small sampling suggested that GC-rich isochores



42 Cytogenet Genome Res 104:35–45 (2004)

Fig. 5. The Alu-probed 8 h repair data (filled squares) from Fig. 4 were
fitted to the sum (thick line) of two random cleavage weight distributions
(dashed lines). These two component distributions had P values of 0.12
breaks/kb and of 0.029 breaks/kb, respectively, and correspond to the slowly
repaired (77.5 % of total) and rapidly repaired (22.5% of total) kinetic com-
ponents, respectively.
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Fig. 6. Global repair rate of R-band DNA. P values in breaks/kb from
Fig. 4 (filled circles) and Fig. 5 (filled squares in the 8 h data) were used. The
P value of DNA from non-irradiated cells, 0.018 breaks/kb, was subtracted
from each P value from irradiated cells to determine the additional breaks
attributable to UV irradiation followed by T4-pdg digestion. Global repair
follows the first-order kinetics shown wherein CPDs in R-bands disappear
with a half-life of about 7 h.
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Fig. 8. Quantified “lane scans” from the three
murine autoradiograms in Fig. 7. Before repair
(0 h repair) the satellite probed DNA (filled
squares) is less UV damaged than is the B2 or L1-
probed DNA due to a low dipyrimidine density in
the satellite sequence. After 16 h of repair, a rapid-
ly repaired high Mr component is apparent as a
slow mobility shoulder in the B2 probed DNA rel-
ative to the L1 probed DNA.

(R-bands) may be more prone to CPD formation than are AT-
rich isochores (G-bands; cf. Kantor and Deiss-Tolbert, 1995).
On sampling the entire R- and G-band genome, we find (Fig. 3;
0 h repair) that there is no significant difference between the
UVC-induced CPD frequency distributions in Alu- or B1-
probed (R-band) DNA vs. L1-probed (G-band) DNA.

Kantor and Deiss-Tolbert (1995) reported that immediately
after irradiating human fibroblasts with 20 J/m2 of UVC, about
5% of the DNA remains as 50- to 80-kb DNA fragments resis-
tant to T4-pdg (Kantor and Deiss-Tolbert, 1995) that might
reflect radiation resistant DNA islands. We also see about 5%

of the DNA from irradiated, 0 h repair, fibroblasts migrating at
50 kb (slice 15 for 0 h repair in Figs. 3 and 4). The proportion of
genomic DNA in this low mobility shoulder is the same for all
three probed chromosome compartments (Fig. 3) and is not
specific to GC-rich isochore DNA (R-band DNA) as previously
suggested (Kantor and Deiss-Tolbert, 1995). In previous re-
ports, this shoulder was either absent or apparent as an
extremely faint shoulder (Ye et al., 1999; Fig. 2; 0 h repair
lanes, +QM and –QM, respectively). The variability of this
resistant fraction and its probe independence suggest that this
shoulder may be an artifact.
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The rapidly repaired R-band component distinguished in
Fig. 5 corresponds to about 17% of the Alu-probed signal. The
high Mr signal seen in the 0 h repair panel in Fig. 3 was sub-
tracted from that in Fig. 5 to obtain this number. Since R-band
DNA corresponds to about 45% of the genome, this would
imply that 7.6% of genomic DNA is in the rapidly repaired
R-band fraction. This rapidly repaired fraction is consistent
with transcription-coupled repair of transcribed genes and was
shown to occur primarily in the subset of R-bands called T-
bands (Surralles et al., 2002). In XPC cells, Tolbert and Kantor
(1996) showed that repair around the ca. 20-kb p53 gene is lim-
ited to the transcribed strand and extends outside the gene to
include a domain of about 50 kb. Similar results were obtained
for the actin gene cluster (Barsalou et al., 1994; Shanower and
Kantor, 1997). Given this evidence that transcription-coupled
repair extends to either side of active genes, then 50 kb of tran-
scribed strand per active gene multiplied by 20,000 active
genes equals 1/6th of the mass of the human genome, or 16%, as
showing rapid transcription coupled repair. This is consistent
with the magnitude of our rapidly repaired fraction (Fig. 5) as
well as the data of Kantor et al. (1990) that 15% of the genome
of XPC fibroblasts incorporates 50% of the genome’s UVC-
dependent unscheduled DNA synthesis after 24 h of repair.

By eliminating the rapidly (TCR) repaired component from
the Alu-probed signal, we could measure the global genomic
repair (GGR) of the Alu-probed DNA. The Alu-probed distri-
butions fit random distributions quite well throughout the
entire repair process. Since there is a great sequence context
effect upon CPD repair rate at individual nucleotide positions
(Ye et al., 1999), the maintenance of a random CPD distribu-
tion throughout repair was not expected. The number average
molecular weights M—n, as estimated from fitting Kuhn’s ran-
dom distributions in Fig. 4, increase with repair time. As deter-
mined by Kuhn “P” values, the calculated rate of the disappear-

ance of CPDs fits first order kinetics and has a half-life of 7 h
(Fig. 6). After 20 J/m2 of UVC, the CPD concentration in the
cell is lower than the apparent Km of nucleotide excision repair
so one would expect first order kinetics for CPD disappearance
(Ye et al., 1999). The rate constant for global NER of CPD in
confluent fibroblasts was determined as ln 2/t1/2 = 0.099021 h–1.
This measurement required that M—n be determined as it varied
by ten fold and often with a majority of the DNA molecules in a
sample being outside the range of our standard Mr markers. For
example, half of the 24 h repair sample in Fig. 4 migrates less
than does the full-length lambda 48.5-kb Mr marker. Accurate
kinetic measurements were accomplished using alkaline elu-
tion (Kaufmann and Wilson, 1990) but this was limited to
(6-4) photoproduct repair during the first 10 min after irradia-
tion. Previously, phrases such as “74% repair in 18 h” have
been used to describe repair rates. Using our analysis method,
standard alkaline agarose gel electrophoresis suffices to yield
one number which is a rate constant that accurately describes
the global CPD repair capacity of R-band DNA in a population
of cultured mammalian cells at every instant after acute irra-
diation.

Mus spretus × M. castaneus F1 neonatal skin fibroblasts
after crisis in culture show global CPD repair rates which, while
only about half that of humans, are not approximately zero as
previously reported for other mouse cells. It is possible that the
common inbred rodent models that are highly susceptible to
mutagen-induced tumors are uncharacteristic of most rodents
in that they show compromised global NER.
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Abstract. From the earliest days of chromosomal aberration
studies, the distinction, nature and origin of light-microscope
observed “gaps” and “breaks” have been topics for debate and
controversy. In this paper we survey, briefly, the various ideas
that have appeared in the very extensive literature, and attempt

to evaluate them in the light of our current understanding of
chromosome structure and aberration formation. Attention is
drawn to the problems of interpretation caused by G2/S cell
imprecision.
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It is not an exaggeration to say that the nature of light-micro-
scope-observed achromatic lesions (“gaps”, AL) and of
“breaks” (terminal deletions), and the distinction between
them, form the longest running controversy in the field of aber-
ration cytogenetics.

Although these aberrations were recognised and described
from the beginning of work with ionizing radiation effects (Sax,
1938) it was Stanley Revell who first stressed the importance of
the distinction between the two types when presenting his “Ex-
change theory”, (Revell, 1955, 1959), the first serious challenge
to the Sax/Lea “Breakage-and-Reunion” theory (B&R) (Sax,
1940, 1941; Lea, 1946) for the origin of chromosomal structur-
al change (reviewed in Evans, 1962; Revell, 1974; Savage,
1989, 1998).

This distinction is now universally applied (perhaps better,
attempted) in all critical work, and has had the general effect of
making unambiguous breaks much rarer than early workers
supposed. However, the reality and nature of the difference is
still unclear, in spite of an enormous literature on this topic.

Both AL and breaks are now known to be produced in chro-
mosomes by an extremely wide range of agents in addition to
radiation. In the following discussion, attention will be fo-
cussed on chromatid-type aberrations, since this is predomi-
nantly the area covered in most experimental work. AL and
true terminal deletions are relatively rare for primary chromo-
some-type aberrations.

We will look at some aspects of the problem in the light of
our current understanding of aberration formation, and high-
light some of the pitfalls that preclude simple answers.

Working definitions

Before proceeding, it is necessary to define certain terms
that will be used in the discussion.

Primary break (Lea, 1946. Basis of the Lea/Sax B&R
theory)
A complete severance of the chromatid “backbone” or

“Chromonema”, leaving open break-ends capable of restituting
(re-forming the original sequence), illegitimate rejoining (fusing
pairwise with foreign ends to form structural exchanges) or
remaining open to appear at metaphase as “breaks” (terminal
deletions). It is implicit in the B&R theory that “breaks” visible
at metaphase are the residue of primary breaks that have nei-
ther restituted nor rejoined, i.e. we are viewing the potential
progenitors of exchange aberrations.
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Fig. 1. The gap-break continuum. (a) Unilo-
cus constriction; (b) unilocus gap; (c) isolocus
constriction; (d) constriction/gap; (e) isolocus gap;
(f–h) examples of aligned unilocus breaks; (i–l) ex-
amples of dislocated unilocus breaks; (m) isolocus
break with complete sister-union (SU); (n) isolo-
cus break with incomplete sister-union (Nup or
Nud); (o) isolocus break with no sister-union
(Nupd), or a chromosome-type terminal deletion.
Terminology based on Brøgger (1971) and Savage
(1976).

Discontinuity
Although it is a legitimate term for any break in thread

integrity, in the context of our topic, it is strictly a technical
term, chosen to distinguish those visible breaks that are the
result of structurally incomplete intra-arm intrachanges, from
those that are simply the result of failed restitution or rejoining
of primary breaks (Revell, 1959, 1963). According to Exchange
theory, all visible breaks are discontinuities, and therefore, sec-
ondary. Unfortunately, the term is seldom used critically in the
literature.

Achromatic Lesion (occasionally, “Achromatic Region”) or
“gap”
An unexpected, unstained region, or segment, in the solid-

stained chromatid which does not impair its integrity. “Unex-
pected” since some chromosomes, constitutionally, have quite
large secondary constrictions that fulfil the criteria for gaps.
With the light microscope (LM), some show various degrees of
material linking the gap ends, others are devoid of any visible
link.

The term “gap” refers to the visual non-staining nature of
the region, and does not imply that chromatin is absent. In ret-
rospect, Revell (1974) regretted introducing this misleading
term, but its now universal usage cannot be rescinded.

Exchange Cycles
Sachs et al. (1999) have introduced a terminology for defin-

ing the participation of “break-ends” in the exchange process as
cycles of different orders. Thus, the simplest exchange between
two chromosomes, a 4-end pairwise interaction, is an exchange
cycle of order 2 (or c2, Cornforth, 2001).Complex exchanges
from the 6 ends of 3 breaks are c3, 8 ends, c4 and so on. Restitu-
tion as defined in the B&R theory becomes c1.

The gap-break continuum

As mentioned above, both AL and breaks can be produced
by a very wide variety of agents in all kinds of cells, plant and
animal. They also occur “spontaneously” at a low level.

When scoring, there is found to be a continuous range from
a partial attenuation of a chromatid to an apparent complete
separation of an acentric fragment. Figure 1 diagrams the prin-
cipal LM types, the nomenclature used based upon the careful
researches of Brøgger (1971a, b) and Revell (1959).

Constrictions (Fig. 1a, c, d, g) vary enormously in size and
clarity, and are influenced by preparative methods. They tend
to be most frequent in G2 cells that were close to division at the
time of S-independent agent treatments. In older literature,
they are often referred to as “sub-chromatid” events. With care,
the constriction/gap (Fig. 1d), where both sister chromatids are
involved at similar loci, is seen to be quite common, particu-
larly when electron microscopy (EM) is employed (Brinkley
and Hittelman, 1975).

Sister chromatid adhesion in G2 cells, resulting from chro-
matin inter-strands, is normally very strong, (unless prolonged
spindle inhibition has been used) so that the segments each side
of a gap tend to remain in alignment (Fig. 1a–e). This means
that the transition from gap to break is frequently ambivalent
and subjective (Fig. 1f). To overcome this, some resort to a size
criterion – non-staining regions larger than the width of a chro-
matid be counted as breaks. Interestingly, the presence of a uni-
locus gap seems to have very little influence on the relative
lengths of the two sister chromatids (Scheid and Traut, 1973).

Isolocus gaps (Fig. 1e) are generally less frequent than unilo-
cus ones for most treatments, but the relative frequencies may
be species dependent, for in Schistocerca, this type predomi-
nates throughout G2 (Fox, 1967a).

However, by far the most popular criterion for separating
breaks from gaps is that of non-alignment, or dislocation of the
two segments. Such dislocation can take many forms (exam-
ples, Figure 1i–l).
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Figure 1m is a typical chromatid-type isolocus break, or iso-
chromatid deletion with complete sister union (SU). The union
may be incomplete proximal to, or distal to the centromere
(Fig. 1n). Figure 1o is a typical chromosome-type break, lacking
any sister union between ends (although its presence in cells
from G2 at the time of treatment might indicate a doubly
incomplete isochromatid deletion (Nupd)). In either case, this
category is rare in most cell types, recently confirmed for chro-
mosome-type terminal deletions by FISH telomeric probing
(Boei et al., 2000).

The ultimate test for gap-break distinction, as suggested by
Revell is; “Does it lead to an acentric fragment at ana-telo-
phase?”. Unfortunately, this can only be investigated in plant
cells, where there are few chromosomes, and a spindle inhibitor
is not required. Where this has been checked, almost always
true breaks are lower at anaphase than metaphase scores pre-
dict. Also, unambiguous gaps can readily be seen in anaphase
chromatids. However, even this anaphase test is not foolproof,
firstly because acentric fragments are not always excluded from
the interphase nucleus (Savage, 1988), and secondly, chromo-
somes are capable of enormous stretching without physical dis-
ruption. In plant material, it is not unusual to find bridges
between daughter cells, presumed to have ruptured at ana-telo-
phase, reforming at subsequent mitosis.

Whilst on the subject of gap-break distinction, we have also
to remember that the slide-making processes normally used are
extremely disruptive, designed to achieve maximum spreading
and separation of the individual chromosomes, so that me-
chanical conversion of some gaps to apparent breaks must
occur in a proportion of instances.

The nature of Achromatic Lesions (“gaps”)

On the basis of anaphase analysis, most people have ac-
cepted that gaps and breaks are distinct aberrations, and should
be separated for scoring and analysis. Over the years, there has
been much speculation on the nature of gaps versus breaks. The
literature is enormous, and I can give here only a few salient
references in addition to those already cited: Bender et al.,
1974; Brecher, 1977; Brøgger, 1975, 1982; Brinkley and Shaw,
1970; Bucton and Evans, 1973; Chaudhuri, 1972; Comings,
1974; Conger, 1967; Dimitrov, 1981; Evans, 1963, 1967, 1977;
Fisher et al., 1974; Harvey and Savage, 1997; Harvey et al.,
1997; Heddle and Bodycote, 1970; Heddle et al., 1969a, b; Hit-
telman and Rao, 1974a, b; IAEA, 1966; Kihlman, 1971; Lazá-
nyi, 1968; Lubs and Samuelson, 1967; Migeon and Merz, 1964;
Parshad et al., 1985; Savage, 1968; Savage and Harvey, 1991,
1994; Scheid and Traut, 1970, 1971a, b, c; Scott and Evans,
1967; Sturelid, 1971; Wolff and Bodycote, 1975.

Reviewing such work, the principal suggestions that have
emerged are as follows:

Primary breaks that have failed to release the acentric frag-
ment. Surviving examples of primary breaks.

Mis-repair of primary breaks or partial failure of restitu-
tion.

Sites of restitution.
Sites of unrepaired single-strand DNA breaks (SSB).

Sites of unrepaired double-strand DNA breaks (DSB).
Actual loss of chromatin.
Points of incomplete DNA synthesis.
Sites of very small intrachanges.
Errors in the processes of chromosome condensation/pack-

ing, “folding defects”.
Predominantly technical artefacts.
The first eight suggestions concern the nature of the origi-

nating lesions, only the last two refer to the nature of the gap
itself.

In making judgement, the following facts are pertinent with
respect to chromatid-type gaps resulting from treatment with
S-independent agents. Although a few are always found sponta-
neously, their frequency is markedly enhanced in G2 cells
(usually to a level very much higher than that of other structural
changes) by all aberration-inducing agents. They are maximal,
usually with a very sharp peak, in G2 cells that were close to
mitosis (i.e. in early post-treatment sample times) at the time of
treatment.

For low- and intermediate-LET ionizing radiations, the
height of the peak is dose dependent, and the fall either side is
rapid. Cells in the very earliest sample times have very low lev-
els, as do cells in sample times a few hours after the peak.

Very high-LET radiations like alpha particles produce low
gap frequencies, and may lack a clear peak (Griffin et al., 1994),
which probably reflects the very small amount of chromatin
within the nucleus which actually “sees” any radiation.

Gaps show a typical radiation oxygen effect (Neary and
Evans, 1958).

Treatment with S-dependent agents (alkylating agents, UV)
also produces gaps, though detailed reports for this kind of
aberration in the literature are rather sparse. However, as with
other aberrations, gaps are generally absent from G2 cells,
unless the agent also interferes with chromosome condensation
or morphology (Hittelman and Rao, 1974b).

Since alkylations and cross-links are formed at all stages of
the cell cycle, this suggests that DNA damage per se is not nec-
essarily a causative factor, but, as for other structural changes,
damage processing is required. If PCC is used, however, in con-
trast to metaphase analysis, gaps can be detected immediately
in G2 cells after UV and alkylating agents (Brinkley and Hittel-
man, 1975; Hittelman and Rao, 1974a, b). Quantitative studies
with S-dependent substances are made difficult not only be-
cause of the delayed appearance of aberrations, but also
because of their longevity of action within the cell, leading to
the continuous production of damage.

Restriction endonucleases, which produce defined double-
strand breaks (DSB), are very efficient gap producers, and the
short-lived ones show frequency peaks in late G2 cells identical
to those found with low-LET radiation (Natarajan and Obe,
1984, Harvey et al., 1997). Long-lived cutters show steady gap
frequencies. Likewise, when UV behaves in an S-independent
manner, as when Tradescantia generative cell nuclei are irra-
diated, gaps and breaks (together with chromosome shattering
at higher doses) are the predominant aberrations in G2 cells,
presumably arising from the pyrimidine dimers, or their repair
(Swanson, 1944; Kirby-Smith and Craig, 1957).
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Finally, there are a number of agents, not directly damaging
to DNA, but which interfere with metabolic processes like
DNA and protein synthesis, and these are very efficient in pro-
ducing gaps and breaks of all kinds, sometimes exclusive of oth-
er structural changes, e.g. mercaptoethanol (Brøgger, 1975)
deoxyadenosine (Kihlman, 1966) and fluordeoxyuridine (Bell
and Wolff, 1964; Kihlman, 1971).

Gaps do not seem to have a lasting effect, for they do not
re-appear nor lead to structural changes at subsequent divisions
(Evans, 1966). This has been reported to be true also of breaks
(Akif’ev et al., 1990). However, such follow-up studies are, log-
istically, very difficult, and more work is needed on this point
both for gaps and especially for breaks.

All observed chromatid-type gaps fall into one of three
groups:

(1) The isolated gaps of the sort illustrated in Figure 1.
(2) “Scar gaps”: There are many varieties of chromatid

interchanges (Evans, 1962) and quite often they are complex
multi-lesion events (Savage and Harvey, 1994). A fairly sub-
stantial proportion are also seen to be structurally incomplete.
Because of the strong sister chromatid adhesion, the presump-
tive regions of rejoining (often termed “break points”, though
in molecular terms this has no real meaning) can be located,
and quite often an obvious gap is present at such rejoin sites,
as a sort of “scar”. This would suggest that either the torsional
stresses introduced by the exchange have led to problems for
chromatin packing/condensation, or that the exchange is more
complicated than the usually assumed c2. Such “scars” also
accompany intrachanges, and so will form a component of the
isolated gaps of (1) above. Quite frequently, isolated gaps
occur in pairs, fairly close but at clearly different loci on one,
or both chromatids (illustrated in Revell, 1959). Such ex-
change-point “scars” are regularly seen in isochromatid dele-
tions and one infers that other pairs must also mark intra-
change sites.

(3) “Associated gaps”: It is not unusual to find gaps in differ-
ent chromosomes (in particular unilocus constrictions, Fig-
ure 1a) stuck together in pairs, often with the chromosomes
showing torsional bending. These associations give the appear-
ance of a partial, or an abortive exchange. Such figures are more
frequent in early sample times after treatment, and were con-
sidered by early workers to be evidence for a binemic chroma-
tid. From what we now know of chromosome architecture, they
are probably true exchanges that have occurred at a late stage of
chromosome condensation, and thus involve only a proportion
of the already condensed fibres. They will be the metaphase
equivalent of “sub-chromatid” exchanges, normally detected as
“side-arm bridges” at anaphase (Kihlman, 1971).

Nevertheless, there are numerous reports from both LM and
EM studies for bi-stranded continuity across gaps (Takayama,
1976; Scheid and Traut, 1970, 1971a; Fisher et al., 1974) and
treatment of chromosomes with uncoiling agents like hyaluron-
idase (Iino, 1971) and trypsin (Wolff, 1969, 1970; Trosko and
Wolff, 1965; Traut and Scheid, 1973,) often show clear bi-
stranded chromatids. Whilst evidence for a uninemic chroma-
tid is now overwhelming, one cannot rule out the possibility
that some lateral segregations of chromatin may be involved
during packing (Bahr and Larsen, 1974). It is well established

from DNA separation studies that the chromosome has a
“near-side” and an “off-side” (Herrosos and Gianelli, 1967).

Because of the heterogeneity of causation, several authors
have suggested that gaps be classified into two groups: Those
which arise from DNA damage, and those where DNA damage
is not required for initiation. Brøgger (1982) has termed these
“Clastogenic gaps” and “Turbagenic gaps” respectively.

The nature of breaks

If the distance between “ends” is large with no visible con-
nection, and/or there is a clear dislocation between the seg-
ments, and it is judged that an acentric fragment is likely to be
left behind at anaphase, the aberration is scored as a break, or
terminal deletion. The subjectivity involved inevitably contrib-
utes to some of the numerical disagreements found between
different laboratories.

Dislocation and chromatid contortion/flexure are fairly
common and can take many forms (e.g. Fig. 1g, h, j–l). Very
frequently, additional torsional bending is present, and the
“broken” ends may not match up on mental re-assembly
(Fig. 1h, k, l) and sometimes additional changes are present.
Such discrepancies indicate, in most cases, that we are dealing
with structurally incomplete intra-arm intrachanges, i.e. “dis-
continuities” and that more than one lesion has been involved
in their formation (e.g. Fig. 1h, Revell Type 1a; Fig. 1k or l,
Revell Type 1b, Revell, 1959; Savage, 1989). The isolocus
forms (Fig. 1m, n, and in some cases Figure 1o) are also chro-
matid-type intrachanges (Revell Type 4 for G2 cells, although
there may be other modes of formation for cells treated in S
phase, and for high-LET radiation induction, Savage, 1968;
Savage et al., 1968; Revell, 1974).

Whilst some of these intrachanges will be simple c2, it is
becoming increasingly clear that in many materials, and espe-
cially after exposure to high-LET radiations, alkylating agents
or restriction endonucleases, complex intrachanges, 1c3, are
rather common. Fox (1967a) made a careful study of these in
Schistocerca where they are particularly frequent even with
low-LET radiation, and has produced diagrams of some types
under the term “insertion intrachanges” (Savage, 1976).

There are, however, some chromatid breaks which appear
quite ordinary, and not associated with any obvious exchange
process (e.g. Fig. 1f, l). Are these simple un-rejoined primary
breaks the unused residue of initial damage, or are they dis-
guised incomplete intra-arm intrachanges (Revell Type-3), be-
cause primary breaks, as originally defined, do not exist? This is
the heart of the B&R versus the Exchange theory controversy,
mentioned above. They are very unlikely to be open-ended
DNA DSB. Leaving aside the endonuclease vulnerability of
such a situation, the bulk of the DNA in interphase is
enwreathed with proteins precluding free flapping ends. More-
over, exposure of porated cells to restriction endonucleases,
which introduce very high frequencies of DSB into the chroma-
tin, does not produce the chromosome collapse or shattering
that might be expected.
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Recent work from irradiation of potentially BrdU-harle-
quin-stained chromosomes has thrown some interesting light
on this controversy. According to original exchange theory, if
all breaks are derived from c2 intrachanges, 40 % should show a
sister-chromatid exchange – a colour-jump (cj) – at the site of
breakage. Only 9–16% is the general frequency found in var-
ious experiments, and this has led some to the conclusion of
mixed origin, some discontinuities, some simple breaks (Wolff
and Bodycote, 1975; Heddle and Bodycote, 1970; Comings,
1974).

Unfortunately, these cj experiments are not unequivocal.
For one thing, it is easy to account for the observed low fre-
quency by making plausible assumptions about the relative fre-
quencies of inter- and intra-chromatid intrachange types (Sav-
age and Harvey, 1991, 1994). On top of this is the fact that
complex intrachanges abound, which undermines original nu-
merical predictions.

However, what is of considerable interest is that within a
given radiation experiment, the cj frequency is invariate with
dose; whilst the absolute frequency of breaks increases, the pro-
portion which are cj remains constant. This is unexpected, for,
according to B&R theory, intrachanges have a curvilinear dose-
response, whilst simple breaks should be strictly linear, leading
to frequency divergence with increasing dose. Slightly higher cj
frequencies together with constancy are found also for ·-parti-
cles (Griffin et al., 1994) and for restriction endonucleases
(Harvey and Savage, 1997). Furthermore, and even more sur-
prising, “spontaneous” breaks, from unirradiated control sam-
ples, show the same cj frequency as the treatment-produced
ones!

These observations seem to suggest that, irrespective of ini-
tiator, all breaks arise by a common pathway or mechanism,
which leads to a fixed proportion of them involving both sister
chromatids, thus producing a cj.

Some gaps also show a cj (Heddle and Bodycote, 1970; Har-
vey and Savage, unpublished) with frequencies equal to, or less
than, that for breaks in the same sample. These gaps could be
“scars” from structurally complete Revell type-1 intrachanges.

Before leaving the cj experiments, one curious observation
is worthy of note. BrdU treatment is known to sensitise chro-
matin to radiation damage in proportion to the amount incor-
porated in the DNA. Consequently, in a harlequin situation,
one would expect more gaps and breaks in the doubly-substi-
tuted (BB) chromatid than in its sister (TB). Whilst this is
demonstrable for those lesions taking part in interchanges, nei-
ther Wolff and Bodycote (1975) nor Savage and Harvey (1994)
found any TT/BB differences for induced breaks in Chinese
hamster cells (contra Jacob, 1979, in Muntjak). At present,
there is no explanation for these observations, but it cautions
against a too simplistic interpretation of “breaks”.

Resolution

The vast majority of research has been done using the LM,
and the categories illustrated in Figure 1 are decided at this lev-
el.

One has always to remember that at the height of the gap/
break controversy, the assumed structure of the chromosome

was very different from that which we understand today, tend-
ing to be regarded essentially as a solid rod, condensed princi-
pally by coiling, the broken ends and rejoins of which could
readily be seen.

It is obvious, however, from the currently accepted “folded-
fibre” model, and its various modifications (Wolfe, 1965; Du-
Praw, 1966; Belmont and Bruce, 1994) and from the enormous
lengths of DNA present in an individual chromosome, that the
condensing and condensed chromosome is capable of unravell-
ing and stretching for very long distances without loss of integ-
rity. Even the basic 30-nm fibre, let alone the various lower
diameter derivatives from it, is well below the best resolution of
the LM so that any continuity maintained at this level would be
quite invisible.

Resolution (R) is defined as “the minimum possible dis-
tance between two points for them to be seen as two points”.
R = Ï/2 × N.A. , where R is the resolution in Ìm, Ï the wave-
length of transmitted light in Ìm, and N.A. the numerical aper-
ture of the objective. So, for the common set-up using a green
filter giving 0.54-Ìm light, and a N.A. of 1.3, R " 0.21 Ìm. Note
that unless the condenser is also oiled, N.A. cannot exceed 1.0,
so most people are working nearer R " 0.3 Ìm.

Several studies have attempted to overcome this resolution
problem by examining gaps and breaks with the EM, using
whole mount spreading or scanning methods (Brecher, 1977;
Brinkley and Shaw, 1970; Brinkley and Hittelman, 1975; Brøg-
ger, 1971a; Fisher et al., 1974; Scheid and Traut, 1970, 1971a).
In some studies, direct comparison with the LM image has been
made, using the same aberrations for both techniques. In the
majority of cases examined, some degree of continuity has been
found at these lower-order fibre levels for both aberrations clas-
sified as gaps and for those classified as breaks, even where dis-
location was present. However, a few un-joined breaks are seen.
One always has to remember, though, that the nature of the EM
staining methods does not guarantee that any fibres seen neces-
sarily contain DNA. Several fibrous proteins are associated
with chromosome organization and contraction. Some reports
also indicate that detection of continuity can be conditioned by
the fixation method used (Brøgger, 1971a; Brinkley and Hittel-
man, 1975).

There is always a much lower density of fibres within the
gap area, and those present are often seen to be parallel, or even
bundled into two units. Such regions will be more susceptible to
mechanical stress, and we need to bear in mind that scoring is
normally done in preparations that have been subject to consid-
erable disruption – squashing in plants, or air-drying in animal
cells. This will exacerbate stretching and spatial distances prior
to observation.

This resolution problem, then, makes it very difficult to be
sure we have a real open-ended break, and blurs further the
gap/break distinction at LM level.
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Imprecision

There is one factor, seldom taken into account, that has a
profound effect on all quantitative work with gaps, breaks and
chromatid-type aberrations in general, and that is “impreci-
sion” (Savage and Papworth, 1973, 1991, 1994; Fox, 1967b;
Gerber and Léonard, 1971).

All G2 cell systems, without exception, are characterised by
sample time fluctuations in the frequency of the various aberra-
tion types. This is particularly noticeable for gaps, but to a less-
er extent for breaks. The conspicuousness of the fluctuations is
dose dependent, especially so for S-independent treatments.
Such variations in sensitivity are not unexpected when one con-
siders the chromatin changes that must occur following replica-
tion as the cell prepares for mitosis.

In any cycling population, individual G2 cells have wide dif-
ferences in transit time (Engelberg, 1968) particularly in com-
plex tissues like root meristems where much aberration work
has been done (Miller and Kuehnert, 1972). This can readily be
inferred from the ascending limb of FLM or FDM curves, and
the fact that they rarely reach 100%. In cases where the actual
ratio maximum/minimum G2 transit times have been mea-
sured, factors of 3–6 are quite normal for untreated, unper-
turbed populations. Once treatment has been given, mitotic
delay and perturbation increase this range very significantly.

One immediate consequence of transit time variation is that
cells seen together in metaphase will almost certainly have been
at quite different developmental positions in G2 at the time of
treatment. The range of positions represented enlarges drama-
tically as sample time increases, and is exacerbated if spindle
inhibition to accumulate metaphases has been used. Given
changing sensitivity with development, the observed aberra-
tion yield is determined by the mixture of cell positions present
in the sample. Since mitotic delay and perturbation are dose
dependent, it is obvious that different cell mixtures will be
present for different doses at the same fixation time, which
negates legitimate yield comparisons (Savage and Papworth,
1991).

I will comment, briefly, on the impact of imprecision in
three areas pertinent to our present topic.

(1) Dose-response curves. When the aberration frequency
varies with time of sampling, there can be no unique aberration
frequency to set against dose, and therefore no fixed shape, or
meaningful biophysical interpretation, for any dose-response
curve. Faced with this problem, workers tend to use the peak
yields, or average yield over the sample time range, or the inte-
grated area under the yield-time curve. None of these are valid
measures of sensitivity, for it is not possible to standardise the
yield-determining cell mixtures for the sample times after each
dose.

Now, much weight has been placed upon the shapes of dose-
response curves for gaps and breaks, and linearity versus curva-
ture is an important argument for the origin of these aberra-
tions (Revell, 1966a, b, 1974; Scott and Evans, 1967). How-
ever, imprecision means that all G2 dose-response curves are
warped, and the basis for such arguments is seriously under-
mined. Even Revell came to recognise this (Revell, 1974).

(2) Sensitivity changes with G2transit. On the completion of
chromosome duplication, the process of sister chromatid segre-
gation and condensation/packing begins and proceeds through
the transit of G2 until anaphase. One can predict that the pro-
gressive spatial changes and protein accumulation involved
will have considerable influence upon both the types and fre-
quencies of the various chromatid type aberrations produced.
Interchanges should be less frequent at later transit times as the
chromatids condense and chromatin extrusions are withdrawn,
whereas intrachanges, which will include breaks and gaps
should come to predominate. Events appearing to involve only
parts of a chromatid (“sub-chromatid” aberrations) should also
increase as compaction increases. Furthermore, one would also
anticipate that the relative frequencies of intra- and inter-chro-
matid intrachanges should change as sister chromatid separa-
tion becomes more established.

Multiple fixation time studies have been disappointing,
confirming only some general trends, because imprecision is
the thwarting factor. The contemporary metaphases in a sam-
ple come from wider and wider ranges of G2 positions as sam-
ple time from treatment increases. Time after treatment cannot
be equated with cell developmental position within the phase.

(3) The profile of the yield-time curve. Because the observed
aberration frequency is determined by the mix of cell stages in a
sample, and this mix is not a constant, the position, height and
spread of the various peaks and troughs observed with time
after treatment are not an exact representation of the changes in
sensitivity occurring with phase transit.

Nor are the profiles obtained at different doses strictly com-
parable for reasons that should be obvious from the foregoing
discussions.

Therefore, deductions about sensitivity changes, and about
such things as rates of appearance, disappearance or repair
have to be made with extreme caution. From theoretical work it
seems likely that actual sensitivity changes with G2 transit are
far sharper than appears from observed profiles (Savage and
Papworth, 1994).

The relation of gaps to chromosome bands

We know from EM studies that chromatin packing is not
uniform along a chromatid arm, regions of differential density
occur (Bahr and Larsen, 1974; Takayama, 1976; Laemmli et
al., 1983). This phenomenon is utilised for many organisms in
the various “banding” methods that enable visualization of pat-
terns of alternating dark and light bands. Standardised, these
patterns facilitate chromosome identification, the location of
aberration exchange points, and gene mapping.

The question has therefore arisen as to whether induced
gaps are just an enhancement of these already less-dense
packed regions. If relaxed packing is an inevitable consequence
of damage, will it migrate to the nearest potential pale G-
band?

Certainly, spontaneous and induced gaps tend to recur in
specific places, and both the within- and between-arm distribu-
tions for all species investigated are almost always significantly
non-random (Waksvik et al., 1977; Brøgger, 1971a, 1975; Obe,
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1972; Obe and Lüers, 1972; Scheid and Traut, 1968, 1969; Vig
et al., 1968; Slijepcevic and Natarajan, 1994; Pellicia et al.,
1985; Lubs and Samuelson, 1967).

Care, however, needs to be taken in the interpretation of
these data in the light of imprecision discussed above. It is clear
that gaps are not produced uniformly with time of transit (both
as regards position and frequency) because the scattered com-
pletion of replication segments will mean scattered start times
for the condensation programme along the chromosomes.

This means that the cell mix used (often a single sample
time, or bulked times) for analysis is extremely heterogeneous.
Not surprisingly, therefore, distribution patterns can change if
more than one sample time is used (Van Steenis et al., 1974).

EM studies suggest that a packing reduction, not always
obvious at LM level, often occurs in the sister chromatid oppo-
site a unilocus gap, indicating a cross-chromatid influence, and
the structural similarities between pale G-bands and gaps have
led to the suggestion that some gaps represent expanded bands
(Brinkley and Hittelman, 1975). Gaps are predominantly lo-
cated in pale G-bands and also largely disappear when chromo-
somes carrying them are G-banded (Waksvik et al., 1977; Big-
ger and Savage, unpublished). All this, together with frequent
recurrence in the larger pale bands (e.g. mid 3p in human cells;
Lubs and Samuelson, 1967; Obe and Lüers, 1972) might favour
an underlying relationship.

Bearing in mind the very precise nature of the chromosome
condensation programme, it would be surprising if the resulting
packing reduction did not gravitate to already existing differ-
ential low-density regions.

On the other hand, gap induction is frequent in plant chro-
mosomes like Vicia and Tradescantia, neither of which G-band
by the standard methods.

In human and mammalian materials, one has also to think
about a small contribution to gaps from the so called “fragile
sites”. These are specific chromosome locations which, in cer-
tain individuals, are prone to display, in vitro, recurrent isolo-
cus gaps (Fig. 1e). They are inherited in a dominant Mendelian
manner (Berger et al., 1985; Hecht, 1986). Morphologically,
most are identical to gaps induced by regular aberration-induc-
ing agents, showing the same range of variations.

Spontaneous frequencies are very low, and therefore en-
hancement of expression is required for study, for example by
growth of the cells in low-folate conditions. Even so, the sites
are not displayed in every cell, and the observed frequency is
markedly influenced by culture conditions and pH (Sutherland,
1979; Reidy, 1988).

To be designated as “fragile”, a site must also, “under appro-
priate in vitro conditions”, be involved in structural chromo-
some changes. However, such “conditions” involve treatments
with agents known to interfere with DNA metabolism (e.g.
excess folate, methotrexate, aphidicolin, etc.). These are aberra-
tion-inducing agents in their own right, so the damage is not
confined to the particular fragile site alone, but is augmented by
a full range of chromatid aberrations throughout the karyotype
(Li et al., 1986; Reidy, 1988; Savage and Fitchett, 1988).

The low-folate enhancement of site expression can be elimi-
nated by addition of thymidine, folic acid or bromodeoxyurid-
ine (Reidy, 1988) and for Fra X, frequencies fall rapidly, in par-

allel with all other induced aberration types, to control base-
line levels, well within the duration of one cell cycle (Savage
and Fitchett, 1988).

At least 70 locations have been designated “Fra” in the
human karyotype (Sutherland, 1979; Berger et al., 1985) but
only one (Fra Xq27) has been shown, unequivocally, to be asso-
ciated with any significant clinical effect (mental retardation).
The isolocus gap here shows very variable morphology, often
with clear displacement of one chromatid element (Savage and
Fitchett, 1988). However, many other designated sites corre-
spond to recurrent “breakpoints” in cancer cells.

The predominantly isolocus nature of expression, as well as
enhancing conditions, indicate an origin from DNA synthesis/
replication problems – an S-dependent gap or aberration pro-
duction in regions rendered vulnerable by inherited structural
or compositional abnormalities. Their overall rarity makes it
unlikely that there will be profound effects on either aberration
frequencies or distribution.

Concluding remarks

The chromosome changes we observe at metaphase are the
end-product of a chain of events initiated by molecular lesions,
particularly DSB in the DNA (Kihlman, 1971; Evans, 1977;
Scott, 1980; Natarajan and Obe, 1984; Bryant, 1984). No aber-
rations are visible until the chromatin has packed/condensed,
which inevitably means modification, and in some cases dis-
guise or obliteration.

Chromatid-type gaps, therefore, represent an enormous am-
plification of the initial damage. They are produced by a very
wide variety of agents and treatments, and their morphological
similarity, regardless of origin, implies that the visible entity is
a rather non-specific end-point. This separates “initiator” and
“nature”, a distinction not often made in literature discussions.
With regard to “nature”, it seems to me that only some affect
on, or interference with, the packing/condensation programme
will meet all the observations.

This condensation programme must be very, very precise
when one considers the enormous lengths of DNA which a
chromosome contains, and the variety of extraneous proteins
involved in it (Laemmli et al., 1983; Gasser, 1995; Saitoh et al.,
1995). Consequently, it probably does not take very much to
disrupt it. This is supported by the fact that infection of the
genome with relatively small lengths of foreign viral DNA regu-
larly leads to typical gaps and breaks at the site of insertion
(Henderson, 1987; McDougall, 1971).

Is there a real gap/break distinction, or are they actually a
real continuum, variant manifestations of a similar basic aber-
ration? We can ask this question from two angles. First, with
regard to aberration type, where we must conclude a genuine
difference. It is inescapable that many breaks (possibly all) are
apparently structurally incomplete intrachanges (c2 and above)
and as such, irreparable. In contrast, gaps are reparable, and
produce no further structural damage on transmission. Regard-
less of treatment, “simple” breaks are never found without
intrachanges also being present.
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If, however, we ask the question with regard to structural
continuity, the answer is much less clear cut, for when EM stud-
ies are invoked, even unambiguous LM breaks are often seen to
be linked. It is in order, then, to pose an even more fundamen-
tal question: Does persistent chromatid structural incomplete-
ness ever exist in the absence of mechanical stress?

The mention of repair raises the topic of time of expression.
It is clear that for S-independent treatments, G2 is very non-
uniform with regard to gap manifestation, a sharp, high fre-
quency peak occurring in sample times shortly after treatment,
which falls off rapidly to very low levels as sample time is
increased. Breaks (excluding isolocus types, Figure 1m–o) show
a much smaller peak at, or a little later than, the time of that for
gaps and show fairly steady levels throughout G2. The gap fall is
usually interpreted as evidence for time-related lesion repair,
removal lessening the chance of packing error expression. Some
evidence for this comes from work with the DNA DSB repair
inhibitor ara A, which can largely abolish the frequency fall
(Bryant and Slijepcevic, 1993). However, there is also a dra-
matic fall the other side of the peak, in cells that were closer to
division, which cannot be related to time-dependent repair.
There is, therefore, an additional (probably confounding) ex-
pression-related component. Only at a certain critical period of

the condensation programme can a lesion be expressed as a
folding defect. This is supported by PCC studies, for if radia-
tion is given at different times after the start of cell fusion, fewer
gaps result as chromosomes become more condensed (Hittel-
man and Rao, 1974a).

Since gaps do not re-appear, or lead to aberrations at the
subsequent mitosis, whereas irradiated mitotic chromosomes
show abundance of aberrations, we need to ask what is
repaired? Have all initiating lesions been removed, or since
they are now present before condensation begins will folding
troubles be overcome? Cell selection may also play a part.

Unfortunately, imprecision is a very real bar to progress
both for qualitative and quantitative studies in this gap/break
problem. What is needed is some G2 cell marker system that
will allow us to unscramble scored cells and replace them in the
correct developmental sequence. This can be done for S-phase
cells utilizing the very precise band replication sequences (Sa-
vage and Bhunya, 1980; Savage and Prasad, 1984; Savage et al.,
1984; Aghamohammadi and Savage, 1992). Until we have such
a system for G2, the progressive effects on aberrations of con-
densation and spatial alterations during transit, and the true
shapes of dose-response curves, will remain matters for con-
jecture.
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Abstract. Studies of mechanisms for formation of chromo-
somal aberrations (CAs) with special emphasis on data from
Soviet/Russian investigations are reviewed that argue in favor
of a minor fraction of genomic DNA that forms specific molec-
ular targets/contacts for the formation of chromosomal ex-
changes. This DNA is presumably associated with matrix
attachment sites of DNA loops, enriched with AT base pairs
and repetitive DNA sequences. It is assumed that there are two
main mechanisms in formation of chromosome aberrations:
1) mutually reciprocal recombination, resulting in formation of

all kinds of chromosome exchanges; 2) the process of telomere
formation, resulting in the generation of true deletions. A sig-
nificant part of chromosomal breaks and apparently unre-
joined ends in incomplete exchanges as seen with cytogenetic
techniques reflect decondensation in the discrete units of chro-
matin organization such as the megabase-size DNA domains.
The possible ways for further analysis of alternative theories
with emerging technologies are also discussed.
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The “breakage-first” theory was put forward by Levitsky
and Araratyan (1931) and Stadler (1931) postulating that breaks
of chromatids are needed as primary events in formation of CAs.
This theory was opposed by the “contact-first” theory by Sere-
brovsky (1929). The contact theory considered formation of
CAs as an epiphenomenon of hypothetical genetic processes in
specific sites of primary contacts, which may occupy just a
minor part of the genome. According to the contact theory, for-
mation of CAs must always be “reciprocal” in the sense that the

involved fragments of chromosomes are rejoined completely.
In this respect, formation of exchanges was considered as a pro-
cess similar to crossing over in meiosis. Traditionally, the
breakage-first theory or its modification, the Breakage-and
Reunion (B&R) theory, has been the principal focus of investi-
gators (for reviews, see Savage, 1998; Natarajan, 2002; Obe et
al., 2002). Unfortunately, many studies conducted in Russia
are almost unknown in the Western world. In this review, some
selected theoretical concepts and results of the Russian authors
are presented that argue in favor of the contact theory. 

It is now widely believed, that each chromosomal break,
including apparently open ends in incomplete exchanges, as
visible in an optical microscope, correspond to a DNA double
strand break (DSB). This notion is an important basis of the
modern B&R theory that has been challenged by the data of
electron microscopy and by the analysis of CAs during redupli-
cation as reviewed below. 

In addition, the link to other data that can be helpful in fur-
ther validation of possible mechanisms is discussed. 
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Fig. 1. C. capillaris cells have three pairs of
chromosomes, A, D, and C with distinct individu-
al morphology (A). This morphological individu-
ality allows one to distinguish many kinds of CAs
using standard protocols of chromosome staining
and optical microscopy. Typical examples of
chromatid type CAs are shown: symmetrical com-
plete translocation involving A and C chromo-
somes (B); gap in the D chromosome (C); isochro-
matid deletion with sister union (SU), in the D
chromosome and asymmetrical complete translo-
cation involving C and A chromosomes (D). 

Reduplication studies in validation of the mechanisms for
CAs

Among other cell types, such as human lymphocytes and
cultured mammalian cells, Crepis capillaris root tip cells be-
came popular in studies of Russian cytogeneticists (Nemtseva,
1970; Dubinina, 1978). C. capillaris cells possess only three
pairs of chromosomes with distinct individual morphology
(Fig. 1). This morphological individuality allows one to distin-
guish many kinds of CAs using standard protocols of chromo-
some staining.

C. capillaris cells were intensively used in studies of redupli-
cation (reproduction) of CAs. In this technique, the cells are
allowed to grow in the presence of colchicine. Colchicine
destroys the mitotic spindle and the cells enter the next cycle
without division with a reduplicated set of chromosomes. The
advantage of this technique is that cells containing CAs are not
eliminated by reproductive death. Sidorov and Sokolov (1963)
established the reduplication technique to investigate what
types of CAs appear in the cell cycles following irradiation.
They analyzed CAs in three consecutive mitoses following irra-
diation in G2 phase. Their conclusion was that all radiation-
induced lesions are transformed to CAs in the first mitosis after
irradiation but, in some studies, a significant excess of aberra-
tions was found in later mitosis, which suggests that some
lesions can be realized as CAs in later cycles following irradia-
tion (Dubinin et al., 1976; Aptikaeva et al., 1983). This phe-
nomenon was discussed in terms of “replicating instability”
implying occurrence of lesions, which are able to pass replica-
tion during the cell cycles following treatment with a clastogen
(Dubinin et al., 1973, 1976). While this type of instability was
only minor in the case of radiation, significant excess of aberra-
tions was usually seen by treatment of cells with chemical clas-
togens (Dubinina, 1978). 

It was shown by the reduplication method that subchroma-
tid aberrations (stickiness) reduplicated to form chromosome-
type aberrations (Demin, 1974). These data proved that sub-
chromatid aberrations are actually aberrations of chromatid
type.

It was established that gaps do not reduplicate in the cell
cycle following irradiation (Protopopova and Shapiro, 1968;
Sidorov, 1974; Dubinin et al., 1976). Electron microscopic
studies revealed that gaps contain decondensed chromatin
(Brinkley and Hittelman, 1975; Brecher, 1977; Mace et al.,
1978; Mullinger and Johnson, 1987). Based on these and other
mostly indirect evidence, it has been widely accepted that all
gaps are sites of chromatin decondensation and do not repre-
sent DSBs at the molecular level. 

Reduplication of radiation-induced exchanges
In metaphase, subchromatid and chromatid-type aberra-

tions often possess gaps at the sites of junctions. A gap resem-
bling a middle sized G-band was detected by scanning electron
microscopy in derivative chromosomes of reciprocal transloca-
tions (Uehara et al., 1996). Atomic force microscopy has been
used to study a translocation involving human chromosomes
11 and 13 and a 0.3-Ìm gap region on the derivative chromo-
some was found (Ergun et al., 2002). Moreover, decondensed
chromatin can be revealed by electron microscopy both in the
apparently unrejoined ends of incomplete exchanges and also
in some breaks, which are usually scored as deletions by optical
microscopy (Brinkley and Hittelman, 1975). We hypothesized
that all incomplete chromatid exchanges are, in reality, com-
plete exchanges. According to this hypothesis, incomplete ex-
changes appear if chromatin structure has not been restored in
places of complete DNA exchanges before the onset of mitotic
condensation. In this case all chromatid exchanges should redu-
plicate and form complete chromosome exchanges in the cell
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Fig. 2. (A) Main kinds of chromatid type aberrations: (1) chromatid dele-
tion; (2) isochromatid deletion without unions, so called non-union (NU);
isochromatid deletions with complete (3) and incomplete (4, 5) sister union;
(6) complete and (7) incomplete asymmetrical chromatid exchanges. (B) and
(C) aberrations after reduplication of CAs in the next cell cycle under the
assumption that the formation of CAs is completed and apparent non-rejoins
correspond to DSBs (B) and that the breaks and apparent non-rejoins are
sites of decondensed chromatin (C).

cycle following irradiation (Fig. 2). To verify this hypothesis,
reduplication of different kinds of CAs was analyzed (Belyaev
et al., 1985). C. capillaris cells were irradiated with Á-rays or
X-rays in G2 phase and treated with colchicine twice in order to
collect cells in the first and the second mitosis following irradia-
tion. In the first mitosis, in diploids, all aberrations were of
chromatid type. In the second mitosis, in tetraploid cells, only
chromosome-type aberrations were observed. The yields of
exchanges were equal when compared between mitoses on a per
cell basis. Various kinds of chromatid exchanges reduplicated
to corresponding chromosome exchanges. However, while ap-
proximately 30% of chromatid exchanges were incomplete in
the first mitosis (Fig. 2A), all chromosome exchanges were
complete after reduplication of chromatid exchanges in the cell
cycle following irradiation (Fig. 2C). 

Reduplication of CAs induced by 5-fluorodeoxyuridine
(FdU)
A significant amount of breaks of different kinds were

observed in metaphases when cells were treated with an inhibi-
tor of DNA synthesis FdU in G2 phase (Belyaev et al., 1985,
1987b; Ionova, 1994). According to the current B&R theory,
FdU-induced chromatid deletions must be assumed to be
DSBs, which are formed by nuclease digestion of single-
stranded DNA (Bender et al., 1974). Remarkably, all those
breaks were restored in the next cell cycle. Neither complete
nor incomplete exchanges were formed by the FdU-induced
chromatid breaks in the next cell cycle following treatment. We
concluded that all chromosomal breaks induced by FdU are not
DSBs, but rather represent sites of temporal chromatin decon-
densation of different sizes (Belyaev et al., 1985).

Combined effects of radiation and 5-fluorodeoxyuridine
(FdU)
FdU abolished formation of the radiation-induced ex-

changes and increased significantly the amount of breaks if it
was applied following irradiation in G2 phase of C. capillaris
cells (Belyaev et al., 1985, 1987b; Ionova, 1994). In the next cell
cycle, essentially the same spectra of aberrations were observed
in cells which were either being treated with radiation plus FdU
or just irradiated. All exchanges were complete, the majority of
breaks restituted except for a relatively small amount of chro-
matid breaks which reduplicated to form chromosome-type
deletions. 

Similar to the chromatid exchanges, formation of subchro-
matid exchanges was inhibited by FdU (Belyaev et al., 1987a).
Subchromatid exchanges reduplicated only as complete chro-
mosome exchanges in the cell cycle following irradiation
(Belyaev et al., 1987a). We concluded that radiation-induced
subchromatid and incomplete exchanges reflect different stages
in formation of complete exchanges that are fixed by the onset
of mitotic condensation. In agreement with this conclusion, the
proportion of apparently incomplete exchanges increased with
decreasing time between fixation of cells and irradiation in G2

phase (Generalova, 1969, 1975; Belyaev, 1994).

Exchanges are formed by reciprocal recombination
regardless of the LET of the radiation, the phase of cell cycle
or the type of clastogen
The same peculiarities in the reduplication of CAs as

described above were observed when C. capillaris cells were
irradiated with neutrons in combination with FdU (Belyaev et
al., 1987b). This type of radiation with high linear energy trans-
fer (LET), 66 keV/Ìm, induced rather dense ionizations. As in
case of Á- or X-rays, approximately 30% of chromatid ex-
changes were incomplete after irradiation with neutrons in G2

phase. Nevertheless, all exchanges reduplicated to form com-
plete exchanges in the next cell cycle. Formation of almost
exclusively complete exchanges was in line with the contact the-
ory. According to the B&R theory, formation of incomplete
exchanges should occur especially frequently in the case of high
LET radiation which should result in a higher proportion of
complex DSBs. 

Reduplication of CAs was also studied after their induction
by Á-rays and neutrons in S phase (Belyaev, 1994). Both com-
plete and incomplete chromatid exchanges always reduplicated
to form complete chromosome type exchanges. 

Only a few percent of chromosome type exchanges were
usually scored as incomplete by standard cytological tech-
niques after irradiation in G0–G1 phases (Dubinina, 1978;
Sevan’kaev, 1987). All these data provided strong evidence for
the conclusion that radiation-induced exchanges, regardless of
LET and the phase of the cell cycle, are always complete and are
formed by reciprocal recombination (Belyaev and Akifyev,
1988).

Ionizing radiation is a typical S-independent clastogen (Na-
tarajan, 2002). Approximately 30% of chromatid exchanges
were incomplete after treatment of C. capillaris cells by the typ-
ical S-dependent clastogen N-ethyl-N-nitrosourea (ENU) in G1

phase (Belyaev, 1994; Ionova, 1994). Both complete and appar-
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ently incomplete chromatid exchanges reduplicated to form
corresponding complete chromosome exchanges in the cell
cycle following treatment. Hence, a recombination mechanism
seems to be active following treatment with S-independent and
S-dependent clastogens. 

Reduplication of deletions
All chromosome-type deletions induced by radiation in G1

phase of C. capillaris cells reduplicated in the next cell cycle
(Sidorov and Sokolov, 1963, 1966; Protopopova and Shapiro,
1968). Contrary to the chromosome deletions, radiation-
induced chromatid deletions reduplicated with various effi-
ciencies in different studies. In C. capillaris cells, 30–45% of
chromatid deletions restituted in the cell cycle following irra-
diation (Sidorov and Sokolov, 1966; Belyaev et al., 1985,
1987b). An especially high level of the breakage restitution, 60–
95%, was observed in case of combined action of radiation and
ENU with FdU (Belyaev et al., 1985, 1987b; Belyaev, 1994;
Ionova, 1994). No additional exchanges were formed during
the restitution. We concluded that most of these breaks are not
DSBs but rather reflect sites of temporal chromatin deconden-
sation of different sizes (Belyaev et al., 1985). In some breaks,
sister chromatid exchanges or exchanges, which could not be
resolved by the standard staining technique, might also be
involved. 

A proportion of chromatid-type terminal deletions was able
to reduplicate in the cell cycle following treatment with clasto-
gens (Sidorov and Sokolov, 1966; Belyaev et al., 1985). Similar
to the clastogenic effects of radiation in G1 and G0 phases, the
amount of those chromatid breaks, which were able to redupli-
cate, was relatively small as compared to exchanges. We
assumed that such breaks should be formed in those specific
loci of the chromosome that are able to form telomeres (Be-
lyaev and Akifyev, 1988). In particular, the sites of interstitial
telomeric DNA might hypothetically serve as a target for for-
mation of terminal deletions (Belyaev and Akifyev, 1988).
Addition of telomeric DNA by telomerases was observed in
experiments where DSBs were induced by the I-SceI endonu-
clease (Lo et al., 2002). In ataxia-telangiectasia cells, addition
of telomeres has not been detected in breaks by M-FISH analy-
sis (Martin et al., 2003). However, in this and many other stud-
ies the breaks were likely just extended gaps but not true dele-
tions.

Isochromatid deletions with non-unions (NUs) never redu-
plicated to form doubled NUs as shown in Fig. 2B regardless of
the type of treatment. The number of NUs was relatively small
and whether these aberrations represent extended isochroma-
tid gaps, incomplete chromatid exchanges or sister chromatid
exchanges remains to be investigated. 

Molecular versions of the contact theory and molecular
targets of chromosomal mutagenesis

The experimental evidence for specific molecular targets in
formation of CAs has previously been reviewed (Belyaev and
Akifyev, 1988; Belyaev, 1994) and is briefly stated below. First,
DNA damage and its repair in the bulk of genomic DNA does

not always correlate with the yield of CAs. Second, ionizing
radiation at low LET induces a random distribution of DNA
damage in chromosomes. However, the distribution of CAs is
frequently non-random. Third, substitution of thymidine by its
analogue 5-bromodeoxyuridine (BrdU) in a minor fraction of
genomic DNA substantially increases the yield of CAs induced
by ultraviolet or ionizing radiation. 

Genetically determined dynamic properties of intra- and
interchromosomal molecular contacts were postulated in the
molecular versions of the contact theory (Luchnik, 1973; Soyfer
and Akifyev, 1976; Romanov, 1980). Luchnik (1973) hypothe-
sized that there are two specific checkpoints in the cell cycle
where the DNA forms hybrid molecules, P1 immediately
before S phase and P2 just before mitosis. Occasional damage
of DNA in one of the strands is either repaired in the hybrid
molecules or transferred to another strand of DNA. This
hypothesis predicts the formation of single-stranded DNA
stretches in G1 and G2 phases of the cell cycle, which were
detected by means of a fluorescent antibody technique (Kon-
drashova and Luchnik, 1985). 

The molecular model involving homologues recombination
(HR) between DNA repeats as a major mechanism for CAs was
proposed by Soyfer and Akifyev (1976, 1977). In this model,
direct and inverted DNA repeats from the same or different
chromosomes were hypothesized to form temporal duplexes.
Such duplexes were considered as specific molecular targets for
formation of CAs. 

Nuclear matrix-associated DNA
Ganassi and colleagues (1991) hypothesized that only dam-

age localized in DNA associated with the nuclear matrix can
result in formation of CAs. The boundaries of DNA domains,
which are associated with the nuclear matrix, are hypersensi-
tive to treatment with DNase I (Loc and Stratling, 1988). The
same yields of CAs were observed following irradiation or treat-
ment with DNase I under conditions inducing the same
amount of DNA breakage (Ganassi et al., 1989). It is interesting
to note that DNA involved in tight interaction with matrix pro-
teins is especially sensitive to digestion by restriction endonu-
cleases (REs) (Siakste and Budylin, 1988; Razin et al., 1995).
Therefore, data on induction of CAs by REs (Natarajan, 2002)
may also point to the role of matrix-associated DNA as a target
for chromosomal mutagenesis. 

Topoisomerase II (topo II) is a key component of the nuclear
matrix that is responsible for attachment of DNA loops (chro-
matin domains). During regulation of the DNA loop topologi-
cal structure, topo II cuts DNA at the nuclear matrix attach-
ment sites resulting in DSBs (Razin et al., 1995). Several anti-
cancer drugs such as etoposide block the enzyme at the step of
resealing of topo II-derived DSBs. Incubation of cells with eto-
poside results in accumulation of DSBs at the DNA loop
attachment points following by formation of CAs (Suzuki and
Nakane, 1994; Mosesso et al., 1998). 

Various types of DNA repeats are often found at the break-
points of chromosomal translocations (Echlin-Bell et al., 2003).
These involve Alu repeats (Kolomietz et al., 2002), LINE
repeats (Taketani et al., 2002), and AT-rich repeats (Kurahashi
et al., 2003). Sites of localization of telomeric interstitial
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repeats were also shown to be hotspots for CAs (Balajee et al.,
1994). 

Exchanges between DNA loops; the domain model
It has been suggested that the chromosomal exchanges are

formed between DNA loops (chromatin domains) that have
contacts at the attachment sites at the nuclear matrix (Belyaev,
1994). Indirect evidence for this suggestion is that the sequenc-
ing of DNA at regions of translocations has shown strong asso-
ciation of breakage/reunion events with the matrix-associated
regions (MARs) and topo II sites (Bode et al., 2000). Other
types of exchanges, such as rings and inversions, can also have
sites for topo II at the exchange region (Wong et al., 1989; Keh-
rer-Sawatzki et al., 2002). Recent data suggested that topo II
may be involved in both RAD51-dependent HR and DNA-PK-
dependent non homologous end-joining (NHEJ) (Hansen et al.,
2003).

Differences between the total amounts of DSBs and CAs
can be explained by assuming that only a minor fraction of
DSBs, probably a few percent of the genomic DNA, result in
aberrations. DNA associated with nuclear matrix meets this
requirement. DNA loop attachment sites and number of DNA
loops vary in dependence on cell type, gene activity and cell
cycle (Razin et al., 1995). Therefore, different DNA sequences
can be localized in the CA breakpoints dependent on the
dynamic reattachment of various MARs to the nuclear matrix.
Formation of a simple chromosomal exchange occurs with a
probability close to one if DSB is induced at the DNA loop
attachment sites. The role of single strand breaks (SSBs) is to
facilitate recombination by removing topological constraints.
The requirement of DSB and SSB can explain the typical dose
dependences for radiation-induced CAs. It should be noted that
apart from primary DNA damage, the subsequent events in for-
mation of chromosomal aberrations may also be dose depen-
dent (Belyaev, 1994).

Observations of extended prometaphase chromosomes sug-
gested that there are at least 2,000 sub-bands that correspond to
the megabase-size chromatin domains in interphase (Kitsberg
et al., 1991). If the onset of mitotic condensation starts before
restoration of chromatin in one or several such domains they
appear in mitotic chromosomes as apparent discontinuities in
complete exchanges, gaps, and also extended gaps that are often
counted as real chromosomal breaks/deletions. Even stronger
interference should be expected in case of premature chromo-
some condensation (PCC). The time kinetics for radiation-
induced changes in chromatin conformation were significantly
longer as compared to DSB repair and correlated with kinetics
of PCC fragments suggesting that PCC fragments reflect resti-
tution of chromatin rather than repair of DSBs (Belyaev et al.,
2001). The majority of PCC fragments along with fragile sites
in chromosomes and those deletions, which were not able to
reduplicate, were attributed to chromatin decondensation (Be-
lyaev and Akifyev, 1988). 

Induction of CAs at the border of the G1–S phase

The hypothetical contacts between chromosomes should
disappear before S phase to allow DNA replication (Luchnik,
1973; Soyfer and Akifyev, 1976). In agreement with this predic-
tion, Á-rays and neutrons induced significantly less exchanges
at the border of the G1–S phases as compared to the middle S
phase or G2 phase (Belyaev et al., 1990). Of these few
exchanges, 95% were of chromatid-type and only 5% of chro-
mosome type. Because no more than 10% of DNA was repli-
cated under conditions of synchronization at the G1–S phase
border, only 10% of the exchanges would be expected to be of
chromatid type assuming that CAs are formed by DSBs
induced in the bulk of the genomic DNA. In the middle of the S
phase, radiations of different qualities induced only chromatid
type exchanges. Therefore, the chromosome aberrations were
abruptly substituted by the chromatid aberrations at the G1–S
phase border.

Role of DNA synthesis in the G1 and G2 phase in formation
of CAs

According to the hypothesis of duplex formation, DNA syn-
thesis is needed to fill up the DNA gaps during the decay of
intra- and interchromosomal contacts, which are formed by
homologous pairing of DNA repeats (Soyfer and Akifyev, 1976,
1977). Blockage of this decay should increase the yield of CAs.
In agreement with this prediction, pretreatment of cells with
inhibitors of DNA synthesis in the G1 phase of human lympho-
cytes and C. capillaris increased the yield of radiation-induced
CAs (Azatian et al., 1976; Tarasov et al., 1976; Korotkov et al.,
1980a; Sergievskaya et al., 1985). 

It is known, that substitution of thymidine by BrdU in-
creases the yield of CAs induced by ultraviolet or ionizing
radiation. Safonova and Tarasov performed experiments,
where BrdU was incorporated into DNA of C. capillaris cells
during different phases of the cell cycle (Safonova and Tarasov,
1973; Tarasov and Safonova, 1973). Incorporation either in G1

or in G2 phase resulted in the same sensitization of Á-ray-
induced CAs (2.1–2.2 fold) as incorporation in the S phase.
Makedonov and Tarasov irradiated cultured Chinese hamster
cells with long-wave ultraviolet A (UVA) following incubation
with BrdU in G2 phase (Makedonov and Tarasov, 1982). A sig-
nificant increase in the yield of CAs was observed. UVA specif-
ically affected BrdU-containing DNA indicating that sites of
spontaneous DNA synthesis in the G2 phase are targets for
chromosomal mutagenesis. 

In further studies, DNA was pulse-labeled with BrdU in dif-
ferent periods of the S phase in cells synchronized at the
G1–S phase border (Khakimov et al., 1986, 1989). Wheat root
tip cells were pulse-labeled for 2 h in the earliest, middle or late
S phase. Despite similar incorporation of BrdU during all three
pulses, only labeling in the early S phase resulted in a significant
sensitizing effect, an approximately 2-fold increase in the yield
of radiation-induced CAs. In later experiments, this 2-hour
pulse was split into 30-min pulses. The increase in CAs was
1.5–2 fold following the first 30-min pulse. Only a weak sensi-
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tizing effect of BrdU was observed following the subsequent
pulses. Similarly, incorporation of BrdU at the very beginning
of S phase resulted in maximal radiosensitization in experi-
ments with human lymphocytes (Khakimov et al., 1989).

The radiosensitizing effect of BrdU was approximately 2.4
fold when C. capillaris cells were labeled for 1 h in the early S
phase immediately after release of the DNA synthesis block
(Ionova, 1994). Very similar radiosensitization, namely, 2.9
fold, was observed after labeling for 5 h, i.e., during the whole
S phase. In a recent publication (Khakimov et al., 2003), CAs
were scored in the metaphase of C. capillaris cells following
BrdU labeling in early, middle or late S phase and irradiation in
the end of the S phase. While sensitization of radiation-induced
exchanges was seen in all periods of the S phase, the highest
level still occurred at the beginning of S phase. The authors con-
cluded that the DNA sequences responsible for formation of
exchanges are replicated at the earliest period of the S phase in
synchronized cells and, therefore, should be topologically asso-
ciated with the nuclear matrix (Ionova, 1994; Khakimov et al.,
2003). 

Incorporation of BrdU into DNA during the G1 phase of
human lymphocytes, 15–24 h after stimulation with phytohe-
magglutinin (PHA), resulted in a 1.8-fold increase in radiation-
induced exchanges (Akifyev et al., 1995). All exchanges were of
the chromosome type indicating that the cells were incubated
with BrdU and irradiated in G1 phase. 

Biochemical analysis of DNA which is synthesized in hu-
man lymphocytes in G0 and G1 phases was performed (Korot-
kov et al., 1980b; Belyaev et al., 1992). Renaturation kinetics of
3H-thymidine-labeled DNA was analyzed by elution from a
hydroxyapatite column and with digestion of renatured du-
plexes by S1 nuclease. Preferential localization of the G1 phase
label in DNA repeats was observed. The AT content of G1

phase-labeled DNA was analyzed either by partial melting fol-
lowed by S1 digestion or by differential thermal elution from
the hydroxyapatite column (Belyaev et al., 1992; Akifyev et al.,
1995). In the G1 phase-labeled DNA, the peak of specific
radioactivity was observed in the AT-rich fraction that was
denatured by 5% melting of the total extracted DNA. The local-
ization of the G1 synthesis of DNA in respect to nuclear matrix
was analyzed using treatment of nuclear matrix preparations
with micrococcal endonuclease. Under most stringent condi-
tions of the treatment, approximately 1% of the label incorpo-
rated in S phase remained in the nuclear matrix. Under these
conditions, 30–40% of the label incorporated in G1 phase was
still associated with the nuclear matrix. It should be noticed,
that peripheral blood lymphocytes usually contain a small frac-
tion, 0.1–1%, of S phase cells. Therefore, the impact of these
cells could mask the differences between G1 and S phase DNA
synthesis. 

Finally, incorporation of thymidine in DNA of lymphocytes
in G1 phase has been localized to a minor fraction of AT-rich
DNA repeats associated with the nuclear matrix. These data
are in line with the molecular models predicting local synthesis
of DNA at the sites of contacts that are responsible for forma-
tion of CAs (Luchnik, 1973; Soyfer and Akifyev, 1976). 

Modeling of the CA formation in the framework of the
contact theory

In the framework of the contact theory, the mutual position
of homologous chromosomes in cells of D. melanogaster was
analyzed using data from intrachromosomal exchanges (Chu-
bykin and Omel’yanchuk, 1989). 

The classification system CPCL (chromosome, position,
contacting elements, location) was proposed for theoretical
analysis of CAs (Andreev and Eidelman, 2001). In the CPCL
system, types and frequencies of CAs were described on the
basis of contacts of the damaged chromosome subunits at a giv-
en number of initial lesions dependent on dose and LET of ion-
izing radiation. The exchanges were formed with a probability
close to one if the contacts are damaged (Andreev and Eidel-
man, 2001). The intrachromosomal changes were simulated in
the human chromosome 1 using the CPCL system and in
assumption of the globular model of the interphase chromo-
some (Andreev and Eidelman, 1999, 2002). The authors com-
pared the results of simulation with the experimental data and
concluded that the proposed model fitted reasonably well to the
experimental results for intrachanges in the chromosome 1 as
obtained with the FISH technique (Andreev and Eidelman,
2002). 

Proteins involved in DSB repair as possible markers of
CAs

Several proteins such as the tumor suppressor p53 binding
protein 1 (53BP1) and phosphorylated H2AX (Á-H2AX) have
been shown to produce discrete foci colocalizing to DSBs and
providing a scaffold structure for DSB repair (DiTullio et al.,
2002). According to the current model, this scaffold functions
by recruiting proteins involved in the repair of DSBs (Fernan-
dez-Capetillo et al., 2002; Iwabuchi et al., 2003; Kao et al.,
2003). The scaffold is organized within a megabase-size chro-
matin domain around an actual DSB regardless of the type of
repair that is further involved (Paull et al., 2000). 

We have found, that residual 53BP1 foci remained in
human lymphocytes, human fibroblasts VH-10, and HeLa cells
for a long time after irradiation, 12–24 h, dependent on dose
and cell type (Belyaev et al., 2002; Markova et al., 2003). Sever-
al studies indicated a correlation between radiosensitivity and
residual foci (Belyaev et al., 2002; Iwabuchi et al., 2003; Mar-
kova et al., 2003; Rothkamm et al., 2003). We hypothesized
that residual foci may colocalize with DSBs occurring in the
DNA associated with nuclear matrix and the breakpoints of
CAs (Markova et al., 2003). In agreement with this hypothesis,
some residual 53BP1 foci remained even upon extraction of
proteins with a standard high salt-detergent protocol for nu-
clear matrix preparation (Markova et al., 2003). The proteins
involved in HR may be specific markers for chromosomal
exchanges.

Establishment of specific protein markers for breakpoints of
CAs would provide a possibility for the analysis of CAs directly
in interphase cells. To prove this hypothesis, co-localization of
residual foci and CAs should be verified in mitotic cells using
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FISH technique. Primary Á-H2AX foci have been observed in
anaphases of M. muntjac cells and CHO cells, in the prometa-
phase of HeLa cells and in mitosis of human MCF cells (Roga-
kou et al., 1999; Jullien et al., 2002; Kao et al., 2003; Roth-
kamm et al., 2003). We observed few 53BP1 and Á-H2AX
residual foci in metaphases of human lymphocytes, VH-10 and
HeLa cells following irradiation (Markova et al., 2003). 

CAs and chromatin dynamic rearrangement

It was shown using FISH staining that irradiation of human
lymphocytes resulted in the displacement of pericentromeric
regions of chromosome 1 from the nuclear periphery to the
inner territory of a nucleus (Karpukhin et al., 1994; Spitkovsky
et al., 2002, 2003). 

It was also shown that homologous chromosomes 7 and 21
rearranged and became closer together in the interphase nuclei
of human skin fibroblasts and lung endothelial cells in response
to ionizing radiation (Dolling et al., 1997). A movement of
homologous chromosomes 9 in response to treatment of human
lymphocytes with mitomycin C or irradiation was recently
observed using FISH painting of whole chromosomes and
band-specific probes (Abdel-Halim et al., 2004). 

These data provided evidence that dose- and time-depen-
dent rearrangement of chromatin and movement of separate

parts and whole chromosomes may occur in response to clas-
togens resulting in new contacts for formation of CAs. The
oscillatory movements of chromosome territories occasionally
exceeding a distance of 4 Ìm were observed during interphase
in living HeLa cells (Walter et al., 2003). Hence, mutual reposi-
tion of chromosomes and chromatin domains is also possible in
intact cells. It is attractive to hypothesize that such repositions
are induced in response to clastogenic insults in such mutual
configurations of chromosomes, which facilitate repair of
DSBs, especially those localized at the nuclear matrix DNA and
possibly result in formation of CAs.
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Abstract. The wide range of sensitivities of stimulated T-
cells from different individuals to radiation-induced chromatid
breakage indicates the involvement of several low penetrance
genes that appear to link elevated chromatid breakage to cancer
susceptibility. The mechanisms of chromatid breakage are not
yet fully understood. However, evidence is accumulating that
suggests chromatid breaks are not simply expanded DNA dou-
ble-strand breaks (DSB). Three models of chromatid breakage
are considered. The classical breakage-first and the Revell “ex-
change” models do not accord with current evidence. Therefore
a derivative of Revell’s model has been proposed whereby both
spontaneous and radiation-induced chromatid breaks result
from DSB signaling and rearrangement processes from within
large looped chromatin domains. Examples of such rearrange-
ments can be observed by harlequin staining whereby an
exchange of strands occurs immediately adjacent to the break
site. However, these interchromatid rearrangements comprise
less than 20% of the total breaks. The rest are thought to result
from intrachromatid rearrangements, including a very small
proportion involving complete excision of a looped domain.
Work is in progress with the aim of revealing these rearrange-

ments, which may involve the formation of inversions adjacent
to the break sites. It is postulated that the disappearance of
chromatid breaks with time results from the completion of such
rearrangements, rather than from the rejoining of DSB. Ele-
vated frequencies of chromatid breaks occur in irradiated cells
with defects in both nonhomologous end-joining (NHEJ) and
homologous recombination (HR) pathways, however there is
little evidence of a correlation between reduced DSB rejoining
and disappearance of chromatid breaks. Moreover, at least one
treatment which abrogates the disappearance of chromatid
breaks with time leaves DSB rejoining unaffected. The I-SceI
DSB system holds considerable promise for the elucidation of
these mechanisms, although the break frequency is relatively
low in the cell lines so far derived. Techniques to study and
improve such systems are under way in different cell lines.
Clearly, much remains to be done to clarify the mechanisms
involved in chromatid breakage, but the experimental models
are becoming available with which we can begin to answer
some of the key questions.

Copyright © 2003 S. Karger AG, Basel

Perhaps astonishingly, even after some 70 years of radiation
cytogenetic research the precise nature and mechanisms of the
origin of chromatid breaks still remain elusive. However, it has
become evident that there is little or no similarity between the

mechanism of G2 phase chromatid breakage and chromosome
breakage occurring in G1 or G0. For example, when the fre-
quencies of G2 chromatid breaks were plotted against micronu-
clei (following G0 irradiation) there was a complete lack of cor-
relation between the two end-points (Scott et al., 1999). It has
also become clear from radiation studies of both fibroblasts
(Sanford et al., 1989) and PHA-stimulated peripheral blood
lymphocytes (Scott et al., 1994; Riches et al., 2001) that there is
a wide variation in the human response to ionizing radiation
when assessed by the frequency of chromatid breaks. It has
been known for many years that certain radiosensitive syn-
dromes, e.g. ataxia telangiectasia and Nijmegen breakage syn-
drome, show elevated frequencies of chromatid breaks (Taylor,
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Fig. 1. Redrawn from Riches et al. (2001)
showing elevated chromatid radiosensitivity of
PHA stimulated peripheral blood lymphocytes in
a group of breast cancer cases when compared to a
matched series of normal non-cancer surgical
cases. The dotted line delineates the cut-off point
at the 90th percentile. Cases above this line are
considered as showing abnormal radiosensitivity.

1978; Taalman et al., 1983). However, interest in the mecha-
nism of chromatid breakage has been reawakened in recent
years by the finding that blood from a high proportion of cancer
sufferers (particularly breast cancer, but also of other cancer
types) shows elevated frequencies of chromatid breaks (Scott et
al., 1994, 1999; Terzoudi et al., 2000; Baria et al., 2001; Pap-
worth et al., 2001; Riches et al., 2001). Typically, some 40% of
breast cancer cases show this elevated “chromatid radiosensi-
tivity” in contrast to only some 6% in a similar matched group
of normal (non-cancer) surgical cases (Fig. 1).

It was postulated that the elevated chromatid radiosensitivi-
ty of breast cancer cases is indicative of the presence of low
penetrance cancer-predisposing genes (Scott et al., 1994). Fur-
thermore, the radiosensitive phenotype displayed by breast
cancer cases is seemingly inherited in a Mendelian fashion (Ro-
berts et al., 1999).

Our current research is therefore aimed at understanding
the mechanisms of chromatid breaks, a knowledge of which
may help reveal why certain individuals are cancer-prone and
eventually lead to identification of the low-penetrance genes
involved.

Models of chromatid breakage

Three models of chromatid breakage have been postulated:
the “breakage-first” or “breakage-reunion” hypothesis (Sax,
1940; Bender et al., 1974), Revell’s “exchange” hypothesis
(Revell, 1959), and the “signal” model (Bryant, 1998a, b). The
breakage-first model assumes the chromatid is broken by the
passage of an electron and in the latter version (Bender et al.,
1974) a DNA double-strand break (DSB) is assumed to be the
lesion, which when expanded leads to a visible chromatid break
at metaphase. Evidence does indeed support the DSB as the

initiating lesion (Natarajan et al., 1980; Bryant, 1984; Natara-
jan and Obe, 1984; Rogers-Bald et al., 2000). However, it is
unlikely that a DSB that comprises the loss of only a few base
pairs could be expanded into the multi-megabase-pair lesion
representing even the smallest visible chromatid break. Indeed,
a simple blunt-ended DSB with no nucleotide loss (3)-hydroxyl
and 5)-phosphoryl end groups) engendered by treatment of a
porated cell with a restriction endonuclease such as PvuII (e.g.
Bryant, 1984) is capable of efficiently causing chromatid breaks
of the same types as those produced by ionizing radiation.
Moreover, it is well known that around 16% of radiation,
restriction endonuclease or spontaneously induced chromatid
breaks are formed by a different mechanism (i.e. different from
the breakage-first mechanism) involving sister chromatid inter-
actions and rearrangements (e.g. Harvey and Savage, 1997;
Mozdarani et al., 2001). This type of chromatid break can be
detected in BrdU-labeled cells by fluorescence-plus-Giemsa
(FPG) or harlequin staining.

The Revell exchange model postulated that chromatid
breaks arise by interaction of two (undefined) lesions occurring
close together at the crossover points of looped chromatin
domains (Fig. 2). However, the chance of such a dual event
would be exceedingly low in the radiation dose-range used to
generate chromatid breaks in G2 irradiation (typically 0.5 Gy
or less) and would be even less probable in the case of sponta-
neous chromatid breakage. Furthermore, this “two-hit” model
predicts a quadratic dose-response since the probability of two
events occurring in a small volume (i.e. crossover point of chro-
matids) would increase with radiation dose. In contrast, evi-
dence demonstrates that chromatid breakage in mammalian
cells is a linear function of dose (Bryant, 1998a, b). Evidence
from genetically engineered mammalian cells containing a I-
SceI DSB site shows that a single DSB in a cell’s genome is
sufficient to cause a chromatid break (Rogers-Bald et al., 2000).
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Fig. 2. Revell’s “exchange” model for chroma-
tid breaks explained. The two interacting and “ex-
change-initiating” lesions were not defined (Rev-
ell, 1959). Revell classified the various types of
single chromatid breaks as shown. Two types (1a
and 1b) out of a total of five would according to
the model, show color-switches at break points.
Hence his prediction that 40% should show color-
switches, assuming all types of exchanges (i.e.
rearrangements) were equally likely. This predic-
tion was not generally borne out by experimenta-
tion, and color-switch breaks are found to com-
prise only about 16% of total chromatid breaks.
Note: As a result of the interchromatid exchange,
types 1a and 1b end up with a transferred chroma-
tin loop, lengthening one or the other chromatid.
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Also, chromatid breaks, including those known to arise by
interchromatid rearrangements are induced by carbon K X-
rays, where the generation of DSB in more than one DNA
strand is improbable (Bryant et al., 2003). Thus, evidence does
not support the Revell model.

The signal model (Bryant, 1998a) was derived from Revell’s
model (Fig. 2) in the sense that the process of formation of
chromatid breaks involved interactions between sister chroma-
tids at the bases of looped domain structures. However, with
the significant difference from the Revell model that a single
DSB occurring within a large looped domain initiates a chro-
matin rearrangement either within or between chromatids, by a
signaling process. The initiating DSB would itself then be
rejoined by the process of NHEJ (Pfeiffer et al., 2004) and
would no longer participate in the formation of the rearrange-
ment leading to the chromatid break. Although so far only a
model, without supporting evidence, the proposed mechanism
allows for the dissociation of DSB rejoining from the chromatin
rearrangement process. It has been assumed by some authors
(e.g. Parshad et al., 1990) that the disappearance of chromatid
breaks with time after irradiation represents DSB rejoining (i.e.
based on the breakage-first model outlined above) but there are
several examples of experimental data clearly demonstrating a
lack of correlation between DSB rejoining and the disappear-
ance of chromatid breaks. For example, Fig. 3a shows that
treatment of hamster CHO cells in G2 with the nucleoside ana-
logue 9-ß-D-arabinosyladenine (ara A) at 100 ÌM leads to a
complete inhibition of the normal disappearance of chromatid
breaks with time after irradiation, but in this cell line does not
affect DSB rejoining at this concentration (Fig. 3b). The action
of ara A both in cells and cell extracts has been shown to involve
phosphorylation and subsequent competition with dATP lead-

ing to inhibition of both ·- and ß-polymerase with the greater
effect on the ß form (Muller et al., 1975).

A second example is afforded by irradiated ataxia telangiec-
tasia (AT) cells that show normal (Lehmann and Stevens, 1977)
or faster (Foray et al., 1995) rejoining of DSB than controls
over the first few hours (i.e. over the period of the “G2 assay” of
chromatid breaks) although much higher frequencies of chro-
matid breaks are observed in (AT) G2 than in normal control
irradiated cells (Taylor, 1978; Mozdarani and Bryant, 1989;
Antoccia et al., 1994). Similarly, we find that the mutant ham-
ster cell line irs2 (assigned to the mammalian XRCC8 gene, the
function of which is not yet known; Thacker and Zdzienicka,
2003) shows an elevated frequency of “G2” chromatid breaks
(242 breaks per 100 cells) compared to its parental V79 line
(143 breaks per 100 cells) but no defect in DSB induction or
rejoining is observed after 30 Gy (Fig. 4a, b) at least over the
first few hours after exposure. Taken together these data suggest
that the initiating DSB is not itself directly involved in the for-
mation of the chromatid break. Such a dissociation of DSB and
chromatid break argues against a breakage-first model of chro-
matid breaks.

Mechanisms of chromatid breaks

It was already mentioned above that chromatid breaks can
be divided into those showing an interchromatid (i.e. between
sister chromatids) rearrangement seen as a color-switch in FPG
stained cells, and chromatid breaks of the non-color-switch
type. It is proposed that both types result from chromatin rear-
rangements, initiated by the presence of a DSB within the
looped chromatin domain. Examples of these different types of
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Fig. 3. (a) Disappearance of chromatid breaks with time after irradiation
in CHO cells is inhibited by ara A at 100 ÌM. Cells were sampled at 1.5 h
after irradiation (0.75 Gy) including a 1-hour colcemid block. (b) Rejoining
of DSB in irradiated CHO cells after irradiation (30 Gy) is not influenced by
the presence of ara A at 100 ÌM. DSB were measured by constant-field elec-

trophoresis at 0.6 V/cm on 0.7 % agarose in 0.5× TBE buffer for 72 h. The
Fraction of DNA Remaining (FDR) in the loading wells of the gel was calcu-
lated from the ethidium bromide profile using digital capture and analysis by
Syngene software.

Fig. 4. Induction (a) and rejoining (b) (after
30 Gy) of DSB in irs2 and parental V79 Chinese
hamster cells. DSB were measured by neutral elu-
tion.

a b

putative rearrangements are shown in Fig. 5. If the model pro-
posed is correct, then the most frequent type of rearrangement
would be of the intrachromatid type. Based on the frequency of
the color-switch type (F16%) the intrachromatid type should
account for around 80% of the remaining (non-color-switch
type) breaks. It is also a prediction of the model that these
breaks would show a small inversion adjacent to the break site
(Fig. 5). Current research is aimed at detecting these inversions
at specific DSB sites genetically engineered into cells.

Use of genetically engineered cell lines with unique I-SceI
sites in the study of chromatid breaks

The study of chromosomal rearrangements has been greatly
facilitated by the introduction of fluorescence in situ hybridiza-
tion (FISH) techniques, but also by the use of plasmid vectors
containing specific DSB break sites. In such cell lines the
intronic 18-bp yeast sequence I-SceI is introduced by transfec-
tion, and can then be recognized and cut (DSB with a 3) four-
base overlap) either by transient transfection with an expres-
sion vector carrying the I-SceI endonuclease gene (e.g. Richard-
son et al., 1998) or by cell poration in the presence of I-SceI
endonuclease, known commercially as Omeganuclease (Rog-
ers-Bald et al., 2000). Using a cell line stably transfected with a
vector containing the 18-bp I-SceI site we were able to show
that single (unique) DSB give rise to chromatid breaks in an
enzyme concentration dependent manner (Rogers-Bald et al.,
2000). These DSB sites appear to mimic those induced by
radiation, since they are recognized and signaled via phosphor-
ylation by ATM protein giving a ÁH2AX site (see Fig. 6). Also,
the types of chromatid breaks induced by the DSB formed at
I-SceI sites, and the proportion of color-switch breaks (i.e. those
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involving interchromatid rearrangements) was very similar
(18%) to those produced by radiation (Rogers-Bald et al.,
2000). In these earlier studies we used streptolysin-O poration
(Bryant, 1992) to introduce the Omeganuclease into hamster
cells. However, recently we have selected Muntjac and Chinese
hamster lines with inducible I-SceI endonuclease expression.
Expression is under the control of an ecdysone (insect moulting
hormone) sensitive element that can be induced by treatment
of cells with the hormone analogue ponasterone A.

With ponasterone A treatment rather low frequencies of
chromatid breaks are observed at these sites in both Muntjac

and hamster cell systems (e.g. Fig. 6). The reasons for the low
yield of chromatid breaks is not fully understood, but may in
part be due to the relatively low efficiency of conversion of both
3)- and 5)-cohesive-ended DSB into chromosomal aberrations
(Bryant, 1984; Liu and Bryant, 1993) but could also be the
result of low endogenous expression of the I-SceI endonu-
clease.

However, using immunocytochemical visualization of
ÁH2AX sites it became evident that phosphorylated ÁH2AX
sites occurred at DSB I-SceI sites, and that these accumulated
over a period of 48 h, reaching a plateau frequency of around
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Fig. 5. Models of possible rearrangements
based on the “signal” model (Bryant, 1998a) lead-
ing to (a) a color-switch (interchromatid) break,
and (b) a non-color-switch or “omega”-type chro-
matid break. Note: The initiating DSB would be
rejoined by NHEJ and would not itself be in-
volved in the rearrangement leading to the chro-
matid break.
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Fig. 6. Chromatid break frequency in control
and ponasterone A induced Muntjac cell line con-
taining an I-SceI site. The inset shows a break
near the insertion site (arrowhead); incomplete
metaphase shown.
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Fig. 7. Induction of ÁH2AX sites in Muntjac
MJR1Z2H2 cells as a function of time after addi-
tion of ponasterone A.

70% of cells (Fig. 7). We are therefore currently working on
improvements to raise the frequency of chromatid breaks in
these lines.

Interestingly, chromatid breaks were also observed at other
sites (i.e. other than the I-SceI sites) in cells treated with ponas-
terone (Fig. 6) indicating a possible intracellular signaling or
“bystander” effect. Further work is required to investigate this
fully.

Using these systems, chromatid breaks at the known in-
serted I-SceI sites are being examined for evidence of either
misalignment, indicating intrachromatid inversions using nick-
translated fluorescent plasmid vector containing the 18-bp I-
SceI break site or “split-signal” break sites that would indicate a

breakage-first mechanism. Thus, these cell lines provide a use-
ful system for testing the chromatin rearrangement aspect of
the model.

Summary and conclusions

There is a need to understand the relationship between
chromatid break frequency and cancer susceptibility, and to
identify the genes of low penetrance that control these pro-
cesses. Several lines of evidence show that only a single DSB is
required to induce a chromatid break, including those involv-
ing interchromatid rearrangements. The classical breakage-first
and the Revell exchange models do not accord with current evi-
dence. Therefore a model is proposed of chromatid breakage in
which a single DSB contained in a large looped chromatin
domain is signaled, resulting in the initiation of a chromatin
rearrangement at the crossover point of the looped domain.
The DSB is then independently rejoined (by NHEJ) and takes
no further part in the rearrangement process. Thus, the model
predicts a disassociation of the initiating DSB from the actual
rearrangement leading to the chromatid break. It is a prediction
of the model that around 80% of the chromatid breaks would
be the result of an intrachromatid rearrangement leading to an
inverted segment of chromatin adjacent to the break. Test sys-
tems in hamster and Muntjac cells are being developed where-
by single DSB (I-SceI) sites can be inducibly incised by endoge-
nous expression of I-SceI endonuclease, as shown by ÁH2AX
immunocytochemical staining, enabling future detailed analy-
sis of chromatin inversions adjacent to break sites. Work is in
progress to visualize such inversions that could, if they result in
a viable cell, lead to downstream genomic instability, mutation
or altered gene expression.
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Abstract. The human-Chinese hamster hybrid cell line XR-
C1#8, containing human chromosome 8, was used as a model
system to investigate the relative importance of cellular enzy-
matic environment and chromosomal structure for modulating
the efficiency of repair of UV-induced DNA damage. The
hybrid cells were irradiated with UVC light and the extent of
cytogenetic damage, detected as frequencies of sister chromatid
exchanges (SCEs), was compared between the human and the
hamster chromosomes. The combination of immunofluores-
cent staining for SCEs and chromosome painting with fluores-
cence in situ hybridization allowed the simultaneous analysis of
SCEs in the human and hamster chromosomes. The aim of the
present study was to determine if the differences in biological
response to comparable UV treatments observed between hu-
man and hamster cells were maintained in the hybrid cells in
which human and hamster chromosomes are exposed in the
same cellular environment. The analysis of replication time of
human chromosome 8 indicated the active status of this chro-

mosome in XR-C1#8 hybrid cells. The frequencies of SCEs for
human chromosome 8 and a hamster chromosome of compara-
ble size were 0.35 B 0.52, 0.80 B 0.73, 1.24 B 2.24 and 0.36 B
0.12, 0.71 B 0.2, 0.97 B 0.27, respectively, after irradiation
with 0, 5, and 10 J/m2. The persistence of UV-induced SCEs
after three cell cycles was also analyzed, both for the human and
hamster chromosomes. The observed frequencies of SCEs were
0.40 B 0.57, 0.62 B 1.05, 0.58 B 0.83 and 0.26 B 0.08, 0.67 B
0.18, 0.69 B 0.24, in human and hamster chromosomes respec-
tively, after treatment with 0, 10, and 20 J/m2 of UVC light. No
significant differences could be observed between the human
and hamster chromosomes. These results suggest that the enzy-
matic environment of human and hamster cells has the main
role, in comparison to the structural organization of human and
hamster chromosomes, for determining the different level of
repair of UV-induced DNA damage observed in these two spe-
cies.

Copyright © 2003 S. Karger AG, Basel

It has been observed that cells from different species
respond differently to the same chemical or physical agents.
For example, human and hamster cells treated with compara-
ble doses of benzo(a)pyrene (Tomkins et al., 1982), show differ-
ent extents of induction of SCEs. Human cells respond with
lower frequencies of SCEs than hamster cells. Similar compara-
tive experiments using UV light have not been carried out so

far. This differential response can be related to the efficiency of
repair of DNA damage, which can be modulated by the cellular
enzymatic machinery or by the organization of the genome. It is
known that after treatment with similar doses of UV light,
hamster cells remove in about 24 h around 20% of the induced
cyclobutane pyrimidine dimers (CPD) while human cells can
remove around 80% of the dimers (Van Zeeland et al., 1981). A
direct relationship between UV-induced SCEs and CPDs has
also been demonstrated, since the disappearance of CPD by
photo-reactivation parallels the reduction of the frequency of
SCEs (Natarajan et al., 1980; van Zeeland et al., 1980). These
observations suggest that the differences in the extent of cyto-
genetic damage detected after UV irradiation in human and
hamster cells could be related to a different activity of the
enzymes involved in the repair of the damage. 
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However, there is evidence indicating a possible role of the
physical organization of chromosomes among factors influenc-
ing the induction and repair of DNA damage. For example,
condensed constitutive heterochromatic regions are known to
be susceptible to lower damage followed by poorer repair in
comparison to relaxed euchromatic regions (Slijepcevic and
Natarajan, 1994b; Surralles et al., 1997). The organization of
the telomeric regions also appears to be different in hamster
and human cells, when analyzed in the extended DNA loops of
chromatin (Balajee et al., 1998). This variation was pointed out
as a possible factor responsible for the different amounts of
DNA damage detected in the two species in response to the
same treatment with restriction enzymes (Balajee et al., 1998).

In this study we used a human-Chinese hamster hybrid cell
line, containing human chromosome 8. The frequency of SCEs,
as parameter of DNA damage induced by UV irradiation, was
estimated specifically in the human chromosome and then
compared with the frequencies of SCEs induced in the hamster
chromosomes. In order to analyze the SCEs simultaneously in
the human and hamster chromosomes, a novel approach, i.e. a
combination of a fluorescent staining for SCEs with chromo-
some painting for the human chromosome was employed.

The rationale for the present investigation was to determine
if the human chromosome maintained its higher efficiency of
repair compared to the hamster chromosomes in the hybrid
cells. If the heterogeneity is maintained, this could be due to
distinctive structures of the human chromosome, the enzymat-
ic environment being common for human and hamster chro-
mosomes in a hybrid cell. It is worth noting that in hybrid cells
containing human chromosomes in rodent background, human
chromosomes exhibit a different staining pattern from the
rodent chromosomes, probably related to differences in the
structural organization between these chromosomes (Bobrow
and Cross, 1974). On the other hand, if the human chromo-
some had the same extent of damage (SCEs) as the hamster
ones, the cellular environment could be considered as the
important factor for determining the efficiency of repair.

We also analyzed the persistence of induced SCEs after
three cell cycles in the hybrid cells, both in the human and ham-
ster chromosomes. Hamster cells are known to bypass dimers
during replication, allowing persistence of increased frequency
of SCEs over several generations (Kato, 1977; Natarajan et al.,
1980). In the present investigation with human-hamster hybrid
cells, persistence of SCEs in the human chromosome was
expected, if it was repaired like the hamster chromosomes, con-
firming in such a case the relevance of the cellular environment
for modulating the level of repair of UV-induced damage. The
replication time of the human chromosome was also checked to
verify whether this chromosome is active or inactive in the
human-hamster hybrid cells.

Materials and methods

Cell culture
The Chinese hamster cell line XR-C1 and a human-hamster cell line XR-

C1#8-3 were isolated and kindly provided by Dr. M. Zdzienicka, in our labo-
ratory. These hybrid cells contain one or two copies of human chromosome
8. The hamster genetic background is defective in DNA-PK activity, but this

defect is complemented in the hybrids by human chromosome 8 (Errami et
al., 1998).

Cells were grown in Ham’s F-10 medium, supplemented with 10% fetal
bovine serum (Gibco), penicillin, streptomycin. Gentamycin (400 Ìg/ml)
was added to the hybrid cell lines in order to force the cells to retain the
human chromosomes.

Treatment and slide preparation
Near-confluent cells were kept for two days in 2 % fetal calf serum, to

obtain a partial synchronization. Two hours before treatment they were tryp-
sinized, seeded and incubated in fresh complete medium. Irradiation was
carried out with UV (Philips TVA lamp) at a dose rate of 0.19 J/m2/s of
254-nm light. The plates were rinsed in phosphate-buffered saline (PBS)
prior to irradiation. After exposure to the UV light the cells were cultured in
fresh medium containing 5-bromo-2-deoxyuridine (BrdU, 5 ÌM) for one cell
cycle, i.e. 15 h, rinsed in PBS and cultured for another cell cycle without
BrdU. For the analysis of the persistence of SCEs, cells were grown after
treatment for one cell cycle without BrdU, for another cell cycle with added
BrdU and a third cell cycle without BrdU. Colcemid (0.1 Ìg/ml) was added
2 h before harvest. Two fixation times were used (28 h and 36 h) to take into
account the mitotic delay associated with the UV treatment. Cells were fixed
according to standard procedures (10 min in 0.075 M KCl at 37 °C, then
fixed three times in methanol:acetic acid 3:1). Slides were prepared and
stored at –20 ° C for in situ hybridization. 

Several preliminary experiments were carried out to figure out the opti-
mal protocol. The results presented here come from one experiment. 

Replication time analysis
BrdU (10 ÌM) was added to the growing cells 6 and 3 h before harvesting,

in order to investigate replication events occurring during the early and late S
phase respectively. Colcemid (0.1 Ìg/ml) was added 1 h before harvest. The
cells were fixed in methanol:acetic acid 3:1. BrdU incorporation was visual-
ized by indirect immunostaining with mouse anti-BrdU and fluoresceinated
(FITC) anti-mouse antibodies (Boehringer). The simultaneous hybridization
with a DNA probe specific for the human chromosome, allowed the identifi-
cation of human chromosome 8 and the analysis of the replication time.

Simultaneous fluorescence in situ hybridization and sister chromatid
differentiation
Total human genomic DNA, was labeled by nick translation (Promega

kit) with digoxigenin-dUTP (Boehringer) and used to identify the human
chromosome in hamster background.

Before hybridization, the slides were pre-treated with RNase (0.1 Ìg/ml
in 2× SSC, 1 h at 37 °C, moist chamber), pepsin (0.005% in 0.01 M HCl, 3 to
5 min at 37 °C), fixed in 1% formaldehyde (in 50 mM PBS/MgCl2 at room
temperature for 10 min), dehydrated in ethanol and denatured (2 min at
70 °C, in 70 % deionized formamide, 2× SSC, 50 mM phosphate buffer, pH
7.0). The digoxigenin-labeled probe (100 ng/slide) was denatured 5 min at
70 °C, diluted in 20 Ìl/slide of hybridization mix (50% deionized formam-
ide, 2× SSC, 50 mM phosphate buffer pH 7.0, 10% dextran sulfate), placed
on the slide and then incubated at 37 °C in a moist chamber for 16–18 h.

After hybridization, slides were washed in 50% formamide, 2× SSC,
20 min at 42 °C, rinsed 3 × 5 min in 0.1× SSC at 60 °C and 5 min in 4×
SSC/0.05 % Tween 20. The cells were then incubated in non-fat dry milk for
20 min at 37 ° C. The detection of the digoxigenin-labeled probe was per-
formed with sheep anti-digoxigenin conjugated with TRITC (Boehringer).
The fluorescent intensity was amplified using mouse anti-digoxigenin anti-
bodies and TRITC conjugate of sheep anti-mouse antibodies (Boehringer)
(Boei et al., 1996). Visualization and differentiation of the sister chromatids
were achieved using mouse anti-BrdU and FITC goat anti-mouse antibodies
(Boehringer). The slides were counterstained with Vectashield mounting
medium (Vector Laboratories), containing 0.15 Ìg/ml of 4),6-diamidino-2-
phenylindole (DAPI, Sigma).

Slide scoring
Slides were observed using a Leitz Orthoplan microscope equipped with

a triple band pass filter for the simultaneous detection of TRITC, FITC and
DAPI. All the cells were analyzed under the FITC filter to score the frequen-
cy of SCEs in the hamster chromosomes and human chromosome 8, pre-
viously identified by the triple band pass filter. Only cells containing a single
copy of human chromosome 8 were scored for the frequencies of SCEs.
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Fig. 1. (a) Sister chromatid exchanges in a
Chinese hamster-human hybrid cell (XR-C1#8)
following UV irradiation. Sister chromatid differ-
entiation obtained with mouse anti-BrdU and
FITC goat anti-mouse antibodies. (b) The same
cell showing the human chromosome 8 (red color)
following FISH with human DNA. (c) Early repli-
cating regions in a hamster-human hybrid cell.
(d) The same cell showing the two human chro-
mosomes (red color). Note that these two chromo-
somes are early replicating (c) indicating that they
are not inactivated in the hamster background.

Wherever possible, 50 metaphases were scored per experimental point.
The proliferation index (PRI), as a parameter of cell proliferation, was calcu-
lated as follows: (1 × M1 + 2 × M2 + 3 × M3)/100, where M1, M2 and M3 are
the number of cells in first, second and third division observed in 100 meta-
phases. Student’s t test was applied for statistical evaluation.

Results

The spontaneous and induced frequencies of SCEs observed
in the hamster and in the hybrid cell line are presented in
Table 1 showing data obtained after 28 and 36 h of culture,
respectively. After 28 h, it can be observed that the frequencies
of SCEs at 0 and 5 J/m2 are comparable among the two cell
lines, while at the highest dose a lower frequency of SCEs was
observed in the hybrid cells than in the hamster cells. At this
dose, there are also differences in the PRI among the two cell
lines, with the hybrid cells showing a strong delay in the cell
cycle progression. As these differences in the frequencies of
SCEs could be due to processes of selection in the cell popula-
tion, the experiment was repeated and the cells were fixed at 36
instead of 28 h.

After 36 h of culture, no significant differences in the fre-
quency of SCEs and in the progression of the cell cycle could be
observed between the hamster and hybrid cells.

As shown in Fig. 1a, b, combining the fluorescent staining
for the SCEs and the hybridization for the human chromo-

Table 1. Frequencies of sister chromatid exchanges (SCEs) per cell in
hamster and human-hamster hybrid cells after UV treatment. Mean values
standard errors are given.

Chinese hamster cells  
(XR-C1) 

 Human-hamster hybrid cells 
(XR-C1#8) 

Harvest 
time (h) 

Dose 
(J/m2) 

Scored 
cells 

SCEs per cell PRIa  Scored 
cells 

SCEs per cell PRIa 

28 0 50 10.74 ± 3.87 1.99  150 12.98 ± 3.90 1.98 
28 5 50 24.62 ± 5.78 1.96  150 25.31 ± 6.75 1.72 
28 10 50 37.46 ± 9.58 1.69  108 32.37 ± 8.31 1.06 

36 0 26 12.62 ± 3.09 2.98  72 14.86 ± 5.29 2.97 
36 5 50 28.96 ± 6.67 2.80  94 28.30 ± 7.70 2.21 
36 10 36 44.58 ± 11.48 2.15  100 39.04 ± 10.41 2.10 

a PRI: proliferation index. 

some, the frequency of SCEs for each human chromosome 8
and for the hamster chromosomes could be easily analyzed.

The frequency of SCEs observed on the human chromo-
some was compared with the frequency of SCEs estimated for a
fraction of the Chinese hamster genome representing an equal
amount of DNA. Human chromosome 8 has a DNA content of
0.151 pg, corresponding to about 5.5% of the hamster genome
(Morton, 1991; Slijepcevic and Natarajan, 1994b). The calcu-
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Table 2. Comparison between human and hamster chromosomes for the
induction of sister chromatid exchanges (SCEs) after UV treatment of the
human-hamster hybrid cell line XR-C1#8. Mean values B standard errors
are given.

Dose 
(J/m2) 

Chromosomes 
analyzed 

SCEs per 
human chromosome 

SCEs per 
hamster chromosomea 

P (t-test)b 

0 322 0.35 ± 0.52 0.36 ± 0.12 n.s. 
5 290 0.80 ± 0.73 0.71 ± 0.20 n.s. 

10 258 1.24 ± 2.24 0.97 ± 0.27 n.s. 

a  Frequencies of SCEs are corrected for length. 
b n.s. = not significant.  

 

Table 3. Comparison between human and hamster chromosomes for the
persistence of sister chromatid exchanges (SCEs) three cell cycles after UV
treatment of the human-hamster hybrid cell line XR-C1#8. Mean values B
standard errors are given.

Dose 
(J/m2) 

Scored 
cells 

SCEs per cell SCEs per human 
chromosome 

SCEs per hamster 
chromosomea 

P (t-test)b 

0 72 9.62 ± 2.87 0.40 ± 0.57 0.26 ± 0.08 n.s. 
10 73 24.36 ± 6.57 0.62 ± 1.05 0.67 ± 0.18 n.s. 
20 73 25.42 ± 8.76 0.58 ± 0.83 0.69 ± 0.24 n.s. 

a Frequencies of SCEs are corrected for length. 
b n.s. = not significant. 

  

lated frequencies of SCEs for this fraction of the hamster
genome are compared with the frequencies obtained in human
chromosome 8 (Table 2). An analysis of data indicates no sig-
nificant differences in the frequencies of SCEs for human and
hamster chromosomes before and after UV treatment with 5
and 10 J/m2.

Persistence of UV damage
The data obtained in the hamster and hybrid cells three cell

cycles after UV treatment are presented in Table 3. A significant
increase of SCEs per cell can be observed at 10 and 20 J/m2. A
reduction in the frequencies of SCEs after 10 J/m2 can be
observed when compared to the values observed after two cell
cycles (Table 1), due to “a dilution effect”. The frequency of
SCEs per human and hamster chromosomes was still at a com-
parable level at the third cell cycle following UV treatment.

Replication time
The replication time of human chromosome 8 in the hybrid

cells was analyzed by addition of BrdU during the last 3 and 6 h
of culturing. The incorporation pattern of BrdU revealed that
the human chromosomes replicate during mid to late S phase
and are not heterochromatic in nature (Fig. 1c, d).

Discussion

In the present study human-hamster hybrid cells were used
as a model system to investigate the relative importance of cel-
lular enzymatic environment and chromosome structure for
evaluating the efficiency of repair of UV-induced DNA dam-
age. The hybrid cells were treated with UVC light and the
extent of cytogenetic damage, detected as frequencies of SCEs,
was compared between human and hamster chromosomes. The
aim of the experiments was to determine if the generally
observed differences between human and hamster cells in
response to comparable treatments with genotoxic agents were
maintained in the hybrid cells. In the same cellular environ-
ment different responses were expected in case strong differ-
ences in the structural organization of human and hamster
chromosomes would influence the level of repair. A similar
extent of damage was considered suggestive of the main role of

the enzymatic machinery for determining the level of repair of
UV-induced DNA damage.

Previous studies using human-hamster hybrid cells (Phil-
lippe et al., 1993) showed that in the majority of nuclei human
chromosomes seemed to remain condensed and in close prox-
imity to the periphery of the nucleus, a characteristic reminis-
cent of heterochromatic structures. It is generally accepted that
replication time of DNA is linked to its chromatin structure,
active genes replicating during early S-phase and inactive
genes, constitutive and facultative heterochromatin replicating
during late S-phase. Furthermore, it has been observed that dif-
ferent chromosomal structures can be repaired with different
efficiency, producing a heterogeneity of the repair of induced
DNA lesions (Natarajan et al., 1996). Evidences have been
obtained indicating that heterochromatin is generally less re-
paired than euchromatic regions (Slijepcevic and Natarajan,
1994a, b; Surralles et al., 1997a, b; Surralles and Natarajan,
1998). In this work the active or inactive status of human chro-
mosome 8 in the hybrid cells was verified, before and after UV
treatment.

The human chromosome 8 showed a replication time com-
parable to the pattern usually observed in human cells, indicat-
ing the absence of any heterochromatic feature. The active sta-
tus of the human chromosome raised another problem, related
to the eventuality that this chromosome could influence the
efficiency of repair of the hamster chromosomes, possibly by
the expression of human genes involved in the repair of the
induced damage. Thus, the spontaneous and induced frequen-
cies of SCEs were compared between the hamster and hybrid
cell lines. Only at the highest dose, the hybrid cells showed a
lower frequency of SCEs.

It has been suggested that the distribution of SCEs could be
non-random along a chromosome, possibly modulated by the
presence of heterochromatin, telomeric sequences or other spe-
cific chromosome features. In order to avoid bias in the analy-
sis related to these factors, the frequency of SCEs observed in
the human chromosome was compared with an average fre-
quency of SCEs estimated for a fraction of the hamster genome
with the same DNA content as human chromosome 8, and not
to the frequency of SCEs observed in a hamster chromosome of
comparable length (i.e. chromosome 7). The comparison be-
tween human and hamster chromosomes in the human-ham-
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ster hybrid cells showed that similar frequencies of SCEs were
induced by the UV treatment. Thus, the different efficiency of
repair observed between human and hamster cells was not
maintained in the human-hamster hybrid cells, indicating that
enzymatic environment could be more relevant than chromo-
some structure per se, for determining the levels of DNA
repair.

The results obtained in our study highlighted a major role of
the enzymatic environment for the repair of damage. These
data are in agreement with the observation of Vreeswijk et al.
(1998) who found that in a human-mouse hybrid cell line, with
reduced level of repair of UV-induced photolesions, no repair
of either CPD or 6-4PD was observed in mouse genes or in
human genes, indicating that human genes, which are very effi-
ciently repaired in human cells (Venema et al., 1990), behave
like the mouse genes when introduced in a mouse cell. 

Additional observations confirm the main role of the enzy-
matic environment for modulating the differences in DNA
repair observed among species. Recently, it has been suggested
that the discrepant sensitivity to DNA methylation damage (in-
duced by N-methyl-N-nitrosourea) observed between human
and rodent cells may be related to a lower level of mismatch
repair found in mouse cells compared to human cells (Humbert
et al., 1999).

The results obtained in the present investigation evaluating
the persistence of SCEs in human and hamster chromosomes

three cell cycles after UV treatment confirm that the human
chromosomes behave like hamster chromosomes when main-
tained in a hamster cell. 

In the present study an original experimental system, repre-
sented by the human-hamster hybrid cells, was used to evaluate
the relative importance of enzymatic or chromosomal factors
for influencing the levels of DNA repair. To achieve this aim a
method combining fluorescent in situ hybridization with im-
munofluorescent staining for SCEs (Boei et al., 1996) was
applied. The use of fluorescent anti-BrdU antibodies allowed a
good analysis of SCE frequencies and the combination with
chromosome painting made it possible to analyze specifically
human chromosome 8 to make the comparison with the ham-
ster chromosomes within the same hybrid cell.

It is worth noting that this procedure could also be applied
in future studies aimed to verify if differences exist among sin-
gle chromosomes or specific chromosome structures for the
induction of SCEs and to obtain more insight into the mecha-
nism(s) of formation and the biological meaning of this cyto-
genetic end-point.
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Abstract. Since the milestone work of Evans and Scott,
demonstrating the replication dependence of alkylation-in-
duced aberrations, and Obe and Natarajan, pointing to the crit-
ical role of DNA double-strand breaks (DSBs) as the ultimate
trigger of aberrations, the field has grown extensively. A notable
example is the identification of DNA methylation lesions pro-
voking chromosome breakage (clastogenic) effects, which made
it possible to model clastogenic pathways evoked by genotox-
ins. Experiments with repair-deficient mutants and transgenic
cell lines revealed both O6-methylguanine (O6MeG) and N-
methylpurines as critical lesions. For SN2 agents such as methyl-
methanesulfonate (MMS), base N-methylation lesions are most
critical, likely because of the formation of apurinic sites block-
ing replication. For SN1 agents, such as N-methyl-N)-nitro-N-
nitrosoguanidine (MNNG), O6-methylguanine (O6MeG) plays
the major role both in recombination and clastogenicity in the
post-treatment cell cycle, provided the lesion is not pre-replica-
tively repaired by O6-methylguanine-DNA methyltransferase
(MGMT). The conversion probability of O6MeG into SCEs
and chromosomal aberrations is estimated to be about 30:1 and
110,000:1 respectively, indicating this mispairing pro-muta-

genic lesion to be highly potent in inducing recombination giv-
ing rise to SCEs. O6MeG needs replication and mismatch
repair to become converted into a critical secondary genotoxic
lesion. Here it is proposed that this secondary lesion can be
tolerated by a process termed recombination bypass. This pro-
cess is supposed to be important in the tolerance of lesions that
can not be processed by translesion synthesis accomplished by
low-fidelity DNA polymerases. Recombination bypass results
in SCEs and might represent an alternative pathway of toler-
ance of non-instructive lesions. In the case of O6MeG-derived
secondary lesions, recombination bypass appears to protect
against cell killing since SCEs are already induced with low,
non-toxic doses of MNNG. Saturation of lesion tolerance by
recombination bypass or translesion synthesis may cause block
of DNA replication leading to DSBs at stalled replication forks,
which result in chromatid-type aberrations. Along with this
model, several putative consequences of methylation-induced
aberrations will be discussed such as cell death by apoptosis as
well its role in tumor promotion and progression. 

Copyright © 2003 S. Karger AG, Basel

Introduction

An important discovery concerning chromosomal aberra-
tions was made in 1969 with the demonstration that aberra-
tions induced by nitrogen mustard are strictly bound on the
cell’s progression through S-phase (Evans and Scott, 1969).
This led to the concept of S-phase-dependent and -independent
mutagens (for review see Kihlman, 1977). Another milestone in
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Fig. 1. Aberration frequencies induced by
methylating agents. (A) Chromatid-type aberra-
tions induced in human non-established fibro-
blasts by MNU as a function of recovery time.
The dashed curve shows the percentage of la-
belled mitosis. [3H]-tymidine was given as a pulse
immediately before the treatment with MNU.
Data are from Kaina et al. (1977) and unpub-
lished data. (B), (C) time-effect curve for cells
treated with 1-methyl-1-nitroso-3-phenylurea for
V79 cells (B) and fetal Chinese hamster cells out
of the fourth passage (C). Data are from Thust et
al. (1980). (D) Time-effect curve for CHO cells
treated with MNNG. Cells not expressing
MGMT are designated as MGMT–. Cells ex-
pressing human MGMT upon transfection with
an MGMT expression vector are designated as
MGMT+. The frequency of cells in first and sec-
ond post-treatment mitosis was determined in
parallel labeling experiments and given on the
bottom of the figure. Data from Kaina et al.
(1993).

this field was reached when it was shown that aberration pro-
duction is linked to the formation of DNA double-strand
breaks (DSBs). Evidence for this was based on the use of T4
endonuclease (Natarajan and Obe, 1978) and restriction en-
zymes (Natarajan and Obe, 1984) electroporated into cells – an
approach that turned out to be very powerful in studying the
role of specific DNA lesions in aberration and SCE production.
For alkylating agents, notably methylating compounds, which
are powerful mutagens, recombinogens and clastogens, the
mechanisms involved in aberration production as well as the
critical lesions induced were enigmatic for a long time. Ap-
proaches to incorporate specific methylated bases, such as
O6-methylguanine (O6MeG) or N7-methylguanine (7MeG), in
DNA of cultured cells failed. In an alternative approach, the
clastogenic and mutagenic potency of different methylating
agents was assessed and compared to the spectrum of lesions
induced. SN2 agents such as methyl methanesulfonate (MMS)
induce preferably N-methylpurines and are powerful clastog-
ens, suggesting N-methylpurines to be responsible for aberra-
tions. SN1 agents produce relatively high levels of O-alkylations
in DNA, including the mispairing lesion O6MeG, which corre-
lates with mutagenicity (Vogel and Natarajan, 1979; Morris et
al., 1982, 1983; Natarajan et al., 1984). It was therefore para-
digmatically believed that N-alkylations are responsible for the
clastogenic effect of simple alkylating agents, whereas O-meth-
ylated bases, notably O6MeG, are the source of point mutations
(Loveless, 1969; Natarajan et al., 1984). With the availability
of repair-deficient mutants and the advent of gene manipula-

tion technology this concept was reassessed and finally modi-
fied.

Some contradictory findings to the paradigm that N-meth-
ylpurines are the only source for chromosomal aberrations were
obtained from time-response curves of aberrations in different
cell systems. If exponentially growing human non-established
fibroblasts were pulse treated with N-methyl-N-nitrosourea
(MNU), the frequency of chromatid-type aberrations reached a
maximum that coincides with cells that were in early S-phase
during treatment (as revealed by the curve of [3H]-thymidine-
labeled mitoses, see Fig. 1A for human fibroblasts). Interesting-
ly, a small peak preceding the main peak can be detected that
likely represents cells out of the late S-phase during treatment,
as deduced from determination of the percentages of [3H]-thy-
midine-labeled mitoses in a parallel experiment (Fig. 1A). (A
similar observation was made by Evans and Scott with root tip
meristem cells of Vicia faba; Evans and Scott, 1969). In a subse-
quent study, Thust (Thust et al., 1980) showed that, contrary to
human fibroblasts, V79 Chinese hamster cells show the maxi-
mum level of chromatid-type aberrations induced by a nitro-
surea derivative in the second post-treatment mitoses (Fig. 1B).
He also found that primary Chinese hamster fibroblasts sur-
prisingly display two aberration peaks, corresponding to the
first (M1) and the second (M2) post-treatment mitoses
(Fig. 1C). This indicated that the kinetics of aberration produc-
tion is dependent on the cell type. What is the reason for these
cell-type specific differences?
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Fig. 2. Response of MGMT+, MGMT– and
tolerant (Tol) cells to treatment with MNNG. (A)
clonogenic cell survival; (B) Chromosomal aberra-
tions induced as a function of dose of MNNG; (C)
SCEs induced in the first post-treatment cell cycle
(left panel) and the second post-treatment cell
cycle (right panel) after MNNG exposure.
MNNG treatment occurred for 60 min. Data
from Kaina et al. (1993, 1997).

Critical pre-recombinogenic and pre-clastogenic
methylation lesions

An answer to this question was provided by the identifica-
tion of specific DNA methylation lesions that lead to SCEs and
aberrations. This identification was based on molecular dosime-
try (Vogel and Natarajan, 1979; van Zeeland et al., 1983) and
was further made possible by the availability of DNA repair
deficient and genetically engineered cell lines, notably MGMT–
(O6-methylguanine-DNA methyltransferase deficient),
MGMT+ (O6-methylguanine-DNA methyltransferase profi-
cient) and the so-called tolerant (MGMT deficient, mismatch
repair impaired) cells (for review see Kaina et al., 1993). The
main conclusions were: (1) agents inducing predominantly N-
methylations (SN2 agents) such as MMS and dimethyl sulphate
(DMS) exhibit high clastogenic but low point-mutagenic poten-
cy. This indicates that N-methylation lesions are responsible for
clastogenic effects. (2) Agents inducing a higher level of O-meth-
ylations (SN1 agents) such as MNU and N-methyl-N)-nitro-N-
nitrosoguanidine (MNNG) are still clastogenic but at the same
time point-mutagenic, confirming that O-methylations are re-
sponsible for the induction of point mutations. (3) Cells defi-
cient in MGMT, which repairs specifically O6-methylguanine
and O4-methylthymine (comprising about 7 and 0.4% of the
total DNA methylation products induced by MNU or MNNG,
respectively), are highly sensitive to the cytotoxic, clastogenic
and SCE-inducing effects of SN1 agents compared to the same
cells expressing MGMT (Fig. 2). The same holds true for toler-

ant cells, which are impaired in mismatch repair (Fig. 2). From
this it has been concluded that O6MeG (the minor lesion O4MeT
is usually neglected because of its rarity) is a critical lesion lead-
ing to cell death, SCEs and chromatid-type aberrations. Further-
more, studies with MGMT genetically engineered cell lines fur-
ther confirmed that O6MeG is a major point-mutagenic lesion,
which is true for both SN1 and SN2 agents (Kaina et al., 1991).
(4) Treatment of V79 (MGMT-deficient) cells with MNU or
MNNG induced only few SCEs in the cell cycle exposed as seen
in M1; SCEs were nearly exclusively induced in the second post-
treatment cell cycle and therefore detectable in M2 (see Fig. 2C).
In contrast, MMS is able to induce SCEs both in the cell cycle
exposed and in the post-treatment cell cycle (Kaina and Aurich,
1985). Similar data were obtained for chromosomal aberrations
for which the frequency after treatment with MNNG was low in
M1 and much higher in M2 (Fig. 1D). Interestingly, if the same
cells expressed MGMT upon transfection with an MGMT
expression vector, aberrations in M2 cells were reduced to nearly
background levels (Fig. 1D). These data indicated that O6MeG
needs two cell cycles in order to be converted into SCEs and
chromatid-type aberrations. It also indicated that the methyl-
ation lesion O6MeG is converted during the first round of repli-
cation into a secondary DNA lesion that acts as the ultimate
trigger for either SCEs or aberrations (Kaina and Aurich, 1985;
Kaina et al., 1993). Overall, the data support the paradigm that
in cells that are deficient for MGMT or express MGMT at very
low levels, O6MeG is the predominant recombinogenic and clas-
togenic lesion in M2. On the other hand, if cells are MGMT
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proficient (and the dose of the methylating agent is not too high
inducing O6MeG at levels that do not saturate MGMT repair
capacity) N-methylation products (7MeG, 3MeA, 3MeG) ap-
pear to be the predominant clastogenic lesions, which provoke
the genotoxic effect in M1.

On the basis of these findings the dose-effect curves shown in
Fig. 1 can be reinterpreted as follows: human non-established
fibroblasts and primary Chinese hamster cells express MGMT.
Consequently, they behave like CHO cells transfected with
MGMT (MGMT+), showing the highest clastogenic response
due to non-repaired N-methylation lesions in M1. In contrast to
this, V79 and CHO cells (and many other established cell lines)
are MGMT deficient (MGMT–) displaying the highest clastog-
enic response due to non-repaired O6MeG lesions in M2. For
SN2 agents (MMS, DMS), the aberration maximum is expected
to occur in M1 because of the relatively high amount of N-alkyl-
ations compared to O6MeG induced in DNA.

Role of mismatch repair

MGMT– cells defective in mismatch repair (MMR) are
highly resistant to SN2 methylating agents (in the following
named as O6-methylating agents); they obviously tolerate the
pre-toxic lesion O6MeG in DNA. Tolerant cells also display
lower MNNG-induced aberration frequencies than MGMT–
cells not defective in MMR (an example is shown in Fig. 2B; see
also Galloway et al., 1995; Armstrong and Galloway, 1996). It
has therefore been suggested that MMR is essential for the con-
version of O6MeG lesions into SCEs and aberrations (Kaina et
al., 1997). Several findings strongly suggest that MMR (for
review see Christmann et al., 2003) is indeed involved in the
processing of O6MeG lesions. The heterodimer MutS·, com-
posed of MSH2 and MSH6, binds to O6MeG/T mispairs
(Duckett et al., 1996; Christmann and Kaina, 2000) which are
formed in consequence of the mispairing properties of O6MeG
during replication. According to an established model (Karran
and Stephenson, 1990; Branch et al., 1995), MLH1 and PMS2
assemble the complex and nicks were introduced in the DNA
next to the lesion (Sibghat-Ullah et al., 2001) excising the thy-
mine-containing sequence and filling in the resulting gap. How-
ever, because of the mispairing properties of O6MeG, thymine
will again be inserted opposite to O6MeG lesions – and the
whole process starts again. This faulty MMR cycle at O6MeG/T
lesions generates a secondary lesion that interferes with the sub-
sequent round of DNA replication and ultimately leads to
DSBs (Kaina et al., 1997; Ochs and Kaina, 2000). This model
explains why SCEs and aberrations are formed in a replication-
dependent manner in M2. Although this model still awaits
thorough molecular proof, it provides a firm basis for explain-
ing most of the data obtained in this field.

Recombinogenic and clastogenic potency of O6MeG

The probability for O6MeG to be converted, by the media-
tion of MMR and DNA replication, into SCEs has been deter-
mined in two independent studies that compared MGMT+ and

MGMT– cells. For MGMT-deficient CHO-9 (Kaina et al.,
1993) and human glioblastoma cells (Rasouli-Nia et al., 1994)
it was reported that 1 SCE is produced per 30 and 42 O6MeG
lesions respectively, that were induced by MNNG or MNU in
the G1-phase of the cell cycle. This is quite a high conversion
frequency compared, for instance, to cyclobutane dimers for
which a relation of 1:600 has been estimated (De Weerd-Kas-
telein et al., 1977). It should be noted, however, that this calcu-
lation might need re-estimation in view of the fact that UV-
C-induced BrdU photolysis may contribute to SCE formation
(Wojcik et al., 2004). The O6MeG conversion probabilities for
chromosomal aberrations are much lower, estimated in the
range of 1:22,000 and 1:147,000 for aberrations induced in M2
and M1, respectively (Kaina et al., 1993). For lethal events the
calculation ranges from 1:360 (Kaina et al., 1993) to 1:6,650
(Rasouli-Nia et al., 1994). The close correlation between in-
duced O6MeG lesions and SCEs is striking. Taking into
account that O6MeG mispairing with thymine occurs in only
1/3 of base pairings (provided equal amounts of deoxynucleo-
tides are present) (Abbott and Saffhill, 1979), the conversion
probability of O6MeG/T into SCEs would be even higher, i.e.
about 1:10. It thus seems that O6MeG/T mispairs are excep-
tionally potent in inducing SCEs. The reason might be found in
the particular structure of O6MeG/T-derived lesions processed
by MMR. Although still hypothetical, it is tempting to specu-
late that MMR-generated lesions in the DNA cause a severe
block of DNA replication, which is efficiently circumvented by
a recombination process occurring at the replication fork that
finally leads to an SCE. There are many lesions that block DNA
replication although they seem to induce SCEs at much lower
level, such as CPDs. It might therefore be speculated that most
of the presumptive replication-blocking lesions, if they encoun-
ter a replication fork, are tolerated by translesion synthesis (re-
plication bypass) accomplished by low fidelity SOS polymer-
ases (Lehman, 2002), reading through non-instructive lesions
without initiating the recombination process that leads to
SCEs. The lesion provoked by O6MeG/T with the mediation of
MMR can presumably not be processed by SOS polymerases
and, therefore, recombination bypass will be the preferred
mode of circumvention of this replication blockage. It should
be noted that the doses of MNNG and MNU inducing SCEs in
M2 do not cause any significant inhibition of DNA replication,
as measured both by thymidine incorporation and the delay of
the entry of BrdU-labelled cells into mitosis (Kaina, 1985; Kai-
na and Aurich, 1985) suggesting that recombination bypass
leading to SCEs is a very efficient and fast process of lesion
circumvention. A model of SCE formation triggered by O6MeG
lesions is shown in Fig. 3.

Are SCEs toxic events?

The low probability of conversion of O6MeG lesions into
SCEs as compared to cell killing effects (measured by reduction
in colony formation) indicates that SCEs are not necessarily
toxic events. Support for this comes from dose-effect curves.
SCE frequencies induced in MGMT-deficient V79 cells are a
clear linear function of the dose of MNU and MNNG (Kaina
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Fig. 3. Model of SCE formation by recombination bypass. Mismatch repair (MMR) at O6MeG/T lesions is supposed to create a
non-instructive lesion (designated by XXXX) that inreversably blocks replication. Since the lesion cannot be circumvented by
translesion synthesis, strand displacement occurs, followed by incision 5) and 3) next to the lesion in either of the parental strands,
and rejoining of parental and nascent daughter strand having the same polarity. Thereafter, replication continues.

and Aurich, 1985). They are already induced at very low doses
for which side effects were not yet detectable, such as inhibition
of DNA synthesis and cell proliferation as well as reduction of
the mitotic index. Notably, the dose-response curve for SCEs
does not reveal a no-effect threshold (Kaina and Aurich, 1985).
In contrast, the dose-response curve for cell kill of V79 cells
exhibits a clear threshold (see Fig. 4A). Since SCEs are induced
with doses of a methylating agent that are not yet toxic and
clastogenic, SCEs appear to be generated by an error-free pro-
cess. Overall, they seem to represent non-toxic events tolerated
by the cell.

In contrast to SCEs, chromosomal aberrations induced by
MNU show a threshold (at dose level !20 ÌM) that seems to
parallel the threshold in the cell survival curve (compare
Fig. 4A and B). This may be taken to indicate that chromosom-
al aberrations rather than SCEs are related to reproductive cell
death. This point will be discussed later again.

Methylation-induced clastogenicity: role of replication
fork inhibition

While SCEs are induced at very low dose levels (and are
therefore a most sensitive indicator of DNA damage) higher
doses of MNNG or MNU are required for the induction of
chromosomal aberrations (Kaina, 1985). DNA synthesis is
inhibited in the dose-range that induces aberrations in M1
(Kaina, 1985; Kaina, 1998). Based on the overlap in dose-
response of replication inhibition and aberrations in M1
(Fig. 4B) it has been proposed that inhibition of replication fork
movement due to methylation lesions causes nuclease attack at
stalled replication forks that result in DSBs, which cause chro-
matid-type aberrations (Kaina, 1998). Various N-methylation
lesions such as N3-methyladenine (3MeA) are supposed to
block DNA replication. Also, apurinic sites resulting from
spontaneous hydrolysis of N-methylpurines such as N7-meth-
ylguanine and 3MeA are likely critical candidates in blocking
replication and thus leading to DSBs. If not repaired, or illegiti-
mately recombined, DSBs will be expressed as chromatid-type
aberrations in M1. Likewise, a similar process may give rise to
aberrations in M2 with O6MeG/T-derived secondary lesions
being the trigger (Kaina et al., 1997).
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Fig. 4. Comparison of various cellular genotoxic responses of V79 cells.
(A) clonogenic survival and SCE frequency as a function of dose of MNU.
(B) DNA replication measured by thymidine incorporation and aberration
frequency in M1 cells as a function of dose of MNU. Data from Kaina (1985)
and Kaina and Aurich (1985). 

Inhibition of fork movement may be a general mechanism
involved in aberration formation. The following arguments are
in favor of this: (1) all clastogenic agents inhibit DNA replica-
tion (Painter and Howard, 1982); (2) inhibitors of DNA repli-
cation that do not directly damage DNA are clastogenic (e.g.
hydroxyurea, methotrexate) (Kihlman, 1977); (3) cells which
are hypersensitive to DNA damaging agents, such as p53 and
c-fos knockout cells, display enhanced S-phase inhibition and
enhanced chromosomal breakage, which appear to be related
(Haas and Kaina, 1995; Kaina, 1998; Kaina et al., 1998; Lack-
inger and Kaina, 2000). The molecular cause for the hypersen-
sitivity of p53 and c-fos knockout cells to methylating agents is
still unclear. Pathways leading to mutations and genotoxic end
points such as SCEs and chromosomal aberrations on the basis
of recombination bypass and translesion synthesis are summa-
rized in Fig. 5.

DNA repair defects and methylation-induced
clastogenicity

While the impact of deficiency in MGMT on chromosomal
sensitivity has been studied in detail, the effect of other DNA
repair defects, notably of the base excision repair (BER) path-
way, has been studied to a lesser degree. It is remarkable that
overexpression of N-methylpurine-DNA glycosylase (MPG) in
CHO cells provokes sensitivity to methylating agents such as
MMS, which has been interpreted to result from imbalance in
BER (Ibeanu et al., 1992; Coquerelle et al., 1995). Embryonic
knockout stem cells for MPG are hypersensitive to MMS (En-
gelward et al., 1996) whereas fibroblasts generated from MPG
knockout mice do not display chromosomal hypersensitivity
upon methylation (Elder et al., 1998). Knockout cells for DNA
polymerase ß (Polß) are much more sensitive than the corre-
sponding wild-type cells to the clastogenic effect of MMS and
MNNG (Ochs et al., 1999). Knockout cells for apurinic endo-
nuclease (APE) are not viable. However, down-modulation of
APE by an antisense approach revealed hypersensitivity of the
corresponding cells (Ono et al., 1994) whereas overexpression
of yeast APE in CHO cells rendered them more resistant
(Tomicic et al., 1997).

As noted above, p53 and c-fos knockout cells are hypersensi-
tive to the clastogenic effect of MMS (Lackinger and Kaina,
2000; Lackinger et al., 2001). This could be due to altered S-
phase regulation in response to methylation, impaired DNA
repair, or both. Recent data ascribe DNA repair a role in the
hypersensitivity to alkylating agents of p53 mutated fibroblasts.
Thus, p53 appears to upregulate DNA polymerase ß (Polß)
activity (Smith et al., 2001), due to physical interaction and
stabilization of the repair protein. The same has been reported
for apurinic endonuclease (APE) (Zhou et al., 2001). p53 is also
involved in the induction of the MGMT gene by genotoxic
stress (Rafferty et al., 1996; Grombacher et al., 1998) and pre-
sumably in the upregulation of some BER genes such as FEN1
(Christmann, Tomicic, Origer, Lackinger, and Kaina, manu-
script in preparation). Whether this, however, results in protec-
tion against methylating agent-induced clastogenicity remains
to be seen.

Another repair protein likely to be involved in methylation-
induced clastogenicity is ATM (ataxia telangiectasia mutated).
ATM is implicated in the repair of radiation-induced DSBs
(Shiloh, 2001). Since DSBs are also formed in response to the
treatment with DNA methylating agents (Ochs et al., 1999;
Ochs and Kaina, 2000), it is conceivable that ATM could play a
role in the repair, or processing, of these breaks. Indeed, aberra-
tion frequencies are enhanced in ATM null cells treated with
MNNG, compared to the corresponding wild-type. This effect
could further be enhanced by the MGMT inhibitor O6-benzyl-
guanine (O6BG), which suggests that O6MeG-derived second-
ary lesions, notably DSBs, are processed by ATM. A similar
potentiating effect in ATM cells has been observed for SCEs
scored in 2nd post-treatment mitoses (Debiak et al., 2004),
again ascribing a role for ATM in O6MeG-induced genotox-
icity.
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Fig. 5. Model for the formation of point muta-
tions, SCEs and chromosomal aberrations involv-
ing recombination bypass and translesion synthe-
sis at non-instructive lesions. If either one of the
processes is unsuccessful, replication might still
be inhibited leading to nuclease attack at arrested
replication forks giving rise to DSBs. These may
cause chromosomal aberrations and/or reproduc-
tive cell death.

Biological consequences of methylation-induced
aberrations

Two aspects will briefly be discussed: cell death by apoptosis
and malignant transformation.

DNA methylation lesions in apoptosis
The apoptotic pathway evoked in CHO cells and other cell

types by O6MeG has been studied in detail. It is clear that
O6MeG is a powerful apoptotic lesion triggering the killing
response by the mediation of MMR (Kaina et al., 1997; Tomi-
naga et al., 1997; Meikrantz et al., 1998). DNA replication is
essentially involved since replication-arrested CHO-9 cells and
non-proliferating human lymphocytes do not undergo apopto-
sis upon MNNG treatment (Kaina, 2003; Roos et al., 2004, and
unpublished data). The pathway proposed on the basis of avail-
able data has been discussed recently (Kaina, 2003). In this
model, DSBs are considered to be the critical ultimate lesions
triggering decline of Bcl-2, which is a hallmark of methylation-
induced apoptosis in this cell system (Ochs and Kaina, 2000).
Since DSBs give rise to aberrations one might speculate that
chromosomal aberrations induce apoptosis, e.g. by loss or inac-
tivation of essential genes (loss of “survival factors”). Cell death
by apoptosis could eliminate damaged cells and by this reduce
the clastogenic effect. This has indeed been found for p53 wild-
type lymphoblastoid cells (Greenwood et al., 1998) which are
death receptor sensitive (Dunkern et al., 2003). It is important
to note that in CHO cells apoptosis induced by MNNG is a late
response occurring 148 h after treatment, whereas aberrations

in M1 and M2 cells clearly appear earlier. This may be taken to
indicate that, at least in fibroblasts, apoptosis does not signifi-
cantly eliminate chromosomally damaged cells. On the other
hand, cells exhibiting aberrations could undergo death in the
subsequent cell cycle due to apoptosis. Several arguments in
favor of the hypothesis that aberrations contribute to apoptosis
are: (1) both aberrations and apoptosis upon DNA methylation
require DNA replication; (2) aberrations precede cell killing by
apoptosis; (3) aberrations and apoptosis induced by methylat-
ing agents are provoked by DSBs; (4) for nucleotide analogs a
correlation was found between the yield of chromosomal aber-
rations and apoptosis (Tomicic et al., 2002).

Chromosomal aberrations and tumor formation
Are chromosomal aberrations, induced by methylating

agents, a contributing factor in malignant transformation? It is
well established that the carcinogenic potency of methylating
agents correlates with their potency to induce point mutations
(Margison and O’Conner, 1990; Pegg and Singer, 1984). This is
related to the efficiency of the agents to induce O-alkylations,
and thus it is believed that the pro-mutagenic lesion O6MeG
(together with the minor lesion O4-methylthymine) is the major
driving force in carcinogenesis (Pegg, 1984). This has been con-
firmed in transgenic mouse models in which MGMT was over-
expressed (Dumenco et al., 1993; Nakatsuru et al., 1993) or
inactivated (MGMT null mouse) (Kawate et al., 1998). The
creation of a mouse strain in which human MGMT was specifi-
cally expressed in skin allowed one to study tumorigenesis on
the basis of the “classical” tumor initiation-promotion proto-
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col. Data obtained showed that MGMT was highly efficient in
attenuating the initiating effect of MNU whereas it had no
effect on tumor promotion by TPA (Becker et al., 1996). In this
study MNU was given as initiator at a single low dose that like-
ly was inefficient to induce aberrations. With this treatment,
however, mutations induced in c-Ha-ras have been found
(Becker et al., 1996). Beside this, MMS applied at dose level
inducing aberrations was not effective as an initiator in mouse
skin (Fürstenberger et al., 1989b). Thus, the data suggests that
point mutations, but not aberrations, are responsible for tumor
initiation. MGMT also attenuated the conversion of benign
tumors into malignant carcinomas by repeated treatment of
papillomas with MNU (Becker et al., 2003). Whether chromo-
somal changes induced by repeated MNU treatments provoked
tumor conversion (tumor progression) is unclear (note that
MGMT overexpressed in the benign tumors can suppress theo-
retically both point mutations and aberrations). It would there-
fore be interesting to repeat the experiments on tumor conver-
sion in this mouse system using MMS that is ineffective as
tumor initiator although it induces chromosomal aberrations.

A study for the involvement of aberrations in carcinogenesis
was performed using the so-called two-stage tumor promotion
protocol. In this approach, tumor promotion in mouse skin is
dissected using the first-stage promoter tetradecanoyl phorbol
acetate (TPA) followed by repeated treatment with the second
stage (incomplete) promoter retinoyl phorbol acetate (RPA)
(Fürstenberger et al., 1981). If initiation occurred by a single
dose of dimethyl-benz(a)anthracene (DMBA) followed by
treatment with MMS and repeated treatment with RPA, the
yield of papillomas was comparable to that obtained in an
experiment in which TPA was used instead of MMS (Fürsten-
berger et al., 1989b). From this it has been concluded that
MMS is a potent first-stage tumor promoter. The dose of MMS
used induced chromosomal aberrations in skin cells and, there-
fore, methylation-induced aberrations are likely to be involved
(Fürstenberger et al., 1989a, b). It is important to note that TPA
is able to induce aberrations as well, presumably because of
intracellular radical formation, whereas RPA does not (Marks
and Fürstenberger, 1990; Petrusevska et al., 1988). Overall, the
data support the concept that chromosomal aberrations are

involved in the early stages of tumor formation (Kaina, 1989)
and that methylating agents, which are powerful clastogens, can
thus drive the process of carcinogenesis.

Outlook

Both O6MeG and N-methylpurines cause chromosomal
aberrations in cells exposed to DNA methylating agents. In this
process, DNA replication and, for O6MeG driven clastogenesis,
MMR is essentially involved. It has been proposed that the
arrest of DNA replication is critical for the generation of DSBs,
which act as ultimate genotoxic lesions. There are many ques-
tions, however, which await resolution. It would be interesting
to know to which extent individual DSB repair pathways,
namely NHEJ and HR, are involved in methylation-induced
clastogenicity. Further, the role of ATM and ATR in the repair
or signaling of methylation-induced DNA damage remains to
be elucidated. Also the secondary recombinogenic lesion de-
rived from O6MeG by the mediation of MMR needs to be iden-
tified. Finally, the model of lesion tolerance by recombination
bypass and the possible competition of this pathway with trans-
lesion synthesis by error-prone DNA polymerases should be
substantiated. The proposed model (Fig. 5) suggests that re-
combination bypass is also important for the tolerance of DNA
interstrand crosslinks (ICL) which are strong inducers of SCEs
in the treatment cell cycle (Kaina and Aurich, 1985). It would
thus be interesting to see whether recombination bypass of ICL
is error free. Finally the involvement of many of the newly
cloned DNA repair genes encoding e.g. DNA-PK, Rad51,
BRCA1 and 2, and XRCC2 in methylation-induced recombi-
nation and clastogenicity will be addressed in the future. Over-
all, it is obvious that our knowledge on methylation-induced
aberrations has grown constantly during the last 30 years, but
there is still much to do in order to fully resolve the puzzle.
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Abstract. Ectopic expression of telomerase results in an
immortal phenotype in various types of normal cells, including
primary human fibroblasts. In addition to its role in telomere
lengthening, telomerase has now been found to have various
functions, including the control of DNA repair, chromatin
modification, and the control of expression of genes involved in
cell cycle regulation. The investigations on the long-term effects
of telomerase expression in normal human fibroblast high-
lighted that these cells show low frequencies of chromosomal
aberrations. In this paper, we describe the karyotypic stability
of human fibroblasts immortalized by expression of hTERT.
The ectopic overexpression of telomerase is associated with

unusual spontaneous as well as radiation-induced chromosome
stability. In addition, we found that irradiation did not enhance
plasmid integration in cells expressing hTERT, as has been
reported for other cell types. Long-term studies illustrated that
human fibroblasts immortalized by telomerase show an unusu-
al stability for chromosomes and for plasmid integration sites,
both with and without exposure to ionizing radiation. These
results confirm a role for telomerase in genome stabilisation by
a telomere-independent mechanism and point to the possibility
for utilizing hTERT-immortalized normal human cells for the
study of gene targeting.

Copyright © 2003 S. Karger AG, Basel

Telomeres are nucleoprotein complexes that protect chro-
mosome ends from nuclease degradation and chromosome
fusion (de Lange, 2002). In most human primary cells, telo-
meres shorten with each round of replication, leading to end-
to-end fusions observed in senescent human cells (Counter et
al., 1992). The causal factor that drives primary cells to enter
replicative senescence is telomere attrition resulting from the
lack of telomerase activity. Telomerase is a nuclear ribonucleo-
protein that replenishes telomeres in most eukaryotes (Greider
and Blackburn, 1985; Collins and Mitchell, 2002). In human
cells, the RNA subunit hTR is ubiquitously expressed, whereas
hTERT, the catalytic component, would be expressed primari-

ly in embryonic stem cells and germ cells. Telomerase can pro-
tect chromosomes from end-to-end fusion not only by lengthen-
ing the telomere but also by providing a cap at the end of the
chromosome (Melek and Shippen, 1996; Zhu et al., 1999;
Blackburn, 2001; Stewart et al., 2002). Moreover, the presence
of hTERT activity in normal human fibroblasts during their
transit through S phase (Masutomi et al., 2003) suggests that
telomerase and telomere structure are dynamically regulated.
Therefore, telomerase might have a role in chromosome end
protection that is independent of its ability to elongate telo-
meres. Furthermore, ectopic expression of telomerase in pri-
mary cells may enhance cell survival in the face of proapoptotic
cellular stress, although hTERT expression does not protect
cells from stress-induced premature senescence (Gorbunova et
al., 2002). Telomerase seems to regulate the transcription of a
variety of genes implicated in cell growth (Smith et al., 2003),
chromatin modification, and in DNA repair, without influenc-
ing telomere length. In addition, telomerase expression is asso-
ciated with a reduction of spontaneous chromosome damage in
G1 cells (Sharma et al., 2003), which could be important in the
cascade of events leading to chromosome stabilisation. Investi-
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gation of the long-term effects of forced telomerase expression
on normal human fibroblasts highlighted that it does not result
in changes typically associated with malignant transformation
in these cells, that show low frequencies of chromosomal aber-
rations (Morales et al., 1999). In sheep fibroblasts, telomerase
expression levels correlate with shorter telomere lengths and
the extent of karyotypic abnormality. Indeed, highly expressing
cell lines showed virtually normal karyotypes, even after ex-
tended culture when lower expressing lines exhibited chromo-
somal abnormalities (Cui et al., 2002). Nevertheless, ectopic
hTERT expression in human fibroblasts derived from cente-
narian individuals also developed chromosomal anomalies
(Mondello et al., 2003). Moreover, one of these cell strains
acquired the ability to grow in the absence of solid support, a
typical feature of transformed cells. Therefore, the outcome of
cellular immortalization driven by telomerase reactivation
might depend on the frequency of genomic alterations already
present in the cell.

In addition to telomere attrition in cycling cells, DNA dou-
ble strand breaks (DSBs) are also a source of chromosomal
instability. DSBs can either be properly repaired, restoring
genomic integrity, or misrepaired, resulting in drastic conse-
quences for the cell, including cell death, genomic instability,
and cancer. It is well established that exposure to DSB-inducing
agents, such as ionizing radiation, is associated with chromo-
somal abnormalities (Natarajan et al., 1986; Pfeiffer et al.,
2000; Obe et al., 2002), and that the progeny of cells exposed to
ionizing radiation can exhibit delayed genetic changes, includ-
ing specific gene mutations (Little et al., 1990) and chromo-
some aberrations (Kadhim et al., 1992; Sabatier et al., 1992).
These delayed mutations and chromosome anomalies are
usually regarded as a consequence of the destabilisation of the
genome, termed radiation-induced chromosome instability.
Moreover, DNA broken ends can be stabilized by the addition
of telomeric repeats by recombination or translocations (telo-
mere capture) (Difilippantonio et al., 2002; Lo et al., 2002), or
by telomerase (chromosome healing) that can catalyse the syn-
thesis of telomeric repeats on non-telomeric DNA (Slijepcevic
and Bryant, 1998; Sprung et al., 1999b). Transgenic integration
might constitute a chromosomal DNA repair event in which
exogenous DNA is inserted into a chromosomal DSB. In gener-
al, the low spontaneous frequency of gene targeting has pre-
cluded its widespread experimental use in mammalian somatic
cell genetics. A number of studies has shown that transgenes
integrate preferentially at sites within chromosomes that are
susceptible to DSBs, termed fragile sites (Rassool et al., 1991;
Matzner et al., 2003). In addition, it has been reported that the
induction of a specific DSB at a chromosomal locus greatly
stimulates the integration of a homologous transgene at the site
of the induced break (Brenneman et al., 1996; Donoho et al.,
1998; Miller et al., 2003; Porteus et al., 2003). Radiation-
induced DNA damage has been shown to improve plasmid
integration, a phenomenon termed “radiation enhanced inte-
gration” (Stevens et al., 1996). As a result, it has been proposed
that irradiation of cells prior to transfection can improve stable
gene transfer of both plasmid and adenoviral vectors (Zeng et
al., 1997) by induction of a hyper-recombination state, possibly
related to chromosome instability (Stevens et al., 1999).

In the present paper, we focused on the characterization of
the karyotypic stability in human fibroblasts immortalized by
telomerase, both spontaneously and after exposure to ionizing
irradiation. The effects of telomerase overexpression on karyo-
typic stability were compared with those of endogenously reac-
tivated telomerase in human tumor cell lines. Chromosome
damage after irradiation was determined at the first post-treat-
ment mitosis and a correlation with telomerase activity and
telomere length was investigated in these cell lines. The ability
to integrate plasmids was assessed and no difference was found
between human fibroblasts immortalized by telomerase and a
human tumor cell line. We noted that ectopic overexpression of
hTERT is associated with peculiar genome stability, even in the
case of transgenic integration following ionizing radiation. Fur-
thermore, hTERT overexpression appeared to protect cells
from radiation-enhanced integration. Irradiated clones showed
both chromosomal and plasmid insertion site stability. These
results confirm the role of telomerase in genome stabilisation
and suggest the possibility that hTERT immortalized normal
human cells may be useful for the study of gene targeting.

Materials and methods

Cells and culture conditions
HCA-ltrt is a clone of BJ fibroblasts immortalized by the catalytic sub-

unit of human telomerase (hTERT) (Rubio et al., 2002). HCA 17.3 cell line
was derived from HCA-ltrt following selection for integration of the
pSXPneoD plasmid. The B3 cell line derives from human bladder carcino-
ma, and has a slightly rearranged karyotype (46;XY),t(11;20),t(15;18), and is
telomerase positive (Fouladi et al., 2000), SCC61 and SQ9G are both telom-
erase-positive cell lines as described elsewhere (Brachman et al., 1992;
Cowan et al., 1993). They show rearranged karyotypes: (46;XY),t(2,18),
t(3;9),t(9;15),t(7;Y),del4 and (46;XY),t(4;22),t(9;16),t(11;20),del4p respec-
tively. Cells were maintained in DMEM/F12 medium (Life Technologies,
Bethesda, USA) supplemented with 10% FCS (Life Technologies, Bethesda,
USA) and incubated at 37 °C in a humidified incubator with 5% CO2. G418
(200 Ìg/ml, Life Technologies) wad added to medium for HCA17.3 and B3
cell lines.

Transfection and irradiation
Plasmids pCMVGFP and pCMVGFP-Telo (containing 1.6 kb of

(TTAGGG)n telomere repeats) were extracted from E .coli DH5· cells and
were purified by standard procedures (Quiagen plasmid giga kit). pCMV and
pCMV-Telo plasmids were linearized by NotI (Biolabs) digestion before
transfection; this endonuclease cuts the plasmid just after T2AG3 repeats in
pCMV-Telo. For the pNCT-tel plasmid, transfection and clone analysis were
performed as previously described (Sprung et al., 1999a, c; Fouladi et al.,
2000). The pSXPneoD plasmid was derived from pNCT-tel and contains the
neo and HSV-tk genes, as well as 4 kb of human DNA from the end of chro-
mosome 7q (accession number AF027390) for targeted integration near a
telomere.

For electroporation experiments, cells were harvested from subconfluent
cultures, washed twice and counted. 5 × 106 cells were resuspended in culture
medium in a final volume of 800 Ìl, and 10 Ìg of plasmid DNA was added.
After 1 min incubation at room temperature, cells were transferred into the
4-mm-gap cuvette (Equibio) and electroporated with an EasyjecT (Eurogen-
tec) apparatus: the 1500-ÌF capacitor was charged to 310 V for HCA17.3 and
to 250 V for B3, with ø∞. Cells were transferred into pre-warmed medium
immediately after pulse and then dispatched into flasks for irradiation. Cells
were irradiated at different doses with a 137Cs source (0.71 Gy/min). For sta-
ble transfections, HCA17.3 cells were plated at low density. After 15 days
incubation under hygromicin (30 Ìg/ml, Life Technologies) selection, clones
derived from a single cell were isolated by pipetting under the microscope.
Clones were split 1:2, therefore passages correspond to population dou-
blings.
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Fig. 1. PNA-telomere probe hybridised on
metaphase spreads. (A) hTERT immortalized hu-
man fibroblast HCA17.3; (B) human tumor cell
line B3. Note the telomere intensity in HCA17.3
and the telomere homogeneity in both cell lines.

Plating efficiency
After electroporation with 10 Ìg of linear pCMV plasmid, a subset of

cells were irradiated at 2 Gy. Cells were plated in a 96-well plate, at density of
0.5 cells per well. Controls without electroporation, mock electroporation
and irradiation without electroporation were performed simultaneously.
After 14 days incubation, colonies were counted. 

The enhancement ratio for marker gene transformation was counted
as follows (Perez et al., 1985): Enhancement ratio =
(transformant per survivor)irradiated/(transformant per survivor)non-irradiated.

Slide preparation
Cells for metaphase preparations were harvested using standard proto-

cols. Briefly, cell cultures were incubated with colcemid (Life Technologies)
for 2 h at 37 °C, cells were dislodged with trypsin-EDTA solution (Life Tech-
nologies), transferred into centrifuge tubes, centrifuged at 1400 rpm for
7 min, and the supernatant was discarded. Pre-warmed hypotonic solution
(KCl 0.013 M, human serum in distilled water) was added to cell pellets,
gently mixed by pipetting, and incubated for 20 min at 37 ° C. After 7 min
centrifugation at 1400 rpm, cells were re-suspended by vortex and fixed twice
in the fixative solution (methanol:acetic acid 3:1). Cell suspension was
dropped onto cold, wet slides to make chromosome preparations. The slides
were air dried overnight and stored at –20 °C until hybridisation. Karyo-
types were established on R-banded chromosomes. For each dose of irradia-
tion, the number of breaks was deduced from the number of aberrations (di-
centrics, rings and acentrics) observed on Giemsa-stained metaphases.

Fluorescence in situ hybridization
FISH experiments were performed as previously described (Desmaze

and Aurias, 1995). Because of the homology between plasmid sequences,
pCMV and pSXPneoD plasmid insertions were simultaneously detected
using the pCMV plasmid as probe. The plasmid DNA was labelled with a
digoxigenin-11-dUTP nick translation kit (Roche). Telomeres were detected
using the (C3TA2)3PNA-Cy3 probe (Perceptive Biosystem). Hybridisation
and detection of specific whole chromosome painting probes (Oncor or Bio-
sys), subtelomeres (Cytocell) and multi-FISH probes (MetaSystems, GmbH)
were performed according to recommendations of the manufacturers. Hy-
bridized metaphases were captured with a CCD camera (Zeiss) coupled to a
Zeiss Axioplan microscope and were processed with ISIS software (MetaSys-
tems, GmbH).

Automatic scanning of interphase nuclei
Plasmid integrations were counted on interphase nuclei by an automated

scanning procedure coupled to digital processing (MetaCyte software, Meta-
Systems, GmbH). The system is based on a second generation of the Metafer
scanning platform (MetaSystems, GmbH). Individual objects (cell nucleus)
within each captured field were automatically detected from the DAPI image

and spots corresponding to plasmid FITC FISH signals within each nucleus
were individualized using a set of digital processing parameters (threshold,
background substraction, size, pixel intensity, distance between spots). Once
the scan has been completed, the on-screen image gallery comprising objects
and their spots measurements data was reviewed to reject unsuitable cells.

Results

Characterization of hTERT immortalized cell lines
To investigate the role of the overexpression of the telomer-

ase on the spontaneous and radiation-induced chromosomal
instability, we have used a human fibroblast cell line immortal-
ized by the ectopic expression of hTERT, HCA17.3. This over-
expression has been confirmed by real time RT-PCR (data not
shown). This cell line exhibits a similar morphology as young
fibroblasts and maintains a steady growth rate. HCA17.3 was
characterized and compared to three human tumor cell lines:
B3, SCC61 and SQ9G. 

Telomerase activity was measured by the TRAP-ELISA
assay (data not shown). HCA17.3 had a high telomerase activi-
ty, comparable with that of the human tumor cell line B3.
Instead, the other two tumor cell lines showed less telomerase
activity than B3, with a very low activity for SCC61. It is note-
worthy that with this assay, only the activity of free telomerase
in the nuclei is tested, whereas telomerase bound to DNA is not
present in protein extract. 

We further investigated the telomere length of these cell
lines. SCC61 and SQ9G have a mean TRF of about 2.4 kb
(Sprung et al., 1999a, c). Telomere length of HCA17.3 and B3
cell lines was measured by Southern blot (data not shown) with
a (TTAGGG)n probe and the mean TRF was calculated:
HCA17.3 has a mean TRF of about 23 kb, whereas it is about
4 kb for B3. Despite their difference in length, HCA17.3 and B3
telomeres are homogeneous among them as expected by ectopic
expression of hTERT, and confirmed by a PNA-telomere probe
hybridised on metaphase spreads (Fig. 1). 
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Table 1. Frequency of chromosome breaks
per cell in non-irradiated cells and in cells
irradiated with 2 Gy and 5 Gy

  0 Gy 2 Gy 5 Gy Slope 

HCA 0.02 0.97 2.60 0.52 

SCC61 0.29 2.77 7.94 1.54 

B3 0.96 2.70 5.00 0.80 

SQ-9G 1.90 5.50 8.02 1.19 

Slopes correspond to the increase of frequencies of chromosomal breaks as a function of dose. 

The effects of hTERT expression on the genome stability of
stable transfected human fibroblasts were examined by cyto-
genetic analysis. The HCA17.3 karyotype was characterized at
early passages either by m-FISH or R-banding and it was nor-
mal (46; XY). R bands were then made at successive passages
and this cell line still showed a normal karyotype, by now sug-
gesting chromosome stability throughout passages. Karyotypes
of the other cell lines are (46; XY) with some clonal transloca-
tions, which are described in Material and methods. They also
remain stable during passages except for SQ9G, which evolved
towards polyploidy with newly acquired aberrations.

Spontaneous breaks were also scored on Giemsa-stained
metaphases with irrelevant low frequencies either for HCA17.3
(0.02 breaks per cell), SCC61 (0.29 breaks per cell), and B3 cell
lines (0.96 breaks per cell), whereas the SQ9G cell line showed a
higher spontaneous instability (1.9 breaks per cell). Therefore,
HCA17.3 presents a normal karyotype that is stable during pas-
sages in culture.

To investigate the chromosomal instability after irradiation,
cell lines were irradiated with 2 Gy and 5 Gy. The number of
breaks was counted on first generation metaphases after irra-
diation. As shown in Table 1, the B3 and HCA17.3 cell lines
have different rates of breaks both spontaneously and after irra-
diation, but they are comparable in their increase of radiation-
induced chromosome breaks. SCC61 also has a low frequency
of spontaneous instability, but it is 9-fold higher at 2 Gy and
27-fold higher at 5 Gy. In contrast, SQ9G shows a rather high
rate of spontaneous instability, but after irradiation, the in-
crease ratio was similar to those of B3 cell line: 2.9 at 2 Gy and
4.2 at 5 Gy. In addition, B3 cells exhibit a higher number of
chromatid breaks (0.8 breaks per cell at 2 Gy and 2.2 at 5 Gy),
suggesting that B3 cells may not be synchronised in the G1 cell
cycle phase when irradiated at subconfluence or that the repair
of single strand breaks is less efficient in B3 than in HCA17.3
cells, where the frequency of chromatid breaks per cell is only
0.04 at 2 Gy and 0.15 at 5 Gy. Taken together, these results show
different frequencies of chromosome and chromatid breaks for
HCA17.3 and B3 cell lines but their increase ratio remains the
same after irradiation. In addition, HCA17.3 regardless of
SCC61, presents low radiation sensitivity, even if both cell lines
have a low frequency of spontaneous instability, suggesting an
excess of incorrect repair in SCC61 after irradiation.

Ability to integrate plasmids
The ability to integrate plasmids varies among different cell

types. Seeing that HCA17.3 presents fewer rearrangements
after irradiation and longer telomeres than B3 but a compara-
ble response to irradiation and telomerase activity, we next

addressed whether these two cell lines present differences in the
integration enhancement after irradiation. The ability to inte-
grate a plasmid was tested by electroporation and by electropo-
ration coupled to irradiation.

Integrated plasmids in cellular DNA were detected by FISH
to determine the number of integrated plasmids per cell. Pre-
liminary experiments were done to determine when most of the
non-integrated plasmids disappear from cells: the number of
hybridization signals decreases with time in nuclei prepared
between 12 and 96 h after electroporation. In both cell lines, at
the first cell division, about 90% of non-integrated plasmids
were already withdrawn from the cells. We then performed the
analysis on metaphases at the first generation that is 24 h after
electroporation and irradiation for B3 and about 48 h for
HCA17.3 cells.

Results concerning integrated plasmids on metaphases are
shown in Table 2. Non-irradiated HCA17.3 metaphases have a
mean of 1.65 plasmids per cell, and about 50% of cells show
single integration sites. After irradiation at 2 Gy, the mean
number of plasmids per cell is 1.25 and 77% of cells have single
plasmid integration. At 5 Gy irradiation, the mean number of
plasmid per cell is 1.5 and 73% of cells show single plasmid
integration sites. B3 cell line irradiation seems to promote sin-
gle plasmid integration; actually 83% of 2 Gy irradiated cells
present single plasmid integration, with a mean of 1.33 plas-
mids per cell. Non irradiated B3 have a mean of 1.25 plasmids
per cell, and about 78% of cells showing one integration site.
Metaphase analysis does not emphasize any correlation be-
tween radiation dose and the mean number of integrated plas-
mids per cell. To confirm these data, we performed the same
analysis on interphase nuclei. 

The plasmid integrations were counted in interphase nuclei
by the use of an automated scanning procedure (MetaCyte soft-
ware, Metasystem, GmbH). About 350 cells per slide were ana-
lyzed in three different FISH experiments. Both the mean num-
ber of spots per cell and the percentage of cells with at least one
spot were counted. As shown in Table 3, no correlation between
radiation dose and the mean number of spots per cell was found
at different doses of radiation both in HCA17.3 and B3 cell
lines. However, HCA17.3 cells showed a higher percentage of
cells with spots. The differences between the mean numbers of
integrated plasmids in nuclei and in metaphases are probably
due to unspecific hybridisation signals, although the analysis of
nuclei was done in such a way that most the unspecific signals
were reduced; possibly, not all of these were excluded. 

To further investigate the response to irradiation, a plating
efficiency test after irradiation was done. As described in Mate-
rial and methods, HCA17.3 and B3 cells were transfected and
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Table 2. Analysis of plasmid integration in
metaphases at the first post-treatment cells
generation

  0 Gy 2 Gy 5 Gy 

  Mean spot number per metaphase  

HCA17.3 1.65 1.25 1.50 
B3 1.25 1.33 nd 

  Percent cells with single integration 

HCA17.3 53 77 73 

B3 78 83 nd 

The mean number of integrated plasmids per cell and the percentage of cells with a single integration site are 
shown for HCA17.3 and B3 cell lines. 

Table 3. Analysis of plasmid integration in
nuclei

  0 Gy 2 Gy 5 Gy 

  Mean spots number per nucleus 

HCA17.3 2.72 1.91 3.02 

B3 1.73 0.83 2.23 

  Percent cells with spots 

HCA17.3 50.3 43.4 55.0 

B3 21.6 23.0 23.2 

The mean number of integrated plasmids per cell and the percentage of cells with at least one integration site are 

shown for HCA17.3 and B3 cell lines. 

then irradiated at 2 Gy or not treated with radiation. After
treatment, cells were seeded and 14 days later, surviving colo-
nies were counted. Even if the HCA17.3 cell line shows a lower
frequency of radiation-induced breaks than the B3 cell line,
both cell lines present a similar frequency of survival following
irradiation. Indeed, after 2 Gy irradiation, 31% of HCA17.3
and 35% of B3 cells are able to form colonies. Thus, the viabili-
ty of cells several days after irradiation is the same whatever the
frequency of breaks in the first generation, suggesting that the
mechanisms of chromosome stability maintenance (or surviv-
al) are comparable in the two cell lines. After electroporation,
the transfection efficiency in non irradiated samples calculated
as percentage of antibiotic resistant colonies was 18.8% for
HCA17.3 and 13.8% for B3 cells. The transfection efficiency of
these two cell lines is quite similar, even though HC17.3 shows
a small increase in the frequency of integrated plasmid by elec-
troporation than the B3 cell line. The transfection efficiency
was tested also after irradiation and the radiation-enhanced
integration ratio was measured as the ratio of irradiated trans-
formants per survivor divided by non-irradiated transformants
per survivor (Perez et al., 1985). In the HCA17.3 cell line, 2 Gy
irradiation does not promote any enhancement of integration,
as the enhancement ratio is 0.83. Therefore, less resistant colo-
nies grew after irradiation treatment compared to transfection
without irradiation. On the contrary, the B3 cell line enhance-
ment ratio is 1.96, showing that irradiation improves transfec-
tion efficiency in this cell line. It is noteworthy that HCA17.3,
which presents the higher percentage of cells with spots at the
first generation, shows no radiation-enhanced integration at 14
days, suggesting an elimination of a large amount of such cells,
while B3 cells which have integrated plasmids are still viable 14

days later. This enhancement, therefore, concerns the number
of cells which integrated plasmid but not the number of plas-
mids integrated per one cell.

For HCA17.3 cells, irradiation does not promote enhance-
ment of plasmid transfection as well as integration of several
copies of plasmids into the DNA of a single cell. In B3 cells, the
mean number of integrated plasmids does not correlate with
irradiation but an enhancement of plasmid transfection is
observed 14 days after irradiation. This is a discrepancy in the
response to irradiation between the two cell lines.

Chromosome analysis in the progeny of irradiated cells that
overexpress hTERT 
We were interested in the role of telomerase to express spon-

taneous and radiation-induced instability over a long time. We
set up two stable transfections with the HCA17.3 cell line, using
plasmids with or without telomeric repeats. After electropora-
tion, cells were irradiated at 2 Gy and plated at low density to
allow the formation of single cell colonies, which were then iso-
lated and propagated in culture under antibiotic selection. Con-
trol transfections without irradiation were also made. Clones
were characterized by FISH, with the plasmid sequences as a
probe, and by chromosome painting at early passages to assess
on which chromosomes the plasmid has integrated and if the
chromosomes with the integrated plasmid were rearranged or
not. Studying clones derived from a single cell allows the selec-
tion of chromosomal aberrations and the ability to follow the
evolution of radiation-induced rearrangements during succes-
sive passages in culture.

As a result, most irradiated clones show plasmid integra-
tions in normal chromosomes like non-irradiated clones, sug-
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gesting that integration has occurred randomly and not at sites
of radiation-induced breaks. In a single irradiated clone (E2M),
integration is located at the junction of a chromosomal rear-
rangement, t(7;17). We asked the question whether the inser-
tions of plasmids are unstable. In HCA17.3, another plasmid
has previously been inserted in 7p21 region (data not shown) so
that this integration site should be detected in all irradiated and
non-irradiated clones. FISH experiments have confirmed that
both plasmids maintained the same chromosome localization
during passages in all clones, supporting that integration sites
were also stable when the cells proliferate excluding delayed
chromosome instability.

Only 2 out of 20 analyzed clones have shown rearrange-
ments and were further analyzed by m-FISH at successive pas-
sages in culture. The clonal rearrangements in E2M has been
maintained at late passages after irradiation without new modi-
fications. In the other clone, a second plasmid integration site
occurred within one rearranged chromosome in a single meta-
phase among 100 analyzed. The results obtained from the short
and long term studies show that the HCA17.3 cell line is very
stable, even at late passages after irradiation. Actually, the rear-
ranged chromosomes found after irradiation were stable during
passages, and did not induce any cascades of instability in cell
progeny. 

Finally, we investigated whether it was possible to seed new
telomeres in human fibroblasts immortalized by telomerase.
HCA-ltrt, when transfected with the pNCT-tel plasmid, failed
to show telomere seeding in more than 350 analyzed clones.
This is in contrast with the results obtained from two tumour
cell lines in which 2 out of 16 clones and 5 out of 16 clones
presented seeding of new telomeres (SCC61; unpublished ob-
servation and B3; Fouladi et al., 2000). In addition, the
HCA17.3 clone transfected after irradiation with the pCMV-
Telo plasmid did not show any stabilized terminal deletion,
either at early or late passages in culture. In fact, the same ratio
in irradiated and non-irradiated pCMV-Telo clones, i.e.: 33%,
showed integration sites at the terminal region of chromo-
somes. However, as shown by FISH analysis, subtelomeric
regions are still present (data not shown), excluding that the
plasmid containing telomeric sequences could create a new
telomere in this cell line. These results demonstrate that,
despite the fact that this cell line has strong telomerase activity,
telomeric sequences did not stabilize deletions in the progeny
of irradiated cells.

Discussion

In this study, we have shown that over-expression of
hTERT, the catalytic subunit of the telomerase, in a human
fibroblast cell line, is strongly associated with chromosome sta-
bility. Telomerase expression has already been associated with
a reduction of spontaneous chromosome damage in G1 cells
(Sharma et al., 2003). Furthermore, our data show that this
reduction of chromosome damage is observed both at the first
mitosis and long times after irradiation, confirming the accen-
tuated chromosome stability during the cell cycle of hTERT-
immortalized cells.

HCA17.3 cells were derived from BJ human primary fibro-
blasts immortalized by hTERT. The enzyme activity, as tested
by a TRAP-ELISA assay, results in very long and homogeneous
telomeres, which had a mean TRF of about 23 kb. Cytogenetic
analysis revealed a normal (46; XY) karyotype, which is very
stable over extended passages in culture. In addition, Giemsa
analysis has demonstrated remarkable spontaneous chromo-
some stability in HCA17.3. This increased stability could not
be accounted for by the longer telomere length alone, since
SCC61, which has very short telomeres, displays the same low
rate of spontaneous breaks. After irradiation at 2 and 5 Gy, the
number of chromosome aberrations at the first generation is
always lower for HCA17.3 than SCC61. However, if we consid-
er the increase in radiation-induced breaks relative to the dose,
SCC61 exhibited an increase of 9-fold at 2 Gy, but only about
2–3 fold for the other cell lines. It is noteworthy that SCC61
showed the lowest levels of telomerase activity, while the B3
cell line showed the highest levels. These results do not support
a major role for either telomere length or for telomerase expres-
sion in the chromosome response to irradiation, but do not
exclude that the level of telomerase activity could interfere with
an increase of chromosome damage. We therefore hypothesize
that the involvement of telomerase in chromosome stability is a
telomere-independent mechanism.

It has been shown that radiation, like other DNA damaging
agents (Nakayama et al., 1998; Stevens et al., 1998), promotes
plasmid integration in a large subset of cells. Studies by Stevens
and colleagues (Stevens et al., 1999) have suggested that this
integration enhancement is likely to be due to a hyper-recombi-
nation state related to radiation-induced chromosome instabil-
ity. We questioned whether telomerase overexpression and
chromosomal stability could influence the efficiency of plasmid
integration after irradiation at similar doses. Analyses at the
first post irradiation cell generation were performed in meta-
phases and interphase nuclei. No relation between radiation
dose and the number of integrated plasmids was found in either
the HCA17.3 or B3 cell lines, suggesting that, under these
experimental conditions, radiation-induced DNA breaks might
not be preferential plasmid integration sites. Since radiation-
enhanced integration can be enhanced for weeks after irradia-
tion (Stevens et al., 2001), our results do not support the possi-
bility that integration might be due to misrepair at or near the
sites of direct radiation-induced breaks. Plating efficiency at 14
days showed that the HCA17.3 cell line is a little more prone to
integrate plasmid than B3, although irradiation enhances plas-
mid integration in B3 and not in HCA17.3. The molecular
mechanism(s) by which radiation-enhanced integration occurs
is still unknown. However, it was shown that the improvement
of integration correlates with the total number of DNA strand
breaks induced by damaging agents other than radiation, sug-
gesting that single-strand breaks may play a role in radio-
enhanced integration (Stevens et al., 1998). This could explain
why HCA17.3, which presents very low levels of chromatid
breaks, did not show any significant enhancement of transfec-
tion after irradiation at 2 Gy. Moreover, HCA17.3 is quite sta-
ble even after irradiation and therefore irradiated cells do not
undergo high levels of recombination that might promote plas-
mid insertion, even long times after irradiation. It is worth not-
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ing that the B3 cell line, which shows radiation-enhancement of
integration, showed more radiation-induced chromosomal
rearrangements than HCA17.3. Thus, telomerase, rather than
having a direct involvement in the radiation enhancement of
integration, might act as a genome stabilising factor that pre-
vents broken chromosomes to rearrange. All together, these
results emphasize the extreme chromosome stability of the
hTERT over-expressing cell line, suggesting highly faithful
repair mechanisms.

Delayed mutations and chromosome aberrations have been
observed in the progeny of cells exposed to heavy ions as well as
gamma radiation (Bortoletto et al., 2001; Schwartz et al., 2003).
HCA17.3 derived clones were obtained after transfection with
a pCMV or pCMV-telo plasmid and the stability of karyotypes
and integration sites was followed. We have taken advantage of
the presence of other inserted plasmids in these cells as controls
for our results regarding plasmid stability. All integrations are
located in cytogenetically normal chromosomes without prefer-
ential integration sites, demonstrating that no rearrangements
have occurred during clonal expansion. Similar integration
sites were observed in both unirradiated and irradiated cells, in
that no plasmid has integrated at sites of chromosomal rearran-
gements, with the exception of one clone (E2M). These results
suggest that plasmids do not integrate at radiation-induced
breaks. Moreover, karyotypes remained extremely stable dur-
ing passage in culture after irradiation. A few clones have
revealed rare chromosome aberrations that did not change dur-
ing passages. When plasmids containing telomere repeat se-
quences were transfected, similar frequencies of localizations at
subtelomeric sites appeared in irradiated as well as in non irra-
diated clones, confirming that these plasmids do not integrate
at radiation-induced breaks. Moreover, FISH experiments con-
firmed that subtelomeric regions were stable, favouring integra-
tion by homologous recombination rather than the formation
of a new telomere or the putative stabilization of a break as a
result of the presence of telomerase activity.

Our data demonstrate that telomerase overexpression in
HCA-ltrt and HCA17.3 confers a stability to the chromosomes,
even after a stress-like ionizing radiation. Actually the low ratio
between the irradiated and non irradiated frequency of breaks
correlated with a high level of telomerase activity. In addition,
even if telomeres are very long in HCA17.3 cells, this does not

explain the observed spontaneous stability, since SCC61 with
short telomeres showed a similar level of stability.

A widely recognized function of telomerase concerns the
maintaining of telomere length and a capping function (Melek
and Shippen, 1996; Zhu et al., 1999; Blackburn, 2001; Stewart
et al., 2002). hTERT expression is also associated with non-
telomere functions, such as regulation of a set of transcription
of DNA repair genes, modification of chromatin (Chang et al.,
2003; Sharma et al., 2003; Smith et al., 2003), and resistance to
proapoptotic stress (Stewart et al., 2002). Actually, even if B3
and HCA17.3 cell lines present a similar viability of cells after
2 Gy irradiation, HCA17.3 cells show a very low level of apop-
tosis compared to B3 cells (data not shown). In regard to its
activation of cell proliferation, telomerase activity could result
in both, very stable karyotypes and unstable ones. Indeed, reac-
tivation of telomerase in tumor or senescent cells after initia-
tion of genetic instability, may accumulate complex karyotypes
by perpetuating instability (Chadeneau et al., 1995; Tang et al.,
1998; Ducray et al., 1999; DePinho, 2000; Fouladi et al., 2000;
Rudolph et al., 2001; Mondello et al., 2003). On the other hand,
disruption of genes controlling the cell cycle in telomerase-posi-
tive cells, such as immature or hematological cells, is an early
event and the resulting karyotype is often quite normal, with
few anomalies without excess-involvement of telomeric regions
(Lengauer et al., 1998; Gisselsson, 2002). It may therefore be
informative to determine whether elimination of telomerase
activity in HCA17.3 results in an increase in chromosome aber-
rations after irradiation as well as delayed chromosome insta-
bility. Similarly, an overexpression of telomerase in B3 cells
should lead to karyotype stability. Thus, the stability observed
in the hTERT immortalized cell lines, HCA-ltrt and HCA17.3,
might be due to a specific maintenance of the normal genome,
involving a telomere-independent role of telomerase. As a
result, opportunities may arise to use hTERT immortalized
normal human cells to study gene targeting.
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Abstract. In order to understand the mechanisms of forma-
tion of chromosomal aberrations, studies performed on human
syndromes with genomic instability can be fruitful. In this
report, the results from studies in our laboratory on the impor-
tance of the transcription-coupled repair (TCR) pathway on the
induction of chromosomal damage and apoptosis by ultraviolet
light (UV) are discussed. UV61 cells (hamster homologue of
human Cockayne’s syndrome group B) deficient in TCR
showed a dramatic increase in the induction of chromosomal
aberrations and apoptosis following UV treatment. At relative-
ly low UV doses, the induction of chromosomal aberrations
preceded the apoptotic process. Chromosomal aberrations
probably lead to apoptosis and most of the cells had gone
through an S phase after the UV treatment before entering

apoptosis. At higher doses of UV, the cells could go into apopto-
sis already in the G1 phase of the cell cycle. Abolition of TCR by
treatment with ·-amanitin (an inhibitor of RNA polymerase II)
in the parental cell line AA8 also resulted in the induction of
elevated chromosomal damage and apoptotic response similar
to the one observed in UV61 cells treated with UV alone. This
suggests that the lack of TCR is responsible for the increased
frequencies of chromosomal aberrations and apoptosis in
UV61 cells. Hypersensitivity to the induction of chromosomal
damage by inhibitors of antitopoisomerases I and II in Wer-
ner’s syndrome cells is also discussed in relation to the compro-
mised G2 phase processes involving the Werner protein.

Copyright © 2003 S. Karger AG, Basel

Some of the cancer-prone human disorders are character-
ized by extreme sensitivity to many clastogenic and mutagenic
agents. Increased sensitivity to mutagens has been demon-
strated for cells derived from xeroderma pigmentosum (XP),
Fanconi anemia (FA), ataxia telangiectasia (AT), Bloom’s syn-
drome (BS) and Werner’s syndrome (WS). FA, AT, BS and WS
are also characterized by an increased spontaneous frequency
of chromosomal aberrations (CA).

It has become increasingly evident that different cellular
pathways are involved in response to DNA damage before
gross chromosomal aberrations become visible.

In order to dissect the molecular mechanisms involved in
the formation of CA various strategies have been employed to

define the types of primary DNA lesions, the different DNA
repair pathways involved and additional processes whose roles
have not been completely defined, such as signaling pathways
and apoptosis.

Studying cells derived from known human genomic insta-
bility syndromes have clarified many of these aspects. With the
remarkable development of molecular biology and knowledge
obtained in the field of molecular genetics (cloning of DNA
repair genes) and ultrastructural research it has become plausi-
ble that the complex cellular processes that lead to the forma-
tion of chromosomal aberrations could be unraveled. One of
the first attempts to utilize the tools developed by molecular
biologists was made in 1978 by Natarajan and Obe who con-
firmed that a DNA double strand break (DSB) is the final DNA
lesion which leads to the formation of CA. Introducing Neuro-
spora endonuclease (an enzyme which recognizes X-ray in-
duced single stranded DNA regions and converts them into
DSB) into X-irradiated Chinese hamster ovary cells, they
observed a two- to three-fold increase of the induced frequen-
cies of CA. Later, with a similar molecular approach, Bryant
(1984) and Natarajan and Obe (1984) further demonstrated the
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role of DSB in the induction of CA by introducing restriction
endonucleases into permeabilized Chinese hamster cells which
induce exclusively DSB in the DNA.

Since the penetration of the field of chromosome research
by molecular biologists and the results obtained in yeast, the
existence of two main pathways of repair of DSB have been
suggested in mammalian cells: namely, non-homologous end-
joining (NHEJ) and homologous recombination (HR).

NHEJ repair quickly seals the DNA DSB in a manner that
need not be error free and this is supposed to be the predomi-
nant type of mechanism acting in the pre-replicative phase of
the cell cycle (G0 or G1). HR is a high fidelity repair process
based on homologous recombination between sister chroma-
tids or homologous chromosomes or regions of DNA homology
and is acting during the S and G2 phase of the cell cycle.

One could also speculate that NHEJ repair is the most pre-
dominant type of repair of DSB induced by S-independent
agents, i.e. agents which have the potential to induce chromo-
some- or chromatid-type aberrations depending on the cell
cycle phase in which the cell has been treated. Ionizing radia-
tion is a classical type of S-independent agent, HR is involved
in the repair of lesions induced by S-dependent agents, i.e.
agents which induce only chromatid type of aberrations and
also increases the yield of sister chromatid exchanges (SCEs)
and need an S phase to transform the DNA lesions into chro-
mosomal damage. UV light and alkylating agents are typical
S-dependent agents.

The types of DNA lesions induced by different clastogens
vary and the cell handles these lesions by different ways. The
outcome could be just the resumption of the normal cell cycle,
cell death or formation of mutated cells that could initiate
malignant transformation. In order to identify different path-
ways that lead to CA, one approach has been to use cells
derived from patients prone to high incidence of cancer who
are linked to known autosomal recessive disorders due to muta-
tions in genes involved in the maintenance of genomic stability.
Some of these disorders show differential sensitivity to many
chemicals and physical agents due to defects in specific DNA
repair pathways. As the identification of the lesion chiefly
responsible for the cytotoxicity is rather difficult since many
DNA damaging agents produce a spectrum of lesions, which
require the coordinated activities of multiple repair pathways
for their removal. The evaluation of the cytotoxicity of cells to
different DNA damaging agents allows deducing the biological
functions of the genes involved. For example, observation of
extreme sensitivity of XP patients to sunlight exposure led to
the identification of various XP genes and their concerted role
in the nucleotide excision repair pathway.

Among the other cancer prone human diseases, increased
sensitivity to mutagens has been demonstrated for cells derived
from FA, AT, BS and WS patients. These diseases are also char-
acterized by an increase in spontaneous frequency of chromo-
somal aberrations in lymphocytes and skin fibroblasts. Some
results obtained in our laboratory concerning the relationship
of transcription coupled repair (TCR) deficiency, chromosomal
aberrations and apoptosis in UV61 cells (analogue of Cock-
ayne’s syndrome cells), and the role of WRN protein for main-
tenance of genomic stability are discussed in this article.

TCR, chromosomal aberrations and apoptosis

Nucleotide excision repair (NER) is a major DNA repair
pathway for the removal of bulky DNA adducts induced by
physical and chemical agents. UV irradiation causes two major
types of DNA lesions: cyclobutane pyrimidine dimers (CPDs)
and pyrimidine-pyrimidone photoproducts (6–4PPs). Two dif-
ferent sub-pathways of NER have been identified: global ge-
nome repair (GGR) and transcription-coupled repair (TCR).
GGR is responsible for the removal of lesions at any location in
the genome and its efficiency depends on the type of lesions
induced. GGR rapidly removes 6–4PP after UV irradiation
while it is relatively slower in removal of CPDs. TCR is respon-
sible for the fast removal of CPDs from the transcribed strand
of active genes. TCR pathway, which is closely linked to tran-
scription, confers cellular resistance to UV irradiation and is
critical for transcription recovery after DNA damage (Mellon
et al., 1987). Deficiencies in either of the NER sub-pathways
result in human hereditary diseases such as XP and CS (Cock-
ayne’s syndrome) characterized by extreme photosensitivity.

Two complementation groups (A and B) have been identi-
fied among CS patients and the corresponding genes have been
cloned (Troelstra et al., 1992; Henning et al., 1995). Both CS
gene products are integral components of TCR. Recovery of
RNA and DNA synthesis after UV irradiation is deficient in
CS cells (Mayne and Lehmann, 1982). Depending on the type
and extent of DNA damage, the cell, instead of attempting to
repair the damage, can initiate programmed cell death (apopto-
sis). CS cells are more prone to undergo apoptosis after UV
irradiation than cells from normal individuals. CPDs consti-
tute about 65–80% of the total lesions induced by UV (Fried-
berg et al., 1995) and it seems that their persistence in the trans-
cribing strand of active genes may be the primary trigger for
apoptosis (Ljungman and Zhang, 1996; Balajee et al., 2000;
Conforti et al., 2000). The transcription blockage resulting
from TCR defects is thought to be responsible for the increased
apoptotic potential observed in CS cells. This extreme sensitiv-
ity of CS cells to UV-induced cell killing has led to the hypothe-
sis that CS cells are proficient in eliminating the heavily dam-
aged cells in a suicidal pathway prior to malignant transforma-
tion. As CA are very efficiently induced by UV, CS patients,
who have a reduced cancer incidence, would be a case in which
increase in CA does not predispose to cancer development.
Therefore we addressed the question whether the conversion of
UV-induced DNA damage into CA could be required for the
apoptotic signal.

Recent studies have shown that in both UV61 cell line
(hamster homologue of human Cockayne’s syndrome group B
cells) and human CS-B cells the apoptotic events induced by
UV are initiated at 18 and 30 h after treatment which correlate
with the time required for completion of a single cell cycle (Bal-
ajee et al., 2000). This raises the possibility that the conversion
of DNA damage into CA due to TCR defects may be responsi-
ble for apoptotic death. As UV light is an S phase-dependent
agent, the cells need to go through an S phase for the manifesta-
tion of chromatid-type CA.

As it was not clear whether or not the TCR defect contrib-
utes to the formation of CA and apoptosis in CS-B cells, we
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evaluated the role of TCR in induction of CA and apoptosis in
the TCR-defective hamster homologue (UV61) of human CS-B
cells and its parental repair-proficient cell line AA8.

Actively transcribing genes constitute 5–8% of the eukaryotic
genome and, hence, the lesions repaired by TCR in those regions
might be rare as compared to the remainder of the genome. It is,
therefore, logical to expect only a marginal increase in apoptosis
and CA in TCR-defective UV61 cells as compared to AA8 cells.
Interestingly, significant increase in the induction of both CA
and apoptosis was observed in UV61 cells even at very low UV
doses (Proietti De Santis et al., 2001). As TCR of CPDs is the
only difference between these two cell lines, one can infer that the
increased level of CA is mainly due to the lack of CPD removal
from the transcribing strand of active genes.

Consistent with this notion, the treatment of AA8 cells with
·-amanitin (RNA polymerase II inhibitor), which abolishes
TCR efficiency in both human and hamster cells (Christians
and Hanawalt, 1992; Ljungman and Zhang, 1996), also re-
sulted in increased induction of CA and apoptosis similar to
that observed in UV61 cells treated with UV alone. Further-
more, cytofluorimetric analysis revealed that the UV61 cells
irradiated in G1 phase synthesized their DNA after a transient
delay and reached the G1 phase of the subsequent division
where increased apoptotic cells were observed as a G1 subpopu-
lation. Our results suggest that the accumulation of CA due to
TCR defects might be a trigger for the apoptotic pathway in
CS-B cells and that apoptosis occurs after the completion of a
single cell cycle following UV irradiation.

In addition to transcription blockage, the impairment of
replication process by UV lesions may also cause apoptotic
death of UV61 cells. Orren et al. (1997) suggested that a pro-
longed cell cycle arrest and apoptosis in UV-sensitive hamster
mutant cells are due to replication inhibition by the persistence
of 6–4PPs, since UV irradiation effectively inhibits both repli-
cation and transcription in a dose-dependent manner. In order
to address this issue and to determine the relative importance
of the two UV induced lesions (CPDs and 6–4PPs) we studied
the effects of UV irradiation on cycle progression and apoptosis
in G1 synchronized NER proficient and deficient hamster cell
lines. AA8 cells show a proficient removal of 6–4PPs from the
overall genome and proficient repair of CPDs only in the tran-
scribed strand of active genes but not from the rest of the
genome (Thompson et al., 1989; Lommel and Hanawalt, 1991)
The UV5 cell line belonging to rodent complementation group
2 is largely deficient in repair of both major UV-induced photo-
products (Thompson et al., 1989; Orren et al., 1996). The
UV61 cell line belongs to rodent complementation group 6 and
shows intermediate UV sensitivity and appears to be normal in
6–4PP repair but deficient in the transcription-coupled repair
of CPDs in active genes.

Our findings reveal that, at higher UV doses, the majority of
cells undergo a prolonged G1 arrest and apoptosis without entry
into S phase. The induction of apoptosis in G1 phase indicates
that the inhibition of DNA replication may not be critical for
apoptotic response. Furthermore, UV61 and UV5 cells, which
differ in their capacity to repair 6–4PP, displayed identical pat-
terns of cell cycle distribution and apoptosis suggesting that 6–
4PP repair does not contribute considerably to the apoptotic

signal. We conclude that the TCR efficiency of CPDs deter-
mines the cell cycle progression and apoptosis in hamster cells.
In support of this, the treatment of AA8 cells with ·-amanitin,
which inhibits both transcription and TCR, also resulted in
prolonged G1 arrest and apoptosis in the first G1 phase similar
to that observed in UV61 and UV5 cells (Proietti De Santis et
al., 2002).

Sensitivity of Werner’s syndrome (WS) cells to
DNA-damaging agents

The importance of RecQ helicases in maintenance of ge-
nomic stability is illustrated in humans, where mutations in
three different RecQ family members result in autosomal reces-
sive disorder, such as: BS, WS and Rothmund-Thomson syn-
drome. All three syndromes exhibit spontaneously occurring
CA and are also known as “chromosome breakage syndromes”.
Accelerated aging and high risk of developing neoplasms affect
Werner’s syndrome patients. At the cellular level WS is charac-
terized by variegated chromosome translocation mosaicism
involving the expansion of different structural chromosome
rearrangements in different independent clones of the same cell
line (Salk et al., 1981; Grigorova et al., 2000). WS cells are not
sensitive to common DNA damaging agents such as ionizing
radiation, UV light, mono- and polyfunctional alkylating
agents. WS cells have been reported to be sensitive to the induc-
tion of chromosomal aberrations (Gebhart et al., 1988) and
apoptosis by 4-nitroquinoline-1-oxide (4NQO), a chemical
which produces bulky adducts by a mechanism similar to UV
light (Ogburn et al., 1997). Grigorova et al. (2000) using both
Giemsa staining and fluorescent in situ hybridization found
only a slight increase in the frequency of radiation-induced
chromosomal damage in two WS lymphoblastoid cell lines. WS
cells do not show, as opposed to other “cancer prone” syn-
dromes, a higher G2 radiosensitivity and respond normally to
hydroxyurea post-treatment, namely a potentiation of X-ray-
induced chromosomal aberrations in G2 cells similar to wild
type cells.

In contrast, caffeine, a drug known to sensitize cells to irra-
diation by abrogating the G2 check-point response, did not
abrogate the G2 delay caused by X-ray or mitomycin C of WS
cells and did not enhance chromosomal damage (Franchitto et
al., 1999). The lack of G2 arrest abrogation by caffeine indicates
the requirement of a functional WRN gene product in the sig-
naling transduction pathway by which caffeine can override the
DNA damage-induced G2 check point. WS cells have also been
shown to be sensitive to topoisomerase I (camptothecin) and II
(etoposide and amsacrine) inhibitors in S and G2 phase of the
cell cycle (Franchitto et al., 2000; Pichierri et al., 2000 a, b).
Although the basis for the enhanced sensitivity of WS cells to
antitopoisomerase drugs remains unclear, it can be speculated
that the WRN helicase together with topoisomerases may
mediate an effective recombinational repair pathway, operat-
ing in S and G2 phases of the cell cycle. Topoisomerase II inhib-
itors (amsacrine and etoposide) are very potent inducers of CA
in WS cells specifically in the G2 phase of the cell cycle. Fur-
thermore potentiation of X-ray-induced chromosomal damage
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by catalytic inhibition of topoisomerase II with IC RF 185 was
observed in WS cells only in G2  (Pichierri et al., 2000a).
Instead, the topoisomerase I inhibitor camptothecin induces a
much higher yield of chromosomal damage in both the S and
G2 phases of the cell cycle of WS cells compared to normal cells.
This chromosomal sensitivity of WS cells to antitopoisomer-
ases during S and G2 phases points to a potential role of the
WRN protein in a recombination pathway of DSB repair in
cooperation with topoisomerases I and II in the maintenance of
genomic integrity. The involvement of WRN in recombina-
tional repair is also corroborated by the increased apoptosis
observed in WS lymphoblastoid cells upon treatment with
agents that cause inter-strand cross-links or blockage of replica-
tion fork (Yu et al., 1996; Poot et al., 2001). A homologous
recombination repair pathway seems to play a critical role in
repair of either stalled or collapsed replication forks to permit
reinitiation of replication (Haber, 1999; Negritto et al., 2001).
WS cells are sensitive to both hydroxyurea and camptothecin,
which suggests that WRN may play a vital role either in the
repair of stalled replication forks or in reinitiation of replica-
tion (Sakamoto et al., 2001). Following hydroxyurea or camp-
tothecin treatment the observed colocalization of WRN protein
with the recombination protein Rad51 indicates a functional
interaction between the two proteins in the resolution of stalled
replication forks. Although the spontaneous level of Rad51 in
the absence of damage is high, Rad51 foci formation in
response to camptothecin is reduced in WS cells. This could
explain the increased apoptosis and chromosomal damage
observed in WS cells which resume DNA replication after dam-
age by hydroxyurea or camptothecin treatment as replication
recovery may be affected in the absence of WRN protein (Pi-
chierri et al., 2001).

Conclusions

Studies employing DNA repair deficient cells can elucidate
the molecular mechanisms involved in the formation of spon-
taneous and induced chromosomal aberrations. From the data
obtained with UV61 cells (homologue of Cockayne’s syn-
drome) one can speculate that transcription blockage and lack
of TCR, can cause a decline in the activity of enzymes involved
in the repair of DNA damage, and by this lead to loss of
genomic and chromosomal integrity. Alternatively, the tran-
scription blockage induces the cells to activate an alternative
repair pathway like the recombinational repair system irrespec-
tive of consequences on chromosome stability since a dramatic
increase of sister chromatid exchanges is also observed in
UV61 due to an intervention of recombination repair accom-
panied by an increase in Rad 51 foci formation (Lorenti Garcia
et al., in preparation).

In Werner’s syndrome, it appears that the diverse pathologi-
cal features of WS patients implicate a role for WRN protein in
every aspect of DNA-mediated activities such as repair, tran-
scription and recombination. The involvement of WRN in the
regulation of S phase after DNA damage may explain the sensi-
tivity to the induction of CA and apoptosis of WS cells to agents
which cause repair of replication-dependent DNA strand
breaks suppressing illegitimate recombination between stalled
replication fork through the interaction with Rad51.
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Abstract. The radiosensitive mutant cell line IRS-20, its
wild type counterpart CHO and a derivative of IRS-20 with a
transfected YAC clone (YAC-IRS) that restores radioresistance
were tested for DNAse I sensitivity. The three cell lines were
cultured under the same conditions and had a mitotic index of
2–5%. One drop of fixed cells from the three lines was always
spread on the same microscopic slide. After one day of ageing,
slides were exposed to DNAse I and stained with DAPI. Images
from every field were captured and the intensity of blue fluores-

cence was measured with appropriate software. For untreated
cells, the fluorescence intensity was similar for all of the cell
lines. After DNAse I treatment, CHO and YAC-IRS had an
intensity of 85% but IRS-20 had an intensity of 60%, when
compared with the controls. DNAse I sensitivity differences
between the cell lines indicate that overall conformation of
chromatin might contribute to radiation sensitivity of the IRS-
20 cells.

Copyright © 2003 S. Karger AG, Basel

DNA conformation plays an important role in DNA repair
by modulating complex enzymatic mechanisms. When DNA is
damaged, a modification of chromatin structure might act as a
sensor for that injury, leading to a cascade of events to repair
the damage (Rouse and Jackson, 2002; Downs and Jackson,
2003). Chromatin structure is also involved in gene expression;
e.g. hypermethylation of DNA silences genes by favoring a
more compact structure of chromatin (Prantera and Ferraro,
1990). Muhlmann and Bedford (1994) and Surralles and Nata-
rajan (1998) found that active and inactive human X chromo-
somes differ in DNA damage processing after exposure to ion-
izing radiation.

Chromosome domains with open conformation are more
accessible to radiation-induced damage, and this is associated

with hyperacetylation of histones (Folle et al., 1998; Martinez-
Lopez et al., 2001).

It has been known for a long time that specific chromatin
regions have a particular conformation that renders them more
sensitive to DNAse I digestion (Weintraub and Groudine,
1976; Sperling et al., 1985). This difference in sensitivity was
used to identify active and inactive chromosome regions (Ker-
em et al., 1983, 1984; Monroe et al., 1992).

The first studies that used in situ nick translation (ISNT) to
compare different cell lines were performed by Krystosek and
Puck (1990). Detailed analyses using confocal microscopy
showed differences in DNA accessibility to DNAse I among
wild type CHO, transformed CHOK1 and retro-transformed
cells (Puck et al., 1991). The fluorescence patterns observed
correspond to the structure and conformation of chromatin,
which allows enzyme accessibility to the DNA. Fluorescent
rims that appeared only in the wild type and reverse trans-
formed cells were much brighter than the interiors of cells and
indicate that there are more sites accessible to DNAse I. The
transformed mutant cells did not have a rim: the interior fluo-
rescence was as bright as in normal cells. Imaging analysis
methods were developed to evaluate nuclear structure charac-
teristics and adequate software along with sensors allows one to
measure DNA densities in cell nuclei (Yatouji et al., 2000).
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Fig. 1. ISNT assay with CHO 10B2 and IRS-
20 cells exposed to different concentrations of
DNAse I.

Downs and Jackson (2003), reviewing the involvement of
histone H2AX in DNA repair, suggest that phosphorylation of
this particular histone directly affects chromatin structure. Ce-
leste et al. (2002), working with mice lacking the histone
H2AX, showed that a structural component of chromatin, such
as H2AX protein, may act as tumor suppressor by facilitating
the assembly of specific DNA repair complexes on damaged
DNA.

Specific mutations are known to cause deficiencies in repair
mechanisms. Mutants defective in DNA-PKs such as IRS-20
are sensitive to ionizing radiation and are unable to carry out
V(D)J recombination (Lin et al., 1997).

We used the ISNT assay to compare DNA conformation in
CHO-10B2 and IRS-20 cell lines. IRS-20 is a radiosensitive
mutant of CHO-10B2 (Stackhouse and Bedford, 1993). Nor-
mal radiosensitivity was restored by transfecting IRS-20 with a
human YAC clone, coding for a gene of the DNA PK family
(Priestley et al., 1998). We included such a YAC IRS cell line in
the second set of experiments to determine if DNAse I sensitiv-
ity was restored along with radioresistance.

Materials and methods

CHO 10B2, IRS-20 and YAC-IRS cells were kindly supplied by Dr. J.S.
Bedford, Colorado State University. IRS-20 has a 2- to 3-fold decreased
radiation survival compared with CHO 10B2, its wild type counterpart
(Stackhouse and Bedford, 1993). A gene in human chromosome 8 restores
radioresistance (Lin et al., 1997; Lin and Bedford, 1997). In a regular culture
routine, IRS behaves as CHO with the same doubling time and nutrient
requirements. IRS-20 belongs to the same complementation group as SCID
cells but is less radiosensitive than SCID. Complementation of IRS-20 causes
a significant restoration of radioresistance without reaching the wild type
level, as shown in experiments with low dose rate continuous irradiation
(Priestley et al., 1998).

The cell lines were grown in Alpha MEM 10% FBS with 5% CO2 at
37 °C under the same conditions and fixed when near confluent. Mitotic
indices of the three cell lines were 2–5%. Fixation was done at the same time
after hypotonic treatment with 3:1 methanol:glacial acetic acid.

Slide preparations were aged one day before processing. Immediate pro-
cessing of slides resulted in overdigestion with DNAse I. Ageing of slides for
more than 2 days after spreading resulted in underdigestion. The DNAse I
concentration was a critical factor in the experiments. ISNT involves two
steps: first, DNAse I nicks and digests DNA; second, polymerase fills the
nicks in the presence of Dig-dUTP, which is detected by an antibody labeled
with FITC. Digestion of DNA by DNAse I depends on the DNA conforma-
tion. The intensity of FITC fluorescence allows one to quantify the gaps filled
in by polymerase. Our intention was to detect the extent of digestion and
therefore, we firstly determined the concentration of DNAse I. This allowed
us to see, in a second experiment, possible differences in the ISNT test in the
absence of polymerase and nucleotides.

Determination of DNAse I concentration
In these experiments CHO-10B2 and IRS-20 cells were used. Spreads of

fixed cells were allowed to age for one day. The ISNT solution was prepared
in DNAse I buffer as provided by the manufacturer with 1.5 ÌM of dATP,
dGTP, dCTP and digoxigenin-dUTP (1.2 nmol/Ìl). Polymerase I (0.4 U/Ìl)
and 0.06/0.03/0.015/0.007 U/Ìl DNAse I were used. DNA polymerase was
added in excess.

Cell spreads were incubated for 40 min in ISNT solution under a cover-
slip in a humid chamber at 37 °C. Reactions were terminated by removing
coverslips and rinsing the slides in 2× SSC, 0.1% Tween for 3 min, 3 times at
40 °C.

Digoxigenin was detected with a mouse anti-digoxigenin antibody and
an anti-mouse antibody tagged with FITC. This was done in two consecutive
incubations of 20 min with 3 rinses in between before mounting slides in a
DAPI-antifade solution for image acquisition.

Images were captured using the same exposure times and conditions with
a Cool-Snap camera, on the same day of the experiment to avoid changes due
to lamp fading. Images were analyzed by using commercial software (Image-
Pro plus kindly provided by Bioanalı́tica Argentina S.A.) which allowed the
fluorescence to be quantified in single cells. For each cell line, images in blue
(DAPI) and green (FITC) where taken and the fluorescence intensities were
measured.
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Table 1. Results of DNAse I digestion and measurements of intensities of DAPI fluorescence

       Cell lines 

   CHO 10B2 Percent of control IRS-20 Percent of control YAC- IRS Percent of control 

0 (U/ l) 173     9 100 172    3  100 175    4  100 DNAse I treatment
0.03 (U/ l) 144    23 83 100    43 58 152    20 87 

Average values and standard deviations of 3 experiments are shown. Approximately 500 cells were scored per cell line. The values of CHO and 
YAC-IRS are significantly different from IRS-20 (p: 0.001). 

Fig. 2. Fluorescence densities of DAPI and FITC following the ISNT
assay.

Examples of cells following ISNT are shown in Fig. 1. 0.06 U/Ìl DNAse I
completely digested the DNA of both cell lines and nearly no signals were
seen. 0.03 U/Ìl led to overdigestion in IRS but not in CHO cells.

After digestion with 0.015 U/Ìl DNAse I very little difference was seen
between both cell lines. 0.007 U/Ìl DNAse I gave similar results as 0.015
U/Ìl but CHO cells were under-digested. Approximately 50 cells from 10
different fields were analyzed and average intensities were calculated. The
graph in Fig. 2 shows the results of this part of our study and led to the deci-
sion to use 0.03 U/Ìl DNAse I for the following analysis in which CHO 10B2,
IRS-20 and YAC-IRS cells were used.

DNAse I treatment
Cells were grown and prepared as in the first set of experiments. Fixed

cells were applied to separate regions of same slides. One day later, slides
were incubated under a coverslip with 0.03 U/Ìl DNAse I in buffer for
40 min with ISNT solution in a humid chamber at 37 °C. The purpose was to
digest DNA but not to fill any gap as in the previous experiment. After rins-
ing, slides were mounted in DAPI-antifade and images of cells were captured
and analyzed. Average DAPI intensities for approximately 500 cells were
studied for each sample.

Results and discussion

The intensity of blue fluorescence of untreated cells was
similar for the three cell lines. As expected the three cells lines
showed different sensitivities to DNAse I: IRS-20 was more
sensitive then CHO and YAC-IRS (Table 1).

DNA double strand breaks can be rejoined or left unre-
joined. In the first case they can be repaired correctly or can be
misrepaired. Cornforth and Bedford (1985) showed that an
irradiated AT cell line has a higher fraction of not rejoined frag-
ments than normal human fibroblasts, as detected by PCC.
Nevertheless, in many cells classified as double strand repair
deficient, an excess of exchanges (chromosomal misrepair) is
found in metaphases after irradiation. In order for exchanges to

be formed there must be a joining of the double strand breaks.
In repair-proficient cells this joining occurs with less mistakes
than in repair-deficient cells. It is possible that apart from the
repair process itself chromatin conformation may be another
factor that affects repair fidelity. While our results were ob-
tained by an indirect approach and studies at the molecular
level need to be done, our data support the hypothesis that
chromatin conformation is an important factor for the repair
capacities of cells.

Tuschy and Obe (1988) worked with restriction enzymes
and high salt concentrations to disrupt the chromatin confor-
mation and induce double strand breaks, while Roos et al.
(2002) used radiation to induce damage in different cell lines.
In both studies high salt concentrations modified the outcome,
demonstrating that chromatin structure is a determinant of
radiosensitivity. This also appears to be the case for the radio-
sensitive IRS-20.

In conclusion our results suggest that apart from the repair
genes, an altered chromatin conformation can influence the
fidelity of the entire repair system. IRS-20 cells are more acces-
sible to DNAse I in situ than CHO 10B2 and YAC-IRS cells
which indicates that they have a relaxed chromatin structure.
Our assay could be used with different cells carrying repair defi-
ciencies to study similarities and differences with respect to
DNA conformation. It might also be used to determine if toxic
chemicals could alter the chromatin conformation of cells ren-
dering them more susceptible to misrepair under damaging
conditions.
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Abstract. Various types of DNA damage, induced by endo-
and exogenous genotoxic impacts, may become processed into
structural chromosome changes such as sister chromatid ex-
changes (SCEs) and chromosomal aberrations. Chromosomal
aberrations occur preferentially within heterochromatic re-
gions composed mainly of repetitive sequences. Most of the
preclastogenic damage is correctly repaired by different repair
mechanisms. For instance, after N-methyl-N-nitrosourea treat-
ment one SCE is formed per 140,000 and one chromatid-type
aberration per F25 million primarily induced O6-methylguan-
ine residues in Vicia faba. Double-strand breaks (DSBs) appar-
ently represent the critical lesions for the generation of chromo-
some structural changes by erroneous reciprocal recombination
repair. Usually two DSBs have to interact in cis or trans to form
a chromosomal aberration. Indirect evidence is at hand for
plants indicating that chromatid-type aberrations mediated by
S phase-dependent mutagens are generated by post-replication
(mis)repair of DSBs resulting from (rare) interference of repair
and replication processes at the sites of lesions, mainly within

repetitive sequences of heterochromatic regions. The propor-
tion of DSBs yielding structural changes via misrepair has still
to be established when DSBs, induced at predetermined posi-
tions, can be quantified and related to the number of SCEs and
chromosomal aberrations that appear at these loci after DSB
induction. Recording the degree of association of homologous
chromosome territories (by chromosome painting) and of
punctual homologous pairing frequency along these territories
during and after mutagen treatment of wild-type versus hyper-
recombination mutants of Arabidopsis thaliana, it will be eluci-
dated as to what extent the interphase arrangement of chromo-
some territories becomes modified by critical lesions and con-
tributes to homologous reciprocal recombination. This paper
reviews the state of the art with respect to DNA damage pro-
cessing in the course of aberration formation and the inter-
phase arrangement of homologous chromosome territories as a
structural prerequisite for homologous rearrangements in
plants.

Copyright © 2003 S. Karger AG, Basel

Spectrum and chromosomal distribution of
chromatid-type aberrations

Chromosomal structural aberrations comprise breaks,
yielding terminal or intercalary deletions, and rearrangements
such as inversions, insertions, symmetric and asymmetric re-
ciprocal exchanges. They represent the consequences of lacking

or incomplete repair or of erroneous recombination repair of
various types of DNA lesions caused by exogenous or endoge-
nous genotoxic impacts. When induced before replication,
aberrations are manifested as chromosome-type and during or
after replication as chromatid-type structural changes.

The spectrum of chromatid-type aberrations observed with-
in the first mitosis after their generation, differs between mam-
mals and plants. In plants, isochromatid breaks are the most
frequent aberrations, followed by reciprocal translocations, in-
tercalary deletions, duplication deletions and open chromatid
breaks, while in mammals duplication deletions and intercala-
ry deletions are very seldom and open chromatid and isochro-
matid breaks are much more frequently observed than in
plants. However, post-treatment with DNA synthesis inhibi-
tors (e.g., hydroxyurea 10–2 M, 3 h before fixation) after expo-
sure to S phase-dependent mutagens increases the yield of chro-
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matid-type aberrations 2- to 3-fold and increases the propor-
tion of non-reunion aberrations from 1–5% to 25–35% in
plants (Hartley-Asp et al., 1980; Schubert and Rieger, 1987).

The intrachromosomal distribution of aberration break-
points is not random. Heterochromatic regions, consisting of
repetitive DNA sequences, represent “hot spots” of aberration
formation (Döbel et al., 1978; Schubert et al., 1986, 1994).
Aberration clustering in heterochromatin is more pronounced
after exposure to S phase-dependent mutagens causing lesions
transformed into breaks via repair or replication and mediating
aberrations only when passing through S phase than after expo-
sure to S phase-independent mutagens causing DNA breaks
directly (Schubert and Rieger, 1977).

Only a minority of potentially clastogenic lesions result
in chromosomal aberrations via erroneous recombination
repair

Critical lesions are DNA double-strand breaks (DSB) which
are induced either directly or during replication or repair pro-
cesses at damaged DNA sites and are lethal for proliferating
cells if not repaired. Usually, for rearrangements two critical
lesions (one per breakpoint) are required (Kihlman et al., 1977;
Richardson and Jasin, 2000).

The great majority of potentially clastogenic lesions are
repaired correctly. This may occur via reversion of the damage,
e.g., photoreactivation of UV-induced pyrimidine dimers or
removal of alkyl groups by alkyl-transferase or alkB-like path-
ways (Begley and Samson, 2003) without generation of discon-
tinuities within the DNA strands. Also excision and mismatch
repair pathways, producing DNA discontinuities by an incision
step, usually result in a perfect restoration of the pre-damage
state. Post-replicative recombination repair that may in part
become manifested by mutagen-induced sister chromatid ex-
change (SCE) represents correct repair (or bypass of lesions) in
terms of chromosome structure (Gonzales-Barrera et al., 2003).
However, inhibition of complete ligation at sites of recombina-
tion may lead to chromosomal aberrations (Lindenhahn and
Schubert, 1983).

DSBs induced by restriction endonucleases at endogenous
or transgenic target sites may induce chromosomal aberrations
in non-plant systems (see for instance Bryant, 1984; Natarajan
and Obe, 1984; Obe et al., 1987; Winegar and Preston, 1988;
Richardson and Jasin, 2000) in an S phase-independent man-
ner (Obe and Winkel, 1985).

Induction of a DSB within one member of two repeats posi-
tioned on heterologous chromosomes in mouse ES cells in-
creases homologous recombination between these repeats at
least 1000-fold. A similar DSB-mediated increase in homolo-
gous recombination between tandem repeats has been reported
for plants (Xiao and Peterson, 2000; Orel et al., 2003). How-
ever, at recombinationally repaired DSB loci gene conversion,
but no crossing over events that would have led to a transloca-
tion, has been observed (Richardson et al., 1998). Only when
restrictase-mediated DSBs were induced within the repeats of
both chromosomes, repair by gene conversion was found in one
fifth of the cases accompanied by translocation formation (Ri-

chardson and Jasin, 2000). This is in line with more indirect
observations on plants.

After treatment of Vicia faba meristems with the monofunc-
tional alkylating agent N-methyl-N-nitrosourea (MNU, 10–2 M,
1 h), chromatid aberrations were exclusively formed during S
phase and appeared in F30% of metaphases after 12 h recov-
ery (Baranczewski et al., 1997b). More than two thirds of these
aberrations occur within heterochromatic regions (F10% of
the genome, Baranczewski et al., 1997a). O6-methylguanine
(O6-MeG), the most efficient preclastogenic lesion generated by
MNU treatment (Kaina et al., 1991), is induced in a nearly
linear dose-dependent manner during all cell cycle stages and
later becomes removed in the same proportions in euchromatic
and heterochromatic sequences. About one aberration is
formed per F25 million of the originally induced O6-MeG resi-
dues, as calculated from immuno-slot-blot analyses (Baranc-
zewski et al., 1997a).

Single- but not double-strand breaks (SSB apparently reflect
repair intermediates at alkylated sites) were induced by MNU
with a linear dose relationship in Vicia faba nuclei of all cell
cycle stages as measured by the comet assay. Euchromatic and
heterochromatic sequences were involved proportionally
(Menke et al., 2000).

So-called adaptive conditions (e.g., pre-treatment with a 10-
fold lower MNU dose) led to a reduction of the frequency of
chromatid aberrations and of O6-MeG residues induced by
challenge treatment, both by 150%, when protein synthesis was
not inhibited (Baranczewski et al., 1997b). About the same
reduction was found under adaptive conditions for SSBs and
abasic sites, both appearing in the course of repair of alkylated
sites (Angelis et al., 2000).

These data show that MNU-induced DNA damages (in par-
ticular, O6-MeG but also repair-mediated abasic sites and DNA
breaks) are evenly distributed and their great majority is cor-
rectly repaired along the entire genome during all cell cycle
stages.

Only during S phase, recombinational repair of MNU-
induced damage may result in (randomly distributed) SCEs
(Schubert and Heindorff, 1989) and, at an up to 1000-fold low-
er frequency (Lindenhahn and Schubert, 1983), in chromatid
aberrations. Therefore, the majority of randomly distributed
preclastogenic lesions, induced for instance by MNU, is cor-
rectly repaired or by-passed by a hierarchy of processes (de-
alkylation, [base-]excision repair, recombinational repair). Per
140,000 O6-MeG residues one SCE and per F25 million one
chromatid aberration is formed. The majority of chromatid
aberrations (F70%) are clustered mainly in heterochromatic
regions (Baranczewski et al., 1997a). Thus, most of the aberra-
tions induced by S phase-dependent clastogens should be
derived from DSBs that may result from (rare) positional coin-
cidence of repair- and replication-mediated DNA discontinui-
ties and are preferentially mis-repaired by reciprocal recombi-
nation when broken ends involving homologous repeats inter-
act in cis or trans (within a chromatid or between sister or non-
sister chromatids) (see Fig. 1 and Schubert et al., 1994; Menke
et al., 2000).

Using a negatively selectable marker gene combined with a
transgenic recognition site for the rare cutting restriction endo-
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Fig. 1. Scheme of DNA damage processing dur-
ing aberration formation.

nuclease I-SceI, various mechanisms of recombinational repair
of SceI-induced DSBs have been described also for plants (e.g.
Puchta, 1999; Kirik et al., 2000; Gisler et al., 2002; Siebert and
Puchta, 2002). However, until now these systems did not allow
us to quantify the proportions of induced DSBs in relation to
those repaired to restore the pre-breakage situation and those
potentially resulting in SCEs or different types of chromosomal
aberrations. An approach to quantify these proportions is now
being established to provide answers as to how DSBs have to be
processed to yield SCEs and structural aberrations, respective-
ly, and to compare such data with the calculations derived from
experiments with S phase-dependent clastogens and with data
obtained from mammalian systems.

Interphase arrangement of chromosome territories
appears to be essential for the origin of chromosomal
rearrangements

The specific side-by-side arrangement of interphase chro-
mosome territories was tested for all possible heterologous
pairs of human chromosomes by chromosome painting after
ionizing irradiation and measuring their interchange frequen-
cies. Although in these experiments a non-random central clus-
tering was found for the gene-rich chromosomes 1, 16, 17, 19
and 22, a random spatial arrangement was predominant for the
majority of chromosomes (Cornforth et al., 2002). Similarly,
irradiation of chicken DT40 lymphocytes (with a central clus-
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tering of microchromosomes and a peripheral position of ma-
crochromosomes) yielded a low frequency of translocations
between micro- and macrochromosomes and most transloca-
tions occurred either between microchromosomes or between
macrochromosomes (Grandy et al., 2002). Interestingly, mu-
tagen-induced chromatid translocations in a Vicia faba karyo-
type with individually distinguishable chromosome pairs (2n =
12) revealed a highly significant (F8-fold) excess of transloca-
tions between homologous chromosomes and a vast majority
(up to 190%) of translocation breakpoints at homologous chro-
mosome positions (Rieger et al., 1973). These effects which
were more pronounced for S phase-dependent mutagens than
for ionizing irradiation, were interpreted as the result of an at
least transient/partial association of homologous chromosomes
during interphase.

For the first time painting of chromosome territories of a
euploid plant has been established in our lab (Lysak et al., 2001,
2003). Using specific sets of BAC contigs that cover entire chro-
mosome arms as probes for FISH, all five chromosomes of the
model plant Arabidopsis thaliana can now be traced along var-
ious cell cycle and developmental stages. Painting of interphase
chromosome territories and FISH with individual chromo-
some-specific sequences (F100 kb) in isolated nuclei, flow-
sorted according to their DNA content into different cell cycle
and developmental fractions, should reveal the potential dy-
namics of chromosome territory association and the occurrence
of somatic homologous pairing in comparison with model
simulations for random chromosome arrangement and punc-
tual homologous pairing.

A “Spherical 1 Mb chromatin domain” (SCD) model
(Cremer et al., 2001) and a “Random spatial distribution”
(RSD) model simulating a random distribution of all A. thalia-
na chromosomes and of F100 kb chromosome segments,
respectively, were computed (in collaboration with Dr. G.
Kreth, University of Heidelberg). The frequency of homolo-
gous chromosome association was analyzed for chromosome 4
in 2C and 4C nuclei from root and leaf tissues and compared
with the punctual homologous pairing of distinct 100-kb seg-
ments. The frequency for both phenomena was not identical.
Punctual pairing occurred far less frequently than association
of homologues but both phenomena occurred with a frequency
similar to that predicted by the corresponding computer simu-
lation based on the random models. FISH with individual BAC
pairs from different chromosomal positions showed roughly
the same frequency of punctual pairing for all tested positions.
However, punctual pairing of different loci along a chromo-
some did not occur simultaneously within the same nucleus
indicating that association of homologous territories does not
reflect somatic homologous pairing. For chromosomes 1, 3 and
5 we obtained comparable data (Pecinka et al., unpublished
results). The at least limited occurrence of homologous pairing
might provide a spatial basis for the origin of chromosome rear-
rangements between homologues. Clustering of aberrations
could be reinforced by the tendency of heterochromatic blocks
to fuse.

In nearly half of the 4C nuclei, FISH signals for individual
BAC pairs (3 or 4 instead of 1 or 2 double signals) indicate that
sister chromatids are not permanently cohesed. This supports

the assumption that cohesion along the chromosome arms
might be essential only shortly after replication for post-replica-
tion repair between sister chromatids (Koshland and Guacci,
2000). Later on, cohesion might be required only around cen-
tromeres for their bipolar orientation during nuclear division.

In the future, homologue association and punctual pairing
during different cell cyle stages of meristematic cells and after
mutagen treatment will be studied. Preliminary data have
shown that immediately after bleomycin treatment (5 mg/ml,
1 h) of Arabidopsis seedlings chromosome territories are fre-
quently (in F15% of nuclei) disintegrated and dispersed all
over the nucleus, while at later recovery times the typical terri-
tory structures re-appear. Data obtained with the comet assay
showed that bleomycin-induced DSBs increase linearly with
dose immediately after treatment and are nearly completely
repaired as early as 1 h after treatment (Menke et al., 2001).
These data suggest that DSBs may find each other for recombi-
national repair not only via punctual pairing of homologues,
but also randomly due to DSB-mediated dispersion of chromo-
some territories. The latter may be more typical for treatment
with true radiomimetic compounds that lead to less pro-
nounced aberration clustering and fewer translocations be-
tween homologous loci than S phase-dependent mutagens
(Schubert and Rieger, 1977).

Arabidopsis mutants showing a 20- to 50-fold increase in
recombination frequency will be characterized as to the propor-
tion of recombination between sister chromatids versus homo-
logues using transgenic recombination substrates in hemi- or
homozygous condition (Barbara Hohn and Jean Molinier, per-
sonal communication). The frequency of alignment of homolo-
gous chromosome territories and of punctual pairing within
nuclei of such transgenic mutants will show whether increased
homologous recombination is connected with an increased fre-
quency of homologue association or pairing or is rather due to
an intensified activity of damaged homologous chromosome
segments to find each other, e.g., by a prolongation of the time
span during which the DSBs stay “open”.
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Abstract. How a cell deals with its DNA ends is a question
that returns us to the very beginnings of modern telomere biolo-
gy. It is also a question we are still asking today because it is
absolutely essential that a cell correctly distinguishes between
natural chromosomal DNA ends and broken DNA ends, then
processes each appropriately – preserving the one, rejoining the
other. Effective end-capping of mammalian telomeres has a
seemingly paradoxical requirement for proteins more com-
monly associated with DNA double strand break (DSB) repair.
Ku70, Ku80, DNA-PKcs (the catalytic subunit of DNA-depen-
dent protein kinase), Xrcc4 and Artemis all participate in DSB
repair through nonhomologous end-joining (NHEJ). Somewhat
surprisingly, mutations in any of these genes cause spontaneous
chromosomal end-to-end fusions that maintain large blocks of
telomeric sequence at the points of fusion, suggesting loss or

failure of a critical terminal structure, rather than telomere
shortening, is at fault. Nascent telomeres produced via leading-
strand DNA synthesis are especially susceptible to these end-
to-end fusions, suggesting a crucial difference in the postrepli-
cative processing of telomeres that is linked to their mode of
replication. Here we will examine the dual roles played by
DNA repair proteins. Our review of this rapidly advancing
field primarily will focus on mammalian cells, and cannot
include even all of this. Despite these limitations, we hope the
review will serve as a useful gateway to the literature, and will
help to frame the major issues in this exciting and rapidly pro-
gressing field. Our apologies to those whose work we are unable
to include.

Copyright © 2003 S. Karger AG, Basel

Background

The year 2003 marks the fiftieth anniversary of an impor-
tant milestone in genetics, the breakthrough discovery of the
hotly pursued structure of DNA (Watson and Crick, 1953;
Franklin and Gosling, 1953) – a structure that immediately
suggested how this critical molecule (a double helix) could
replicate itself and carry life’s hereditary information. What
was not immediately apparent or appreciated was that DNA
could be subject to damage or to unsuccessful attempts at
repairing it accurately. Subsequent work has made it clear,

however, that all living organisms are under constant assault by
DNA damaging agents, and that their cells possess very effec-
tive mechanisms for repairing that damage. 

As early as the late 1930’s, it was recognized that broken
ends of DNA behaved very differently than natural chromo-
somal termini. Hermann Muller, in his classic studies of the
fruit fly Drosophila melanogaster (Muller, 1938), first described
telomeres, coining the name from the Greek words telos mean-
ing “end” and meros meaning “part” based on their chromo-
some end protection function. Then in elegant experiments
with maize, Barbara McClintock laid the foundation for mod-
ern telomere biology by formulating the concept that natural
chromosome ends are protected from the sorts of fusion events
suffered by broken chromosomes (McClintock, 1941, 1942).
Thus telomeres, through their ability to preserve genetic link-
age relationships, became one of the earliest cellular mecha-
nisms for maintaining genomic stability to be recognized. 

Telomeres are highly specialized nucleoprotein structures
that maintain genomic stability by stabilizing and protecting
the ends of linear chromosomes, an essential function inferred
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cytogenetically from the end-to-end fusions that result when
telomeric end-capping is compromised. In striking contrast to
natural chromosomal termini, broken chromosome ends pro-
duced by DSBs are highly recombinogenic, and represent a
major threat to the integrity of the cell’s genome. Their poten-
tial for causing chromosomal rearrangements contributes to
genomic instability and tumorigenesis. As can readily be appre-
ciated, it is essential that a cell accurately distinguishes between
natural chromosomal ends and broken DNA ends and pro-
cesses each appropriately. Unexpectedly, recent work demon-
strates that these two seemingly opposing processes, i.e., joining
of unnatural ends vs. preserving the natural ones, rely on a
common subset of proteins, those best known for their role in
NHEJ DNA DSB repair. The question now becomes – how
does a cell tell which end is which? 

Telomere structure

Telomeric DNA consists of tandem arrays of short, repeti-
tive G-rich sequences that are oriented 5)-to-3) towards the end
of the chromosome (Blackburn, 1991; Biessmann and Mason,
1992), forming a 3) single-stranded G-rich overhang (Makarov
et al., 1997; Wellinger and Sen, 1997). Because conventional
replication machinery cannot synthesize new DNA to the very
end of a linear chromosome (Watson, 1972), replication results
in progressive erosion of telomeric DNA. Oxidative DNA dam-
age within telomeric DNA may also contribute to this loss (von
Zglinicki et al., 1995). Activation of telomerase, which main-
tains telomere length via de novo addition of RNA-templated
repeats (Blackburn et al., 1991) or an alternative-length mainte-
nance (ALT) pathway (Murnane et al., 1994; Bryan and Red-
del, 1997) in tumors is required to preserve telomeres’ exis-
tence and ensure continued cellular proliferation. Critical telo-
mere shortening that occurs prior to activation of these preser-
vation mechanisms has been implicated in contributing to the
initial instability required to start a cell down the path of tumo-
rigenesis (Feldser et al., 2003). 

It was originally thought that telomeric DNA sequence
alone could stabilize chromosome ends. However, it is now rec-
ognized that a variety of proteins binding either directly to telo-
meric DNA, or indirectly to other proteins that are themselves
bound to telomeric DNA are also required to form a protective
nucleoprotein higher order chromatin structure that serves to
“cap” the end of the chromosome and prevent deleterious ter-
minal rearrangements (de Lange, 2002). Direct visualization of
mammalian telomeres by electron microscopy revealed the
existence of kilobase-sized loops at chromosome ends (Griffith
et al., 1999). These “t-loops” are created when a telomere’s end
loops back on itself and the single-stranded overhang invades
an interior segment of duplex telomeric DNA. By sequestering
natural chromosome ends, t-loops provide an attractive archi-
tectural solution to rendering telomeres nonrecombinogenic. 

The human telomere-repeat binding factor 2 (TRF2) pro-
tects chromosome ends from fusion (van Steensel et al., 1998)
and was the first telomere-associated protein implicated in the
maintenance of the correct terminal DNA structure necessary
for proper telomere function, as it is required to remodel linear

DNA into t-loops in vitro (Griffith et al., 1999). Because func-
tional telomeres are essential for continuous cellular prolifera-
tion and stable genetic inheritance, loss of chromosomal end-
capping has consequences in both aging and cancer (Harley et
al., 1992; Artandi et al., 2000; DePinho and Wong, 2003). 

Genetic analysis of chromosome end capping 

The goal of a genetic analysis of chromosome end capping is
to identify the genes and proteins they encode that enable telo-
meres’ protective function. Cytogenetic analysis has proven to
be an invaluable tool for assessing the integrity of chromosome
end protection. Of several methods available to cytogeneticists,
fluorescence in situ hybridization (FISH) with a telomere probe
is perhaps the most definitive. Fortuitously, the two mammali-
an species most commonly used in telomere research, mouse
and human, do not contain cytogenetically visible blocks of
interstitial telomeric sequence within their chromosomes
(Meyne et al., 1989). This property allows impaired end cap-
ping to be readily inferred from the appearance of internalized
telomeric sequence, an unambiguous sign that a telomeric
fusion has taken place. We define telomeric fusion operational-
ly as two telomeres fusing into a single FISH signal. This defini-
tion is practical and it serves to differentiate telomeric fusion
from the chromosomal anomaly referred to as telomeric asso-
ciation, in which two chromosome ends lie within the width of
a mitotic chromatid, producing two distinct FISH signals.
Table 1 summarizes work from a number of laboratories that is
helping to define the role of DNA repair genes at the telomere.
In all cases, the studies have had matched wild-type controls
displaying normal telomere function. We have not included
instances in which chromosomal end fusion appears to be the
result of severe loss of telomeric DNA. 

The observation of chromosomes oriented end-to-end in a
mouse cell line having the severe combined immunodeficiency
(scid) mutation in DNA-PKcs led to speculation that chromo-
some fusigenic potential in mammalian cells may not only be
determined by telomere length, but also by the status of telomere
chromatin structure (Slijepcevic et al., 1997). The participation
of DNA repair proteins in telomeric end capping came to light
not long after the demonstration that TRF2 is required for tel-
omere protection (van Steensel et al., 1998) when end-to-end
fusions between chromosomes were observed in cells from mice
having mutations in any of the components of DNA-PK, i.e.
Ku70, Ku86 or the catalytic subunit DNA-PKcs (Bailey et al.,
1999). Large, bright FISH signals at the point of fusion clearly
eliminated shortening of telomeric DNA beyond a critical limit
to maintain functionality as a potential cause, and pointed
instead towards loss of a protective terminal structure. That
mutation in DNA-PKcs was responsible for the telomere dys-
function resulting in inappropriate fusion in scid mice, rather
than coincidental mutation of another gene, was shown when
telomeric fusions were observed in cells from scid dogs. In this
case the same gene is affected, although the mutation is different.
Also, telomeric fusions occur in DNA-PKcs knockout mouse
cells demonstrating that telomere deprotection is not confined to
specific mutations associated with naturally occurring scid. Thus
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Table 1. DNA repair genes and chromosome end protection. Telomere dysfunction is inferred cytogenetically from the appearance of interstitial telomeric
signals in metaphase chromosomes. Thus, end fusions resulting from excessive telomere shortening are excluded.

Genetic defect Normal gene function Source Primary (P), 

Transformed (T) 

Telomere 

dysfunction 

(fusion) 

Reference 

DNA-PKcs (scid) NHEJ Mouse P and T Yes Bailey et al., 1999 

DNA-PKcs (scid) NHEJ Dog P and T Yes Bailey, Goodwin and Meek, unpublished  

Meek et al., 2001 

DNA-PKcs (null) NHEJ Human  

(M059J) 

T Yes Bailey, Goodwin and Allalunis-Turner, unpublished 

Leesmiller et al., 1995 

DNA-PKcs (KO) NHEJ Mouse P and T Yes Bailey et al., 1999  

Gilley et al., 2001  

Goytisolo et al., 2001 

DNA-PKcs (SNPs) NHEJ Mouse  (Balb/c) P and T Yes Bailey, Goodwin and Ullrich,   unpublished 

Okayasu et al., 2000 

DNA-PKcs / mTR (KOs) NHEJ / telomere length Mouse P Yes Espejel et al., 2002b 

DNA-PKcs
–/–

 / Rad54
+/–

 

DNA-PKcs
–/–

 / Rad54
–/–

DNA-PKcs
+/–

 / Rad54
-/-

 

(KOs) 

NHEJ / HR Mouse P Yes  

Yes  

Yes 

Jaco et al., 2003 

scid / hRAD54 

(mutations) 

NHEJ / HR Mouse T Yes Bailey, Goodwin and Pluth, unpublished  

Pluth et al., 2001 

Ku70 (KO) NHEJ Mouse Virally T and P Yes Bailey et al., 1999  

d'Adda di Fagagna et al., 2001 

Ku86 (KO) NHEJ Mouse Virally T and P Yes Bailey et al., 1999  

Samper et al., 2000  

Espejel et al., 2002a  

d'Adda di Fagagna et al., 2001 

Xrcc4  (KO)  NHEJ Mouse P Yes d'Adda di Fagagna et al., 2001 

Artemis (null mutation) NHEJ Mouse ES cells Yes Rooney et al., 2003 

Brca2 HR Mouse P and T No Bailey, Goodwin and Brenneman, unpublished 

Donoho et al., 2003 

NBS1 (deletion) HR and NHEJ Human P and hTERT No Bailey, Goodwin and Zdzienicka, unpublished

Kraakman-vanderZwet et al., 1999 

p53 (KO) Cell cycle arrest, 

apoptosis 

Mouse P and T No Bailey et al., 1999 

p53 (Li Fraumeni) Cell cycle arrest, 

apoptosis 

Human T No Bailey and Goodwin, unpublished

Gollahon et al., 1998 

ATM (KO) Cell cycle arrest Mouse P and T No Bailey, Goodwin and Turker, unpublished  

Gage et al., 2001 

ATM (AT) Cell cycle arrest Human P No Bailey and Goodwin, unpublished 

PARP1 (KO) SSB repair and damage 

sensing 

Mouse T and P No Bailey, Goodwin and Chen, unpublished 

Samper et al., 2001 

WRN HR Human hTert No Bailey, Goodwin and Campisi, unpublished  

Hasty et al., 2003 

DNA-PK, best known for its role in the non-homologous path-
way of DSB repair, took on a paradoxical new role in preserving
the natural ends of chromosomes.

The scid mutations in mouse and dog severely depress
DNA-PK activity (Blunt et al., 1996; Meek et al., 2001), and
the DNA-PKcs knockout abolishes it (Kurimasa et al., 1999b).
BALB/c mice possess two naturally occurring single-nucleotide
polymorphisms in the DNA-PKcs gene, Prkdc, that reduce, but
do not eliminate, DNA-PKcs activity and abundance (Yu et al.,
2001). Of significance, BALB/c mice are not immunodeficient,
so they must retain the capacity for V(D)J recombination.
These mice, however, are somewhat radiosensitive suggesting
NHEJ has been compromised, and they are more susceptible to
induction of cancer by radiation (Yu et al., 2001). Nevertheless,
BALB/c mice have an outwardly normal appearance and
behavior, and cannot be distinguished by casual observation
from other mice on the basis of their genetic deficiency. It is
therefore of interest that BALB/c mice experience telomere
dysfunction. Apparently even partial loss of DNA-PK activity

is sufficient to impair telomere protection. Whether or not par-
tially inactivating DNA-PKcs polymorphisms occur in humans
has yet to be determined.

The two Ku proteins form a heterodimeric ring capable of
binding DNA ends and attracting DNA-PKcs (Gottlieb and
Jackson, 1993; Gu et al., 1997; Walker et al., 2001) via interac-
tion with the C-terminus of Ku80 (Gell and Jackson, 1999; Sin-
gleton et al., 1999). Telomeric fusions have now been observed
in several studies of Ku knockouts. The simplest interpretation
of these results is that, like its role in DSB repair, the Ku hete-
rodimer exerts its effect on telomeres by recruiting the catalytic
subunit to chromosome ends. In support of this, we have
recently demonstrated that the kinase activity of DNA-PK is
required for telomeric end-protection (Bailey et al., 2004), just
as it is for NHEJ (Kurimasa et al., 1999a). How DNA-PKcs
phosphorylation can promote the joining of some DNA ends
while preserving others remains an open and provocative ques-
tion.
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Studies have also demonstrated that telomeric fusion is
itself mediated by the NHEJ component ligase IV (Smogor-
zewska et al., 2002). However, what mechanism joins unpro-
tected telomeres in NHEJ-deficient cells remains unknown.
Possibly, defects in DNA-PK do not completely eliminate
NHEJ, or a DNA-PK-independent backup pathway (Wang et
al., 2003) may join unprotected chromosome ends. An alter-
nate, error-prone repair pathway is certainly implicated by the
end-joining and instability that occurs in NHEJ mutants (Difi-
lippantonio et al., 2000; Ferguson et al., 2000; d’Adda di Fagag-
na et al., 2001).

A possible role in telomere function has been evaluated for
other genes having roles in NHEJ. Telomeric chromosomal end
fusions were observed in mouse knockouts of Xrcc4 (d’Adda di
Fagagna et al., 2001). A recently identified member of the
NHEJ pathway, Artemis (Moshous et al., 2001), possesses in
vitro endonuclease and exonuclease activities and complexes
with DNA-PKcs (Ma et al., 2002). Artemis appears to function
with DNA-PKcs in a subset of end-processing reactions (Roon-
ey et al., 2002). Of the six known NHEJ components, only
DNA-PKcs and Artemis are not found in yeast. Inactivating
mutations of Artemis result in human radiosensitive severe
combined immunodeficiency (RS-scid), and Artemis-deficient
mouse ES cells display chromosomal instability, including tel-
omeric fusions (Rooney et al., 2003). 

Other genes known to confer severe radiosensitivity when
mutated have been examined for a telomere protection role.
ATM, the gene that is mutated in Ataxia Telangiectasia (AT),
reportedly participates in DNA damage recognition and cell-
cycle checkpoints (Szumiel, 1998). In our laboratory, telomeric
fusions were not found in cells from either human AT patients
or mouse cells in which the ATM gene had been knocked out.
Telomere shortening and association have been reported in AT
cells (Pandita et al., 1995). Telomeric association appears to be
more transient than fusion, but the relationship between the
two is not clear at this time. Thus, the impaired telomere phe-
notype associated with ATM mutations may be less profound
than that caused by mutations in DNA-PK. Nijmegen Break-
age Syndrome (NBS), a condition that resembles AT in its clini-
cal manifestation, is the result of an intragenic deletion muta-
tion in the NBS1 gene (Carney et al., 1998). Human NBS1
forms a complex with MRE11 and Rad50. This complex has
been suggested to function in both HR and NHEJ (Goedecke et
al., 1999). Cells from NBS patients do not have telomeric
fusions. The ATM and NBS1 results appear to rule out a direct
connection between elevated radiosensitivity and the propensi-
ty to form telomeric fusions. 

BRCA2 and RAD54 participate in homologous recombina-
tion (HR) repair (Thompson and Schild, 2001). Deletion of
BRCA2)s exon 27 elevates sensitivity to mitomycin C-induced
crosslinks and increases spontaneous chromosomal instability
(Donoho et al., 2003), but does not cause telomeric fusions. In
contrast, telomeric fusions were observed in RAD54 knock-
outs. These seemingly contradictory results for two HR genes
might be reconciled in one of two ways. BRCA2 could have a
telomere protection function that is not compromised by the
rather small truncation mutation. Alternatively, telomere pro-
tection may require only a subset of HR proteins. The DNA

configuration at the junction of the t-loop resembles an early
step in HR. Thus, t-loop formation may require only those HR
proteins that participate in strand invasion and/or stabiliza-
tion. 

Telomeric fusions also occur in double DNA-PKcs/RAD54
knockouts, indicating that end fusion in DNA-PK-deficient
cells is not mediated by a RAD54-dependent process (Jaco et
al., 2003). Thus, DSB repair by HR is not the mechanism
responsible for joining uncapped telomeres. This is perhaps not
surprising because resolution of recombination intermediates
would not be predicted to join blocks of telomeric DNA in
opposite orientations as must occur with end-to-end fusion. 

Several additional proteins have been examined for a role in
telomere end capping, with mostly negative results. Like ATM,
p53 participates in DNA damage-induced cell-cycle arrest and
apoptosis, but unlike ATM, p53 mutations do not cause radio-
sensitivity (Cadwell and Zambetti, 2001). Telomere dysfunc-
tion was not found in human cells having the p53 mutation
associated with the cancer-prone Li Fraumeni syndrome or in
p53 knockout mouse cells. Poly (ADP-ribose) polymerase
(PARP) has been reported to have roles in DNA damage sens-
ing and DNA single-strand break repair (Okano et al., 2003),
and in telomere length maintenance (diFagagna et al., 1999;
Tong et al., 2001), but apparently does not participate in telo-
mere protection. Werner’s syndrome is characterized by pre-
mature aging (Epstein and Motulsky, 1996). The causative
defect lies in the WRN gene, which encodes a protein with heli-
case and exonuclease activities (Gray et al., 1997; Huang et al.,
1998). Given the role played by telomeres in cellular senes-
cence (Campisi et al., 2001), a role for WRN in telomeric end-
protection was sought but not found. 

In summary, these results strongly implicate genes from the
NHEJ pathway of DSB repair in forming protective structures
at chromosomal termini. HR repair proteins also may be
required, but the extent of participation by genes in this repair
pathway requires further study. Other DNA repair genes exam-
ined to date appear to have a lesser, if any, role, but many repair
genes are yet to be examined. 

Dysfunctional telomeres take the “lead”

FISH identifies telomere dysfunction only indirectly
through the appearance of chromosomal end-to-end fusions. In
particular, FISH does not reveal which telomeres are capped
and which are not. So it remained a possibility that in the stud-
ies cited above only a subset of telomeres becomes dysfunction-
al. The first evidence in support of limited telomere dysfunc-
tion came not from what was observed, but from what was not.
Because of the proximity of newly replicated sister chromatids,
it was expected that sister union telomeric fusions would be
common events. However, sister unions were not found among
the telomeric fusions occurring in DNA-PK-deficient mouse
cells or in HTC75 cells (a telomerase-positive human fibrosar-
coma cell line) following the inducible expression of a domi-
nant-negative mutant allele of TRF2, TRF2¢B¢M (Bailey et al.,
2001). This implied that of the two sister telomeres replicated
from the same parental template, only one became dysfunc-
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tional and subject to fusion. Further analysis using the strand-
specific CO-FISH technique revealed that dysfunction created
by either DNA-PKcs or TRF2 deficiency was limited to telo-
meres replicated by leading-strand DNA synthesis (Bailey et
al., 2001). 

Contrasting with these results, sister union telomeric fu-
sions, which necessarily involve one leading- and one lagging-
strand telomere, were reported in primary human fibroblasts
(IMR90) and hTERT-immortalized human BJ fibroblasts ex-
pressing the same dominant-negative TRF2 allele, but intro-
duced by viral transfection (Smogorzewska et al., 2002). The
difference between the studies may be attributable to higher
expression of the TRF2¢B¢M allele in the second study. This
interpretation is supported by recent ChIPs analyses using the
same TRF2¢B¢M system as the first study demonstrating only
an F50% reduction of endogenous TRF2 association with
telomeric DNA (d’Adda di Fagagna et al., 2003). 

Intriguingly, both studies point to an asymmetry in the pro-
cess (or processes) that transform newly replicated chromo-
some ends into functional telomeres. Following replication,
telomeres created by leading-strand synthesis are either blunt-
ended, or possess a small 5) overhang (Cimino-Reale et al.,
2003), whereas those created by lagging-strand synthesis have a
3) overhang with a length determined by the position of the
most terminal RNA primer (Wright et al., 1997). These differ-
ent initial DNA structures may dictate different requirements
for chromosomal end protection. Processing each type of end
may require end-specific sets of proteins, and conceivably
could produce end-specific terminal structures. Clearly, these
results expand the range of possibilities to be considered when
contemplating models of mammalian chromosome end protec-
tion.

Further studies of DNA-PK 

The three proteins comprising DNA-PK have each been
found at mammalian telomeres (Bianchi and deLange, 1999;
Hsu et al., 1999; d’Adda di Fagagna et al., 2001), suggesting
that telomeric end-protection requires the holoenzyme. Hypo-
thetically, DNA-PK might act in differentiating natural chro-
mosome ends from unnatural DSB ends, and then direct each
type into the correct pathway. A plausible biochemical candi-
date for this action is DNA-PK’s capacity to phosphorylate pro-
teins. Once bound to DSB ends, DNA-PK’s kinase activity pre-
sumably prompts the rejoining of DSBs. Conversely, the kinase
may not be activated by ends composed of telomeric DNA, or
activation may be repressed by telomere binding proteins.
These ends are then processed to create protective terminal
caps. Supporting the first part of this model, a point mutation
in DNA-PKcs that eliminates kinase activity also suppresses
DSB repair (Kurimasa et al., 1999a). Likewise, the model
explains the appearance of both DSB repair deficiency and
telomere dysfunction when Ku70, Ku86 or DNA-PKcs have
been deleted. In these cells, the DNA-PK holoenzyme is absent,
so they lose the ability to effectively direct DNA ends into eith-
er pathway, thus compromising both DSB repair and telomere
protection. 

A critical test of this model was made by exposing cells to a
highly specific DNA-PKcs inhibitor designated IC86621 (Ka-
shishian et al., 2003). The kinase inhibitor was expected to
impair DSB repair, but not telomere function. However, the
inhibitor proved to be an effective inducer of telomeric fusions
(Bailey et al., 2003). We conclude that the kinase activity of
DNA-PK is required for both of its roles, and does not serve to
distinguish natural from unnatural DNA ends.

The same study found only chromatid-type telomeric fu-
sions following exposure to the inhibitor for a single cell cycle.
If DNA-PK were required throughout the cell cycle, then some
telomeric fusions would occur in G1 and would have been
observed as chromosome-type fusions in mitosis. The absence
of chromosome-type fusions indicates that DNA-PKcs plays a
post-replication role, most likely in reconstructing functional
telomeres on newly replicated chromosome ends. Its precise
role, however, remains elusive. 

Making ends meet: The dual roles of DSB repair genes

Phosphorylation of the variant histone H2AX occurs in
megabase-sized domains about the sites of DSBs (Rogakou et
al., 1999). These domains are cytologically visible with immu-
nofluorescence, and allow DSBs to be accurately quantified. By
this means, the background level of DSBs in genetically normal
cells was found to be quite low, F0.05 DSBs/cell (Rothkamm
and Lobrich, 2003), implying NHEJ proteins are rarely called
upon to join DSBs in a natural setting. In contrast, with every
cell cycle the protective telomeric end-structure must disassem-
ble to allow replication, and then be reconstructed afterwards.
In normal human cells, NHEJ proteins participate in capping
92 new leading-strand telomeres. This number of chromosome
ends is equivalent to 46 DSBs, far in excess of the naturally
occurring number of DSB ends. This prompts us to consider
that the primary function of NHEJ proteins may not be to join
ends, but to preserve them. Thus, the designation given these
genes based on their first-discovered role no longer seems
entirely appropriate.

What emerges from the work reviewed here is a sense that
two previously separate fields of study, DNA DSB repair and
telomere biology, are undergoing a merger driven by a mutual
dependence on a subset of genes common to both. One hopes
that the secret of how the same cast of actors can simultaneous-
ly play such conflicting roles will be revealed as this intriguing
story continues to unfold.
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Abstract. Loss of telomere equilibrium and associated chro-
mosome-genomic instability might effectively promote tumour
progression. Telomere function may have contrasting roles:
inducing replicative senescence and promoting tumourigenesis
and these roles may vary between cell types depending on the
expression of the enzyme telomerase, the level of mutations
induced, and efficiency/deficiency of related DNA repair path-
ways. We have identified an alternative telomere maintenance
mechanism in mouse embryonic stem cells lacking telomerase
RNA unit (mTER) with amplification of non-telomeric se-
quences adjacent to existing short stretches of telomere repeats.
Our quest for identifying telomerase-independent or alterna-
tive mechanisms involved in telomere maintenance in mam-
malian cells has implicated the involvement of potential DNA
repair factors in such pathways. We have reported earlier on
the telomere equilibrium in scid mouse cells which suggested a
potential role of DNA repair proteins in telomere maintenance
in mammalian cells. Subsequently, studies by us and others
have shown the association between the DNA repair factors
and telomere function. Mice deficient in a DNA-break sensing

molecule, PARP-1 (poly [ADP]-ribopolymerase), have in-
creased levels of chromosomal instability associated with ex-
tensive telomere shortening. Ku80 null cells showed a telomere
shortening associated with extensive chromosome end fusions,
whereas Ku80+/– cells exhibited an intermediate level of telo-
mere shortening. Inactivation of PARP-1 in p53–/– cells re-
sulted in dysfunctional telomeres and severe chromosome
instability leading to advanced onset and increased tumour
incidence in mice. Interestingly, haploinsufficiency of PARP-1
in Ku80 null cells causes more severe telomere shortening and
chromosome abnormalities compared to either PARP-1 or
Ku80 single null cells and Ku80+/–PARP–/– mice develop spon-
taneous tumours. This overview will focus mainly on the role of
DNA repair/recombination and DNA damage signalling mole-
cules such as PARP-1, DNA-PKcs, Ku70/80, XRCC4 and
ATM which we have been studying for the last few years.
Because the maintenance of telomere function is crucial for
genomic stability, our results will provide new insights into the
mechanisms of chromosome instability and tumour formation.

Copyright © 2003 S. Karger AG, Basel

Telomeres and telomerase

Telomeres are specialised structures that cap the ends of
eukaryotic chromosomes. They consist of (TTAGGG)n repeats
that are associated with an array of proteins (Blackburn, 1991).

Telomeres have important functions such as: 1) protection of
chromosomes from exonuclease attack, illegitimate recombina-
tion and degradation; 2) capping the chromosomes with
TTAGGG repeats after spontaneous or induced breaks to pre-
vent DNA repair pathways to be triggered; 3) positioning the
chromosomes in the nucleus; 4) proper alignment of chromo-
somes for recombination during meiosis (Blackburn, 1991;
Zakian, 1995; Greider, 1996). Vertebrate telomeres end in
repeated sequences of (TTAGGG)n that are supposed to be
folded by telomere-binding proteins into a duplex T loop struc-
ture (Moyzis et al., 1988; Griffith et al., 1999). Telomere re-
peats are synthesized by the reverse transcriptase enzyme telo-
merase (Greider and Blackburn, 1985; Lingner et al., 1997).
Telomerase is required for the stable maintenance of telomere
repeats in vivo and in vitro (Blasco et al., 1997). Telomeres are
believed to be important in maintaining the chromosome-
genomic stability (Greider, 1991). 
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Telomeres and ageing

In most somatic cells, telomeric DNA is lost every time a
cell divides (Allsopp et al., 1992; Harley et al., 1990). As a result
of this progressive shortening of telomeres, somatic cells cease
to proliferate and become senescent after finite divisions (F60
population doublings) (Granger et al., 2002). The telomere
shortening occurs rapidly in certain cell lines derived from pre-
mature aging disorders, i.e. Werner and Ataxia telangiectasia,
leading to premature senescence as compared to age-matched
control cell lines (Kruk et al., 1995; Metcalfe et al., 1996; Schulz
et al., 1996). One characteristic feature of Werner syndrome
cells is the “variegated translocation mosaicism” which could
be due to shortened telomeres. Thus, telomere shortening is
directly related to ageing and senescence in in vitro model sys-
tems. 

Telomeres and cancer

The loss of telomere function with age and the resulting
genomic instability coupled with onset of telomerase activity
are of critical importance in tumourigenesis and in tumour pro-
gression (de Lange and DePinho, 1999). Telomere shortening
in somatic cells and the subsequent replicative senescence may
prevent uncontrolled cell proliferation and thereby malignant
transformation. The tumour suppressor function of telomeres
has also been suggested (de Lange and DePinho, 1999; Artandi
and DePinho, 2000). However, extensive proliferation and the
subsequent telomere shortening/lengthening may also result in
telomere dysfunction. Chromosome fusions and breaks result-
ing from telomere dysfunction may facilitate the loss of hetero-
zygosity (LOH) of tumour suppressor genes. Preferential loss of
telomere repeats from the ends of a particular chromosome
harbouring tumour suppressor genes or oncogenes may result
either in their inactivation or activation due to chromosome
translocation events and may also facilitate tumour progres-
sion. Collectively, telomere dysfunction or loss of telomere
equilibrium (see later) and associated chromosome/genetic in-
stability might effectively promote tumour progression. Thus
telomere function may have contrasting roles: inducing replica-
tive senescence and promoting tumourigenesis and these roles
may vary between cell types depending on the expression of the
enzyme telomerase, the level of mutations induced, and effi-
ciency/deficiency of related DNA repair pathways. 

Telomeres and DNA repair factors

The question of whether or not telomere shortening triggers
double-stranded DNA break response is still largely unan-
swered. Telomerase knockout mice showed progressive short-
ening of telomeres up to the 6th generation after which they
became infertile (Blasco et al., 1997; Lee et al., 1998). However,
embryonic fibroblasts obtained from mTER–/– (mouse telomer-
ase RNA; telomerase negative) mice could be immortalized in
vitro and displayed telomere maintenance with associated
chromosomal defects at later passages in culture (Hande et al.,

1999a). This study has implicated the existence of telomerase-
independent mechanisms in the telomere maintenance. Simi-
larly, we have identified an alternative telomere maintenance
mechanism in mouse embryonic stem cells lacking telomerase
RNA unit (mTER) with amplification of non-telomeric se-
quences adjacent to existing short stretches of telomere repeats
(Niida et al., 2000). Recombination of sub-telomeric sequences
has been implicated in the telomere maintenance mechanisms
in the telomerase-negative mouse embryonic stem cells (Niida
et al., 2000). Our quest for identifying telomerase-independent
or alternative mechanisms involved in telomere maintenance
has implicated the involvement of potential DNA repair fac-
tors in such pathways. Several studies have shown the associa-
tion between the DNA repair factors and telomere function.
Extensive studies in yeast have linked the role of DNA repair/
recombination and damage signalling molecules in telomere
maintenance mechanisms. However, only recently, such roles
for these proteins in mammalian cells have been uncovered.
This overview will focus mainly on the role of DNA repair/
recombination and DNA damage signalling molecules such as
DNA-PKcs, ATM, Ku complex, XRCC4 and PARP in telo-
mere-chromosome integrity in mammalian cells for which we
have sufficient knowledge and data. 

scid (severe combined immuno deficiency) and telomeres
In one of our earlier studies, probably one of the first in mam-

malian models, we have shown that mouse scid cells possess
abnormally longer telomeres compared to their parental cells
(Slijepcevic et al., 1997). scid cell lines had approximately ten
times longer telomeres than their CB17 parental cells. Besides
having abnormally long telomeres, the scid cell line showed
unusual telomeric associations. Several chromosomes in the scid
cell line were associated with their p-arms to form the so-called
multi-branched chromosome configuration. The frequency of
such multi-branched chromosomes in the scid cell line was about
10% (Slijepcevic et al., 1997). A puzzling observation that longer
telomeres and telomere fusions occur in the same cell line has
prompted the speculation that probably the telomere-telomerase
complex may not be efficient in preventing end-to-end fusions in
this particular cell line (Slijepcevic et al., 1997).

To further investigate whether such a difference in telomere
length would exist in in vivo conditions, we analysed the telo-
mere length in primary cells for different strains of scid mice. In
all the strains of scid mice with their parental strains we have
studied, 1.5 to 2 times longer telomeres could be detected
(Hande et al., 1999b). As against the scid cell lines, primary
bone marrow cells from scid mice did not exhibit telomere
fusions or chromosome aberrations (Hande, unpublished ob-
servation). Therefore, it is possible that evolution of chromo-
some fusions might have been an in vitro process. It should also
be noted that the difference in telomere length is wider in the
cell lines (ten times) compared to the primary cells (1.5 to 2
times). Bailey et al. (1999) reported a similar occurrence of tel-
omere fusions in a scid cell line though telomere length was not
measured in that study. scid mice are deficient in the enzyme
DNA-PK (DNA-dependent protein kinase) as a result of the
mutation in the gene encoding the catalytic subunit (DNA-
PKcs) of this enzyme. Our results on scid cell lines and primary
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Fig. 1. Loss of telomere equilibrium in primary cells from DNA repair-
deficient mice.

Fig. 2. Spontaneous chromosome instability in primary embryonic fibro-
blasts from DNA repair-deficient mice. Arrows indicate the samples where
aneuploidy could not be detected. Mouse embryonic stem cells tend to be
intrinsically aneuploid with an average of 41 or 42 chromosomes per meta-
phase.

cells from scid mice pointed to the possibility that DNA-PKcs
either alone or in complex with other proteins in the non-
homologous end joining (NHEJ) pathway (see later) may,
directly or indirectly, be involved in telomere length regulation
in mammalian cells.

Non-Homologous End Joining (NHEJ) complex and
telomeres
Eukaryotic cells use two different pathways for repairing

DNA double-strand breaks: homologous recombination (HR)
and non-homologous end-joining (NHEJ). A key component of
the homologous recombination process is Rad51 (Baumann et
al., 1996), a 50-kDa protein whose expression is cell-cycle
dependent, peaking at the S/G2 boundary (Yamamoto et al.,
1996). The NHEJ pathway requires the activity of DNA-PK, a
multimeric serine-threonine kinase composed of a catalytic
subunit (DNA-PKcs) and two regulatory subunits (Ku70 and
Ku80). Ku70 and Ku80 are able to recognise and bind DNA
DSB and then activate DNA-PKcs (Critchlow and Jackson,
1998). Another protein that plays a key role in NHEJ is
XRCC4 (Critchlow et al., 1997) which interacts with, and prob-
ably controls the function of ligase IV. 

DNA repair by NHEJ relies on the Ku70:Ku80 heterodimer
in species ranging from yeast to man. In Saccharomyces cerevi-
siae and Schizosaccharomyces pombe Ku also controls telo-
mere functions. Based on our observation in scid mouse cells
and on the studies in yeast, an analogous role for mammalian
Ku complex in telomere maintenance cannot be ruled out.
Ku70, Ku80, and DNA-PKcs, with which Ku interacts, are
associated in vivo with telomeric DNA in several human cell
types and we have shown earlier that these associations are not
significantly affected by DNA-damaging agents (d’Adda di
Fagagna et al., 2001). It was also demonstrated that inactiva-
tion of Ku80 or Ku70 in the mouse yields telomeric shortening
in various primary cell types at different developmental stages
(Fig. 1) (d’Adda di Fagagna et al., 2001). By contrast, telomere
length is not altered in cells impaired in XRCC4 or DNA ligase

IV, two other NHEJ components (Fig. 1). We also observe
higher genomic instability in Ku-deficient cells than in
XRCC4-null cells (Fig. 2). This study has suggested that chro-
mosomal instability of Ku-deficient cells results from a combi-
nation of compromised telomere stability and defective NHEJ
(d’Adda di Fagagna et al., 2001). 

The telomere repeat binding protein, TRF1 and Ku formed
a complex at the telomere (Hsu et al., 2000). The Ku and TRF1
complex was found to have a specific high-affinity interaction,
as demonstrated by several in vitro methods, and exists in
human cells as determined by co-immunoprecipitation experi-
ments. Ku does not bind telomeric DNA directly but localises
to telomeric repeats via its interaction with TRF1. Primary
mouse embryonic fibroblasts that are deficient for Ku80 accu-
mulated a large percentage of telomere fusions (Fig. 2), estab-
lishing that Ku plays a critical role in telomere capping in mam-
malian cells (d’Adda di Fagagna et al., 2001; Hsu et al., 2000).
It was proposed that Ku localizes to internal regions of the
telomere via a high-affinity interaction with TRF1. 
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The DNA-dependent protein kinase catalytic subunit
(DNA-PKcs) is critical for DNA repair via the nonhomologous
end joining pathway. As explained above, bone marrow cells
and spontaneously transformed fibroblasts from scid mice have
defects in telomere maintenance (Slijepcevic et al., 1997;
Hande et al., 1999b). The genetically defective scid mouse
arose spontaneously from its parental strain CB17. One known
genomic alteration in scid mice is a truncation of the extreme
carboxyl terminus of DNA-PKcs, but other as yet unidentified
alterations may also exist. In another study, we used a defined
system, the DNA-PKcs knockout mouse, to investigate specifi-
cally the role DNA-PKcs specifically plays in telomere mainte-
nance. Primary mouse embryonic fibroblasts (MEFs) and pri-
mary cultured kidney cells from 6–8-month-old DNA-PKcs-
deficient mice accumulated a large number of telomere fusions,
yet still retain wild-type telomere length (Figs. 1 and 2) (Gilley
et al., 2001). Thus, the phenotype of this defect separates the
two-telomere-related phenotypes, capping, and length mainte-
nance. DNA-PKcs-deficient MEFs also exhibited elevated lev-
els of chromosome fragments and breaks, which correlate with
increased telomere fusions. Based on the high levels of telomere
fusions observed in DNA-PKcs-deficient cells, it was conclud-
ed that DNA-PKcs plays an important capping role at the
mammalian telomere (Gilley et al., 2001).

PARP-1 and telomeres
In most eukaryotes, poly(ADP-ribose) polymerase (PARP)

recognises DNA strand interruptions generated in vivo. DNA
binding by PARP triggers primarily its own modification by
the sequential addition of ADP-ribose units to form polymers;
this modification, in turn, causes the release of PARP from
DNA ends (Lindahl, 1995). Studies on the effects of the disrup-
tion of the gene encoding PARP-1 (Adprt1) in mice have dem-
onstrated roles for PARP in recovery from DNA damage and in
suppressing recombination processes involving DNA ends
(Lindahl et al., 1995; Morrison et al., 1997; de Murcia et al.,
1997; Wang et al., 1997; Jeggo, 1998).

Telomeres are the natural termini of chromosomes and are,
therefore, potential targets of PARP. Telomere shortening was
seen in different genetic backgrounds and in different tissues,
both from embryos and adult mice (Fig. 1) (d’Adda di Fagagna
et al., 1999) without any change in the in vitro telomerase activ-
ity. Furthermore, cytogenetic analysis of mouse embryonic
fibroblasts has revealed that lack of PARP-1 is associated with
severe chromosomal instability, characterized by increased fre-
quencies of chromosome fusions and aneuploidy (Fig. 2). The
absence of PARP-1 did not affect the presence of single-strand
overhangs, naturally present at the ends of telomeres. The
above study has therefore revealed an unanticipated role for
PARP-1 in telomere length regulation; though a later study
using PARP-1 knockout mice with a different genetic back-
ground (Samper et al., 2001) did not reveal any significant
change in telomere length. However, it cannot be ruled out that
different genetic background mice and different mutations of
the same gene might yield different results. 

Ataxia Telangiectasia Mutated (ATM) and telomeres
Ataxia-telangiectasia (AT) is an autosomally recessive hu-

man genetic disease with pleiotropic defects such as neurologi-
cal degeneration, immunodeficiency, chromosomal instability,
cancer susceptibility and premature aging. Cells derived from
AT patients and ataxia-telangiectasia mutated (ATM)-deficient
mice show slow growth in culture and premature senescence.
ATM, which belongs to the PI3 kinase family along with DNA-
PK, plays a major role in signalling the p53 response to DNA
strand breaks. Telomere maintenance is perturbed in yeast
strains lacking genes homologous to ATM and cells from
patients with AT have short telomeres (Metcalfe et al., 1996).
We examined the length of individual telomeres in cells from
Atm–/– mice by FISH. Telomeres were extensively shortened in
multiple tissues of Atm–/– mice (Hande et al., 2001). More than
the expected number of telomere signals was observed in inter-
phase nuclei of Atm–/– mouse fibroblasts. Signals corresponding
to 5–25 kb of telomeric DNA that were not associated with
chromosomes were also noticed in Atm–/– metaphase spreads.
Extrachromosomal telomeric DNA was also detected in fibro-
blasts from AT patients and may represent fragmented telo-
meres or by-products of defective replication of telomeric
DNA. These results suggested a role of ATM in telomere main-
tenance and replication, which may contribute to the poor
growth of Atm–/– cells and increased tumour incidence in both
AT patients and Atm–/– mice (Hande et al., 2001). Further stud-
ies are needed to identify the molecular mechanisms by which
ATM interacts with telomerase complex in mammalian cells. 

Role of PARP-1 and p53 on telomeres
Genomic instability is often caused by mutations in genes

that are involved in DNA repair and/or cell cycle checkpoints,
and it plays an important role in tumourigenesis. To confirm
our previous observation of telomere shortening in PARP-1
mice, we took advantage of PARP-1 and p53 double knockout
mice to study the telomere-related chromosome instability and
tumourigenesis in these mice. PARP was thought to protect
genomic stability (Jeggo, 1998) and its functional interaction
with p53 was tested using PARP-1–/–p53–/– mice. Compared to
single-mutant cells, PARP-1 and p53 double-mutant cells ex-
hibit many severe chromosome aberrations, including a high
degree of aneuploidy, fragmentations, and end-to-end fusions,
which may be attributable to telomere dysfunction (Tong et al.,
2001). While PARP–/– cells showed telomere shortening and
p53–/– cells showed normal telomere length, inactivation of
PARP-1 in p53–/– cells surprisingly resulted in very long and
heterogeneous telomeres, suggesting a functional interplay be-
tween PARP-1 and p53 at the telomeres (Fig. 1). Strikingly,
PARP-1 deficiency widens the tumour spectrum in mice defi-
cient in p53, resulting in a high frequency of carcinomas in the
mammary gland, lung, prostate, and skin, as well as brain
tumours. The enhanced tumourigenesis is likely to be caused by
PARP-1 deficiency, which facilitates the loss of function of
tumour suppressor genes as demonstrated by a high rate of loss
of heterozygosity at the p53 locus in these tumours (Tong et al.,
2001). These results indicated that PARP-1 and p53 interact to
maintain genome integrity and identify PARP as a cofactor for
suppressing tumourigenesis.
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Fig. 3. Telomere-mediated chromosome integrity in mouse cells lacking
telomerase or DNA repair factors. (a) Image of normal mouse chromosomes
showing telomere signals on all acro(telo)centric chromosomes after FISH
with Cy3-labelled (CCCTAAA)3 PNA probe. (b) Metaphase spread from
mouse embryonic stem cells lacking telomerase RNA at post-crisis stage (e.g.
population doubling 600). Note that the acrocentric chromosomes fused to
each other to generate metacentric Robertsonian like configurations (RLC).
These RLCs are generated either by complete loss of telomeres on the p-arm
of the chromosomes (telomere erosion) or fusion of a different chromosome
with telomeres at fusion point (capping function). Telomeres could also be
detected at the fusion point of q-arm fusions leading to the production of long
dicentric chromosomes. These cells have acquired recombination-based telo-
mere maintenance mechanisms in the absence of telomerase and chromo-
some instability is accumulated at population doubling (663 ES cells pro-

vided by Dr. Yoichi Shinkai, Kyoto University, Japan). (c–j) Representative
images of chromosome fusion events in mouse cells lacking DNA repair fac-
tors. (c) A dicentric (Dic) chromosome showing telomere signals at the ter-
mini with no telomeres at the fusion point of q-arms. (d) Image shown in (c)
under DAPI. (e) A ring like structure possibly due to the telomere loss on
q-arm of a chromosome and fusion between the sister chromatids. (f) Same
image as in (e) under DAPI filter. (g) A typical Robertsonian fusion like
configuration event due to the loss of telomeres at the p-arm of a mouse
chromosome and fusion between the centromeres. No telomeres could be
detected at the fusion point. (h) DAPI image of the chromosomes shown in
(g). (i) An example of a Robertsonian fusion-like configuration with telo-
meres at the fusion point (RLCT) which could have been generated by the
loss of telomere equilibrium and the subsequent loss of capping function in
these cells. (j) DAPI image of the chromosomes shown in (i).

Interplay between PARP and Ku80 on telomere-
chromosome integrity
PARP-1 and Ku80 null cells showed telomere shortening

associated with chromosome instability. Interestingly, haplo-
insufficiency of PARP-1 in Ku80 null cells caused more severe
telomere shortening and accumulation of chromosome abnor-
malities compared to either PARP-1 or Ku80 single null cells.
Cytogenetic analysis of these cells revealed that many chromo-

some ends lack detectable telomeres as well. These results dem-
onstrate that DNA break-sensing molecules, PARP-1 and
Ku80, synergistically function at telomeres and play an impor-
tant role in the maintenance of chromosome integrity. More
importantly, haplo-insufficiency of Ku80 in PARP-1–/– mice
promoted the development of hepatocellular adenoma and
hepatocellular carcinoma (HCC) (Tong et al., 2002). These
tumours exhibited a multistage tumour progression associated
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Fig. 4. Role(s) of DNA damage-signalling mole-
cules and DNA repair factors in telomere-mediated
chromosome-genomic instability and tumourigen-
esis.
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with the loss of E-cadherin expression and the mutation of beta-
catenin. Cytogenetic analysis revealed that Ku80 heterozygosi-
ty elevated chromosomal instability in PARP-1–/– cells and that
these liver tumours harboured a high degree of chromosomal
aberrations including fragmentations, end-to-end fusions, and
recurrent nonreciprocal translocations. These features are rem-
iniscent of human HCC. Taken together, these data implicate a
synergistic function of Ku80 and PARP-1 in minimizing chro-
mosome aberrations and cancer development.

Final thoughts

It is evident from the telomere-chromosome data from
DNA repair deficient mouse cells that the DNA damage/repair
and signalling molecules play a vital role in the protection of
telomeres and chromosomes and thereby maintain the genome
integrity. As indicated in Fig. 1, there seems to be a modest loss
of telomeres in the cells lacking some of the DNA repair factors.
This loss is approximately 30–40% of the original telomeres.
Data on telomerase-negative embryonic stem cells and em-
bryonic fibroblasts lacking telomerase RNA indicated that a
loss of approximately 60–70% of telomeric repeats was needed
for the cells to become fusigenic and to induce the chromosome
end-to-end fusion events in these cells (Fig. 3). The telomeres
are maintained by telomerase-independent mechanisms in
mTER–/– mouse cells at later passages. Based on the above
observations, it is tempting to speculate that at least in mice, a
fraction of telomeres are also maintained by the factors in-
volved in DNA repair/damage response and DNA damage sig-
nalling molecules. However, both telomerase-dependent and
telomerase-independent mechanisms co-exist to maintain telo-
meres in the mouse cells. It is plausible that telomere mainte-
nance will be compromised by one pathway in the absence of

another pathway. More interestingly, loss of DNA repair fac-
tors will render the cells to lose telomeres and a majority of
these cells exhibit premature senescence. On the other hand,
telomerase negative mouse cells escape senescence and could
be immortalised in vitro with accumulated chromosome insta-
bility. These two pathways interact with each other very effi-
ciently and loss of either one of the pathways will lead to severe
telomere-mediated chromosome instability leading to tumouri-
genesis in mice (Fig. 4). Double-knockout mice (e.g. PARP-1–

/–p53–/– and PARP-1–/–Ku80+/– mice) develop spontaneous tu-
mours and cells from these mice show telomere-related chro-
mosome abnormalities. Loss of telomere equilibrium (either
shorter or longer telomeres) might have contributed to the
occurrence of severe chromosome instability in these mice
which led to the spontaneous development of tumours. 
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Abstract. Telomeric repeat sequences, located at the end of
eukaryotic chromosomes, have been detected at intrachromo-
somal locations in many species. Large blocks of telomeric
sequences are located near the centromeres in hamster cells,
and have been reported to break spontaneously or after expo-
sure to ionizing radiation, leading to chromosome aberrations.
In human cells, interstitial telomeric sequences (ITS) can be
composed of short tracts of telomeric repeats (less than twenty),
or of longer stretches of exact and degenerated hexanucleotides,
mainly localized at subtelomeres. In this paper, we analyzed the
radiation sensitivity of a naturally occurring short ITS localized
in 2q31 and we found that this region is not a hot spot of radia-
tion-induced chromosome breaks. We then selected a human

cell line in which approximately 800 bp of telomeric DNA had
been introduced by transfection into an internal euchromatic
chromosomal region in chromosome 4q. In parallel, a cell line
containing the plasmid without telomeric sequences was also
analyzed. Both regions containing the transfected plasmids
showed a higher frequency of radiation-induced breaks than
expected, indicating that the instability of the regions contain-
ing the transfected sequences is not due to the presence of tel-
omeric sequences. Taken together, our data show that ITS
themselves do not enhance the formation of radiation-induced
chromosome rearrangements in these human cell lines. 

Copyright © 2003 S. Karger AG, Basel

The ends of eukaryotic chromosomes are characterized by
specific nucleoprotein structures called telomeres. These com-
plexes contain repeats of a G-rich oligonucleotide motif that is
TTAGGG in all vertebrates. Several proteins have been de-
scribed that bind specifically to these regions (Bilaud et al.,
1997; van Steensel and de Lange, 1997). All together, these
components adopt a specific chromatin structure that makes
chromosome termini distinguishable from double-strand

breaks (DSB) by DNA repair systems. Telomeres therefore play
a major role in the maintenance of chromosome integrity, pre-
venting chromosome fusion and degradation of chromosome
ends.

In addition to their location at the ends of the chromosomes,
telomeric repeats have also been detected at interstitial loca-
tions in many species (Meyne et al., 1990; Wells et al., 1990).
For some organisms, there is evidence that interstitial telomer-
ic sequences (ITS) result from chromosome end fusions that
occurred during evolution (Ijdo et al., 1991; Lee et al., 1993;
Vermeesch et al., 1996). It has been proposed that these ITS
may undergo rearrangements such as amplification, deletion or
transposition, leading to large ITS within pericentromeric re-
gions in some species (Meyne et al., 1990), to the absence of ITS
in one of several branches derived from the same ancestor (Wi-
ley et al., 1992) or, to their transposition into euchromatic loca-
tions (Metcalfe et al., 1997, 1998). This high degree of rear-
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rangement of ITS during evolution suggests that they could be
unstable. In the human genome, one example of ITS derived
from telomeric fusion is the ITS in 2q13 (Ijdo et al., 1991). The
majority of human ITS are composed of either short tracts (up
to 20 hexamers) of mostly exact telomeric repeats, or stretches
of exact and degenerated repeats located at subtelomeric re-
gions (Wells et al., 1990; Ijdo et al., 1991; Weber et al., 1991;
Azzalin et al., 1997; Musio and Mariani, 1999; Mondello et al.,
2000; Azzalin et al., 2001).

Exposing cells to different kinds of stress, such as chemical
mutagens or ionizing radiation, results in DNA damage, in-
cluding DNA double-strand breaks (DSB). The efficient repair
of DSBs is a crucial step for cell survival. Occasional misrepair
of DSBs leads to mutations or chromosome rearrangements.
Telomeric repeats have been detected at breakpoints of radia-
tion-induced chromosome aberrations in hamster cell lines (Sli-
jepcevic et al., 1998). This could be due either to breakage with-
in ITS or to the addition of telomeric repeats at the site of the
break. Indeed, telomerase, a reverse transcriptase specialized
for addition or elongation of telomeric repeat sequences, has
been detected in these cell lines. Telomerase can act at the ends
of chromosomes, with or without the presence of telomeric
DNA (Flint et al., 1994; Slijepcevic et al., 1996) and it has also
been observed at DSB sites (Gravel et al., 1998; Peterson et al.,
2001), as were proteins involved in DSB repair. Thus, telomer-
ase may be involved in stabilization of DSB, which may result
in the formation of new telomeres (Farr et al., 1991; Sprung et
al., 1999b; Prescott and Blackburn, 2000). In yeast, “healing”
of DSB by telomerase in DSB repair-deficient cells occurs in
about 1% of the cells (Kramer and Haber, 1993), whereas cryp-
tic translocation or telomere capture occur in about 10% of the
cells. Strikingly, deletions are more frequent than exchanges in
radiation-induced chromosome rearrangements of telomerase-
positive cells (Meltzer et al., 1993). These data suggest an addi-
tional role for telomerase in DNA repair and potentially for the
origin of ITS.

Numerous studies have reported a high sensitivity of ITS for
misrepair after DNA damage, based on the high frequency of
chromosome rearrangements at ITS loci (Bertoni et al., 1994;
Balajee et al., 1996; Slijepcevic et al., 1996; Day et al., 1998;
Mondello et al., 2000; Peitl et al., 2002). Most studies focused
on ITS have been performed with Chinese hamster ovary
(CHO) cells and described a higher than expected ratio of struc-
tural aberrations at these loci (Alvarez et al., 1993; Bertoni et
al., 1994; Fernandez et al., 1995; Slijepcevic et al., 1996; Day et
al., 1998). In mouse, a correlation was established between the
presence of an ITS at a radiation-sensitive site in chromosome
2 and the frequency of breakage in AML cells (Bouffler et al.,
1993, 1996; Silver and Cox, 1993; Finnon et al., 2002). These
data support the hypothesis that ITS can influence the radia-
tion sensitivity of chromosomes. However, in hamster cells,
ITS are often located within the pericentromeric heterochro-
matin. Compiling literature data, Johnson et al. (1999) have
confirmed the radiation sensitivity of heterochromatin in hu-
man cells. Thus, whether the ITS or the heterochromatin is
responsible for the radiation sensitivity at this location is not
clear.

In this paper, we analyzed radiation sensitivity of a natural-
ly occurring short ITS localized in the human 2q31 region (Az-
zalin et al., 2001), and of 800 bp of telomeric repeats intro-
duced by transfection into human chromosome 4q. Previously,
we scored the number of spontaneous chromosome rearrange-
ments involving this artificial ITS, within euchromatin of 4q
(Desmaze et al., 1999). The frequency of chromosome breaks
in these artificially introduced ITS indicated that human ITS
are not prone to spontaneous breakages. To study the involve-
ment of artificially introduced ITS in radiation-induced chro-
mosome rearrangements, the cells mentioned above were irra-
diated and the number of chromosome aberrations involving
ITS was scored. Although more breaks were found at this ITS
locus than expected based on a random distribution, the num-
ber of rearranged chromosomes containing the ITS was not sig-
nificantly higher than that observed at integration sites in cells
containing only plasmid sequences without telomeric repeats.
Moreover, chromosome breakpoints without any plasmid or
telomeric repeats are involved to the same extent in radiation-
induced chromosome aberrations as ITS loci. Based on these
data, we hypothesize that broken regions favour the integration
of plasmid sequences and are prone to subsequent breakage
regardless of the types of sequences present at these locations.

Materials and methods

Cellular, plasmid and PAC clones
SCC61 and SQ9G, cell lines established from human squamous cell car-

cinomas, have been transfected with the pSXneo/gpt-(T2AG3) 0.8-kb and
the pSXneo-(T2AG3) 1.6-kb plasmids. Cell cultures were maintained in
DMEM/F12 medium (Life Technologies, Bethesda, USA) supplemented
with 10 % FCS. G418 (200 Ìg/ml) was added to the transfected clones,
SNG28, SNG19 and Q18. A lymphoblastoid cell line, S.A.R.A., established
from a normal individual, was grown in suspension in DMEM (Hyclone)
supplemented with 10% FBS (Hyclone). All cell lines were incubated at
37 °C in a humidified incubator with 5 % CO2.

Plasmids used in this study have been described elsewhere (Desmaze et
al., 1999; Sprung et al., 1999a). The PAC clone spanning the 2q31 ITS-
containing region was isolated by PCR from the RPCI-5 human PAC library
(YAC Screening Center, Ospedale San Raffaele, Milano Italy) using unique
primers flanking the ITS. The sequence of the primers was 5)-TTCCACC-
TACCACATCTTATGC and 5)-ATTTCCCTCTATTCTTTGCCTG. Simi-
larly, a PAC containing a random genomic region from chromosome 2p16
was isolated using the primers: 5)-ATGTTACTGTGGGTGGTCCC and 5)-
TTATTTGCATCTGTGCTGGTG. This region is part of the Homo sapiens
chromosome 2 genomic contig (Accession number gi29791392), which does
not contain any ITS.

Conditions of irradiation
Radiation experiments on the tumor cell lines were performed at subcon-

fluence with 2 and 5 Gy (137Cs source, 0.71 Gy/min). Flasks were then
divided in two and cells of the first post-irradiation generation were har-
vested using standard protocols. The lymphoblastoid cell line was irradiated
with 60Co Á-ray source at a dose rate of 1.1 Gy/min (2 and 4 Gy). Aliquots of
2 × 106 exponentially growing cells were resuspended in 1 ml of complete
medium, placed in 7-ml tubes (Bijou, Sterilin) and irradiated. After irradia-
tion, each aliquot was put in a 75-cm2 flask with 10 ml of fresh medium and
incubated for 24 h. During the last 2 or 3 h, colcemid (50 Ìg/ml) was added to
the cultures, and then chromosomes were prepared according to standard
procedures.

Fluorescence in situ hybridization
FISH experiments were performed as described (Desmaze and Aurias,

1995). The presence of the plasmid sequences was detected using the pSXN
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plasmid as a probe. The DNA was labeled with either biotin-11-dUTP (Sig-
ma) or digoxigenin-11-dUTP (Roche) using a nick translation kit (Roche).
Specific whole chromosome painting probes from Oncor or Biosys were used
according to manufacturer’s recommendations. To verify the presence of the
telomeric sequences at the integrated sites of Q18 and SNG28 cell lines, we
have hybridized a (C3TA2)3 PNA sequence coupled with the Cyanin3 fluoro-
chrome (Perceptive Biosystems).

Hybridized metaphases were captured with a CCD camera (Cohu or
Zeiss) coupled to an epifluorescence Leica DMRBE or a Zeiss Axioplan
microscope equipped with filters for observation of different fluorochromes.
Images were processed with the Cytovision or ISIS softwares (Applied Imag-
ing and Metasystems S.A., respectively).

Analysis of chromosomal instability and chromosome rearrangements
To assess the general chromosomal instability, the number of breaks was

deduced from the number of structural aberrations (dicentrics, rings and
excess acentrics) observed in 50–150 Giemsa-stained metaphases for each
clone, at each dose of irradiation and from two different experiments each.
To record structural chromosome aberrations, deletions and translocations,
metaphases were captured after hybridisation with specific chromosome
painting probes coupled with red or green fluorochromes. The chromosomes
were counterstained with DAPI (blue). Chromosome exchanges were illus-
trated by bicolour chromosomes (red-green, red-blue or green-blue). Each
colour junction was recorded as a break. When the painted chromosomes
were involved in complex chromosome exchanges the number of breaks was
determined according to the FISH pattern. Between 100 and 300 chromo-
somes 4, 5, 6 or 7 were analyzed per cell line and dose. Intrachromosomal
rearrangements that could not be detected by this method were not taken
into account.

We considered that a break might have occurred in the transfected
sequences when the FISH plasmid signal was at the terminus of a rearranged
chromosome or at the breakpoint of an aberration. 50–150 chromosomes 4
in SNG28, chromosomes 7 in SNG19 or marker chromosomes in Q18 were
analyzed per dose. The number of breaks is recorded regarding the ploidy
level of each chromosome.

Statistics
¯2 Tests were performed to compare the radiation sensitivity of different

chromosomes and to examine the hypothesis that the induced damage occurs
more frequently in an ITS containing locus than expected for non-telomeric
loci of the same size. Considering that ionizing radiations cause randomly
distributed damages, the expected number of breaks within the integration
site was estimated on the basis of the relative length of the studied loci. Inte-
grated sequences are about 7 kb, but the smallest detected chromosome band
by cytogenetics techniques is about 5 Mb, corresponding to the minimum
size which could be resolved by FISH. The chromosomes 4 and 7 are 186 and
156 Mb long, respectively. Therefore, the size of the investigated locus con-
taining the transfected plasmid is estimated to be 2.7 % of the entire chromo-
some 4 and 3.2 % of chromosome 5.

Results

Chromosome 2 ITS (2q31) is not prone to chromosome
breakage
The radiosensitivity of the 2q31 region containing ITS and

of a control region (2p16) lacking ITS was assessed in a lympho-
blastoid cell line derived from a normal individual. The 2q31
ITS is polymorphic in the human population, differing by copy
number of the telomeric hexanucleotide from 6 to 13 (Mondel-
lo et al., 2000). The cell line used in this study is heterozygous
with the two alleles containing 6 and 9 repeats (data not
shown).

The cells were irradiated with Á-rays (2 and 4 Gy) and meta-
phases were prepared after 24 h. To identify the regions of
interest, two-colour FISH was performed with the PAC con-
taining the 2q31 ITS and with the control PAC localized on

Table 1. Chromosome aberrations involving chromosome 2p and 2q in
the lymphoblastoid cell line after Á-irradiation

Number of aberrations involving  -ray dose 
(Gy) 

Number of 
mitoses 

Total number of 
aberrations 

chr 2 chr 2q chr 2p 

0 49 2 0 0 0 
2 49 35 2 1 1 
4 47 80 9 5 4 

2p16. The total number of aberrations (breaks and chromo-
some rearrangements) and the number of aberrations involving
chromosome 2q or 2p were determined (Table 1); as shown by
the ¯2 test, these last values are not significantly different from
those expected on the basis of the relative length of chromo-
some 2 (8% of the genome) and on the basis of the ratio
between the length of 2q and 2p (q/p = 1.6). We identified six
rearrangements involving 2q (one after 2 Gy and five after
4 Gy): two dicentric chromosomes, one triradial and three
breaks. All the breaks were localized downstream of the hybrid-
ization signal and in no case was the signal split, as would be
expected if a break had occurred in the ITS containing region
(Fig. 1A). A similar number and similar types of rearrange-
ments (Fig. 1B) were found to involve 2p (one after 2 Gy and
four after 4 Gy). These results suggest that the ITS containing
region is not more prone to breakage upon Á-irradiation than
other chromosome regions.

Transfection of plasmids does not increase the radiation
sensitivity of the studied clones
To further assess the likelihood of ITS to be involved in

structural aberrations after irradiation, we used cell lines trans-
fected with plasmids containing at least 800 bp of telomeric
sequences (Murnane et al., 1994). In clone SNG28, the plasmid
is stably integrated in one homologue of chromosome 4, which
is monosomic, as it is in the parental clone. In SNG19, the plas-
mid is integrated in chromosome 7. Identification of chromo-
somes was done by a 24-colour analysis (Xcyting kit, Metasys-
tems) (Fig. 2). Southern blot analysis and rescue of the inte-
grated plasmid sequences showed that plasmid and telomeric
repeat sequences are present in a single copy in clone SNG28.
In contrast, analysis of the SNG19 clone demonstrated that the
integrated plasmid is missing the end containing the telomeric
repeats. Thus, clone SNG19 provided a control for an integra-
tion site containing only the plasmid sequences. Gamma irra-
diation (2 and 5 Gy) was applied and the induced structural
chromosome aberrations were recorded on Giemsa-stained
metaphases. For both transfected clones, SNG28 and SNG19,
and the non-transfected cell line SCC61, about fifty Giemsa-
stained metaphases were analyzed per dose of irradiation in
two independent experiments. The number of induced breaks
increased with the dose and was not significantly different
between the three clones (Fig. 3). Thus, as were previously
described for spontaneous aberrations (Desmaze et al., 1999),
the transfection did not enhance chromosome breakage in the
clones SNG28 and SNG19 in the first post-irradiation cell divi-
sion.
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Fig. 1. Examples of chromosome aberrations involving 2p (A) or 2q (B)
induced by Á-rays. The green hybridization signal is due to the probe for the
2q31 ITS-containing region, the red signal is due to the probe for the control
2p16 region. Chromosomes are counterstained with DAPI. (A) Chromatid
break on 2p (arrow). (B) Dicentric chromosome containing chromosome 2
with a chromatid break downstream to the 2q31 region. 

Fig. 2. FISH characterization of the SNG28 and SNG19 clones. (a and e)
Multicolour karyotypes of the SNG28 and SNG19 clones. These two clones
are pseudo diploid and rather normal. Most rearrangements are present in
both clones, supporting a clonal origin. Besides, the parental SCC61 clone
also presents these rearrangements (data not shown) and specifically the sin-
gle chromosome 4. mFISH allows us to determine the chromosomes with the
inserted transfected plasmids which are chromosome 4 for SNG28 and chro-
mosome 7 for SNG19. (b, c and d) Chromosomes 4 from the metaphase a.

(f, g and h) Chromosomes 7 from metaphase e. (b and f) pSXN plasmid
probe, detected in green, is indicated by arrows. (c and g) Telomeric
sequences are hybridized with PNA telomeric probe, coupled with Cy3. All
telomeres are fluorescent and interstitial specific red telomeric signal is only
seen on the chromosome 4 of SNG28 metaphases at the location of the plas-
mid insertion region while no signal was ever detected on chromosome 7 of
the SNG19 cells. 

Chromosome-specific radiation sensitivity
Although the general radiation sensitivity of the cells was

not increased by transfection, we determined the influence of
the artificial ITS on the sensitivity of the chromosome contain-
ing the integrated plasmid sequences. Because the number of
randomly distributed breaks in a chromosome depends on its
size, we compared the number of breaks in chromosome 4 of
SNG28 containing the integrated plasmids with the chromo-
some 4 of the non-transfected parental cell line, SCC61. After
FISH with chromosome-specific painting probes, at least 100
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Fig. 3. Comparison of the mean number of
radiation-induced breaks per cell scored after 2
and 5 Gy irradiation of the SCC61, SNG19 and
SNG28 clones.

Fig. 4. Comparison of the mean number of
breaks between chromosomes with or without the
transfected plasmids, chromosomes 4 from
SNG28 (telomeric and plasmid sequences) and
SCC61 clones; chromosomes 5 from SNG28 and
SCC61 clones as control; chromosomes 6 and 7
(plasmid sequences only) from SNG19 and from
the non-transfected cell line, SCC61.

chromosomes 4 for SNG28 and 100–300 chromosomes 4 from
the parental clone were assessed per dose and chromosome.
Controls were made with the chromosomes 7 of SNG19 and
SCC61 containing or not containing only the plasmid se-
quences, and also with chromosomes of approximately the
same size and morphology without any transfected sequences,
in the same genetic background. 200–350 chromosomes 5, 6 or
7 were analyzed per dose and per clone, and the number of
breaks was compared according to the number of analyzed
chromosomes and to the size of each chromosome. All the data
are presented in Fig. 4. After ionizing radiations, no significant
difference (P 1 0.1) was found between chromosomes 4 of
SNG28 and SCC61 as well as for chromosomes 7 of SNG19

and SCC61, suggesting that transfected sequences, containing
telomeric repeats or not, did not enhance the involvement of
chromosomes in rearrangements.

Increased frequency of rearrangements in chromosomal
regions containing plasmid integration sites
Breaks within the region containing the transfected se-

quences in chromosome 4 of SNG28 were scored to assess sen-
sitivity of the ITS. The same analysis was performed on the
chromosome 7 of the control clone SNG19 for the sensitivity of
the plasmid sequences alone. The presence of the plasmid
sequences was detected by FISH using the pSXN plasmid as a
probe. 50–150 chromosomes were analyzed per dose and chro-
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Fig. 5. Characterization by FISH and R bands
of the chromosome containing the transfected
plasmid in the Q18 cell line. Chromosomes are
counterstained with DAPI. Green-yellow dots
and red dots correspond to the plasmid and telo-
meric signals, respectively. Hybridizations with
specific chromosome painting probes show an
alternated green/red/green paint for the t(17;1;7)
marker of the Q18 cell line.

SQ9G Q18
17

7
1

pSXNeo-tel

pSXNeo-tel-1,6kb

Table 2. Specific effect of irradiation on
integrated sequences Dose (Gy) Number of breaks in the region of the integrated sequences 

 Chromosome 4 in SNG28    Chromosome 7 in SNG19  

 whole chr  expected  observed  ratio
a
   whole chr expected observed  ratio

a
 

0 5 0.14 0     0 0.00 0   

2 22 0.59 6 10  11 0.35 3 8.5 

5 66 1.78 22 12.3   34 1.09 12 11.0 

a 
Observed/expected. 

Table 3. Effect of irradiation on chromo-
somal breakpoints Dose (Gy) Number of breaks at the rearranged junctions of the Q18 cell line marker chromosome 

 Expected Junction with telomere   Junction without telomere Ratiob 

 

Whole 
chromosome 

 observed ratioa   observed ratioa  

0 3.0 0.12 0.0   3.0    
2 18.0 0.72 2.0 2.8  3.0 4.2 1.5 
5 47.0 1.88 4.0 2.1   14.0 7.4 3.5 

a Observed/expected. 
b Junction without telomere/junction with telomere. 

mosome, as to the position of the plasmid signals and by chro-
mosome painting. As shown in Table 2, the number of breaks
occurring in the region containing the integrated plasmid
sequences on chromosome 4 in the clone SNG28 is 10- to 12.5-
fold higher than expected (P ! 0.0001). Thus, the region con-
taining the integration site appears to be prone to breakage in
this clone. The results for the cell line SNG19 were similar with
8.5- to 11-fold more breaks in the integrated region than
expected. Both analyses showed that the regions containing the
transfected plasmids are more often rearranged after irradia-
tion than expected, and that telomeric repeat sequences are not
the reason for this phenomenon. These results led us to assume
that either the plasmid sequences themselves enhance the
radiation sensitivity, or that the plasmids are integrated into
sites that are already prone to break.

Junctions of chromosome aberrations are sensitive to
ionizing radiations
In order to investigate whether the increase in breakage at

the integration sites in clones SNG28 and SNG19 is due to the
plasmid sequences themselves or to cellular sequences sur-
rounding the integration site, we used the cell line Q18, which
contained the integrated pSXneo-(T2AG3)1.6-kb plasmid con-

taining telomeric repeat sequences at the junction 17/1 of a
rearranged marker chromosome der(17;1;7). In addition to the
plasmid integration site, this marker chromosome also contains
another junction between a fragment of chromosome 1 and the
long arm of the chromosome 7. Unlike the 17/1 junction, the
junction between 1 and 7 does not contain any plasmid
sequences (Fig. 5). We have scored the number of breaks at
these two junctions, before and after irradiation at 2 and 5 Gy,
in 183 and 238 marker chromosomes, respectively, as well as in
approximately 100 marker chromosomes of non-irradiated
cells. Considering the rearrangements of this chromosome, we
have estimated the length of the marker chromosome to be
around 125 Mb. The investigated region considered to be 5 Mb
(see Materials and methods) is then approximately 4% of the
chromosome. The number of breaks observed for both sites was
higher than expected but only the junction without the trans-
fected sequences was significantly more often involved in
radiation-induced rearrangements (P ! 0.01) (Table 3). We
conclude from these results that chromosomal breakpoints of
previously rearranged chromosomes are more sensitive to
breakage than expected at random, and that the transfected
sequences do not further enhance this sensitivity, regardless of
whether containing telomeric repeats or not.
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Discussion

Telomeric repeat sequences, present at internal chromo-
some locations and thought to be “hot spots” of recombination
(Hastie and Allshire, 1989), have been shown to be sensitive to
ionizing radiation in hamster cells (Alvarez et al., 1993; Slijep-
cevic et al., 1996; Kilburn et al., 2001). Because in hamster cells
ITS are located in heterochromatin, Kilburn et al. (2001) have
investigated the spontaneous instability of ITS, constructing a
model of hamster cells containing telomeric repeats integrated
into the APRT gene located in euchromatin. Their molecular
analysis revealed an increase in small deletions and insertions
involving the telomeric repeat sequences, demonstrating mi-
crorearrangements involving ITS located within euchromatin
of hamster cells. In human cells, repeats copy number polymor-
phism has been reported for four human ITS (Mondello et al.,
2000), but the radiation sensitivity of ITS has proven to be elu-
sive.

In this work, using FISH with a probe spanning the short
2q31 ITS, we could not detect a preferential involvement of the
region in chromosome aberrations induced by Á irradiation.
This result suggests that the short telomeric tract does not con-
fer to this region a hypersensitivity to Á-rays which can be high-
lighted by cytogenetic analysis. Moreover, we analyzed clones
containing integrated plasmid sequences with and without telo-
meric repeats for their predisposition to form chromosome
rearrangements near the integration site, after irradiation with
2 and 5 Gy. First, we found that the stable plasmid integrations
did not enhance the total radiation induced number of breaks
in one cell. Next, we compared the number of breaks observed
for chromosomes containing or not containing plasmid with or
without telomeric repeats and found that, even if chromosomes
4 and 7 are more often broken, no significant difference could
be observed either in the transfected cell lines or in the parental
one. These results indicate a preferential breakage of some
chromosomes rather than an effect of transfected sequences, as
already described for normal chromosome 4 (Wilt et al., 1994;
Boei et al., 1997). More breaks than expected occurred within
the regions containing integrated plasmid sequences regardless
of whether they contained telomeric repeats or not. However,
we could not exclude small rearrangements of a few base pairs
in the cloned ITS, as shown for the instability observed in the
work of Kilburn et al. (2001). This suggests an intrinsic radia-
tion sensitivity of the plasmid sequences themselves or the pos-
sibility of a hypersensitivity to ionizing radiation of the cellular
DNA surrounding the inserted plasmids. The increase of break-
age we have observed at integration sites did not lead to a high-
er number of breaks of the entire chromosomes 4 and 7 con-
taining transfected plasmid than those in the non-transfected
clone. This indicates that the chromosome regions in the non-
transfected cell line should reveal the same level of sensitivity
as that observed in the presence of the plasmid sequences. It is
likely that such hypersensitive regions would also be preferen-
tial sites for plasmid integration. The high fragility at some
plasmid integration sites has been shown to result from se-
quences of surrounding DNA, which act alone or in conjunc-
tion with the integrated plasmid sequences forming hotspots
for recombination, as might occur when heterochromatin and

euchromatin are brought together due to chromosome rearran-
gements. Moreover, other integration sites with similar plas-
mid sequences have shown that rearrangements might be solely
confined to the cellular DNA (Murnane, 1990a, b). Consistent
with this possibility, we found an increased rate of rearrange-
ment at junctions regardless of whether they contain integrated
plasmid sequences. In clone Q18, the regions of junctions of the
rearranged marker chromosome revealed an increased fragility
in response to ionizing radiation suggesting that a predisposi-
tion for breakage might be responsible for the high frequency of
structural aberrations observed at some chromosome regions
rather than the presence of telomeric repeats or plasmid
sequences. Some authors have reported successive breakage-
fusion events at ITS of CHO, mediating a positional switch of
ITS towards the chromosome termini. As a result, it was
assumed that junctions resulting from these rearrangements are
prone to break (Bertoni et al., 1994). A higher proportion of
breaks was described at the junction of a translocation com-
pared with the remaining genome (Drets and Therman, 1983).
Local DNA amplification has been reported for a human can-
cer cell line with recurrent breakage/fusion/bridge cycles within
a specific chromosome region (Lo et al., 2002). Finally, the fra-
gility within the region harbouring transfected ITS in clone
SNG28 could also be due to the presence of repetitive se-
quences that have been found in the short arms of the acrocent-
ric chromosomes (Piccini et al., 2001).

We have shown that ITS do not necessarily increase the sen-
sitivity to ionizing radiation in human cells. Instead, the inte-
gration site itself might be prone to breakage, explaining also
the integration of the plasmid DNA at such a locus (Lin and
Waldman, 2001a, b). These data confirm that instability is not
a general property of all DNA in a cell and that sensitivity to
ionising radiation is not equally distributed along chromo-
somes. Possibly, this approach might be used to map radiosen-
sitive chromosomal sites.
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Abstract. Interstitial telomeric sites (ITSs) in chromosomes
from DNA repair-proficient mammalian cells are sensitive to
both spontaneous and radiation-induced chromosome break-
age. Exact mechanisms of this chromosome breakage sensitivi-
ty are not known. To investigate factors that predispose ITSs to
chromosome breakage we used murine scid cells. These cells
lack functional DNA-PKcs, an enzyme involved in the repair of
DNA double-strand breaks. Interestingly, our results revealed
lack of both spontaneous and radiation-induced chromosome
breakage at ITSs found in scid chromosomes. Therefore, it is
possible that increased sensitivity of ITSs to chromosome
breakage is associated with the functional DNA double-strand
break repair machinery. To investigate if this is the case we
used scid cells in which DNA-PKcs deficiency was corrected.
Our results revealed complete disappearance of ITSs in scid
cells with functional DNA-PKcs, presumably through chromo-

some breakage at ITSs, but their unchanged frequency in posi-
tive and negative control cells. Therefore, our results indicate
that the functional DNA double-strand break machinery is
required for elevated sensitivity of ITSs to chromosome break-
age. Interestingly, we observed significant differences in mitot-
ic chromosome condensation between scid cells and their coun-
terparts with restored DNA-PKcs activity suggesting that lack
of functional DNA-PKcs may cause a defect in chromatin orga-
nization. Increased condensation of mitotic chromosomes in
the scid background was also confirmed in vivo. Therefore, our
results indicate a previously unanticipated role of DNA-PKcs
in chromatin organisation, which could contribute to the lack
of ITS sensitivity to chromosome breakage in murine scid
cells.

Copyright © 2003 S. Karger AG, Basel

Molecular mechanisms responsible for spontaneous or in-
duced chromosome breakage in mammalian cells are not yet
fully understood in spite of active research interest in this prob-
lem. It is clear that the initial molecular lesion responsible for
chromosome breakage is the DNA double-strand break (DSB)

(Bryant, 1984; Natarajan and Obe, 1984). However, different
regions of mammalian chromosomes show differential sensitiv-
ity to DSB-inducing agents suggesting that multiple factors
including DNA repair capacity, status of chromatin condensa-
tion, gene density and DNA sequence composition may affect
conversion of the initial molecular lesions into microscopically
visible chromosome breaks (Slijepcevic and Natarajan, 1994a,
b; Folle and Obe, 1995, 1996; Suralles et al., 1997). Chromo-
some regions that show extremely high sensitivity to breakage
include interstitial telomeric sites (ITSs). It has been noted that
ITSs in Chinese hamster chromosomes are highly sensitive to
radiation-induced chromosome breakage (Alvarez et al., 1993).
This initial observation was confirmed by several studies, some
of which also demonstrated that Chinese hamster ITSs are sen-
sitive to spontaneous chromosome breakage (Bertoni et al.,
1994; Balajee et al., 1994; Slijepcevic et al., 1996). For example,
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metacentric chromosomes containing ITSs disappear sponta-
neously after prolonged in vitro culture of Chinese hamster
cells. Molecular cytogenetic analysis revealed that chromosome
breakage within ITSs may lead to conversion of a single meta-
centric chromosome into two telocentric chromosomes (Slijep-
cevic et al., 1996). A similar process of telomeric fission (TFI)
was described in some plant species providing further evidence
that ITSs show unusual sensitivity to chromosome breakage
(Schubert et al., 1995). In addition, hypersensitivity of ITSs to
radiation in mouse chromosome 2 has been implicated in leu-
kaemogenesis (Bouffler et al., 1993). More recently, a molecu-
lar study revealed chromosome instability associated with
inserted ITSs in Chinese hamster chromosomes (Kilburn et al.,
2001).

The exact nature of ITS sensitivity to spontaneous or
induced chromosome breakage remains unknown. To investi-
gate possible factors involved in this process we used murine
scid (severe combined immunodeficiency) cells. These cells
show high levels of spontaneous telomeric fusions (TFUs) due
to loss of telomere function (Slijepcevic et al., 1997; Bailey et
al., 1999). As a result of TFUs telomeric sequences become
ITSs (Slijepcevic, 1998). In addition, scid cells lack functional
DNA-PKcs, an enzyme involved in DSB repair (Smith and
Jackson, 1999). Our analysis revealed lack of both spontaneous
and radiation-induced chromosome breakage at ITSs in these
cells. Our findings therefore suggest that functional DSB repair
machinery may be required for the elevated breakage sensitivi-
ty at ITSs observed in mammalian cells.

Materials and methods

Cell culture and irradiation
All cell lines were obtained from Dr. C. Kirchgessner, Stanford Universi-

ty. CB17 and scid cells were grown in Waymouth medium containing 10 %
fetal calf serum and antibiotics. Cell lines derived from the scid cell line, scid
50D and scid 100E, were grown in the selective Waymouth medium contain-
ing puromycin. We performed two types of cytogenetic experiments: a long-
term experiment and a G2 assay. For long-term experiments CB17 and scid
cells were grown until confluency. Confluent cells were irradiated with
4.0 Gy gamma rays. Following irradiation cells were allowed to recover for
2 h. Following recovery cells were split at the ratio 1:4 and harvested 24 h
following irradiation using standard protocols. Between the next harvesting
points (7, 14, 21 and 28 days) cells were grown under standard condition.
Slides with chromosome spreads were stored in a freezer (– 20 °C) until
required for chromosome painting. For G2 assay cells were irradiated with
1.0 Gy gamma rays as semi-confluent and harvested 3 h after irradiation.
Frequencies of chromatid breaks were counted on Giemsa-stained chromo-
somes.

Chromosome painting and telomere visualisation
Two-colour chromosome painting was performed according to manufac-

turer’s instructions (Cambio, UK). Metaphase cells were acquired using a
Zeiss Axioskop microscope equipped with a CCD camera and processed
using Smart Capture software (Vysis). At least 50 cells per sample were ana-
lysed. The following criteria were used for detection of Robertsonian (Rb)
chromosomes. Following identification of all Rb chromosomes in a meta-
phase stained with DAPI, each individual Rb was screened for the presence
of painting signals on red and green channels. If an Rb consisted of two
painted chromosomes we counted this as a single event. We also counted the
total number of chromosomes painted with two colours not involved in Rb
formation. Statistical comparison of frequencies of Rb chromosomes in con-
trol and irradiated samples was performed in Microsoft Excel using the F
test. To visualize telomeres in metaphase chromosomes we used telomeric
PNA oligonucleotide (CCCAGG)3 labeled with Cy3 (Perseptive Biosystems).

Fig. 1. (A) Functional telomeres maintain mouse acrocentric chromo-
somes as separate entities. (B) Loss of telomere function causes TFU. As a
result of TFU telomeric sequences become ITSs. (C) ITSs are sensitive to
chromosome breakage leading to TFI. TFU and TFI are reversible both in
vitro (Slijepcevic et al., 1997) and in vivo (Schubert et al., 1995).

TFU TFI

TFU
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A B C
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interstitial telomeric site
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An event was counted as a TFU only when two chromosomes were joined so
that their telomeres formed a single large signal usually twice the size of the
normal telomeric signal. It is important to stress that in addition to chromo-
some-specific TFUs (see Results) scid cells also show random TFUs.

Chromosome length measurement
Chromosome length measurement in cell lines was performed using the

following procedure. Cells were grown until semi-confluent. Equal concen-
trations of colcemid were added to semi-confluent cells after which cells were
incubated for 1 h and harvested using standard protocols. Metaphase spreads
were painted with the probe for chromosome 1 and digital images of meta-
phases from cell lines were acquired as above. In the case of animals (pur-
chased from Jackson laboratories), equal concentrations of colcemid were
delivered to each animal by intraperitoneal injection. After 1 h animals were
sacrificed by cervical dislocation, bone marrow was flushed from both femo-
ra and incubated in hypotonic solution for 30 min. Cells were then incubated
in the standard fixative solution three times and chromosome spreads were
prepared at room temperature. Chromosome painting was performed as
above. To obtain mitotic cells without colcemid treatment confluent cells
were split at the ratio 4:1 and allowed to grow for 24 h to reach an exponential
phase. At this point cells were harvested as above.

To measure chromosome 1 length between 25 and 50 cells per sample
were analysed. Chromosome 1 was identified on a colour channel in each
metaphase. The same chromosome was then identified on a DAPI image, the
image was enlarged to allow a high resolution of pixels and a line was drawn
digitally along the chromosome axis and measured using IP Lab software.
Length measurement results were compared between samples using t test in
Microsoft Excel software.

Results

Lack of chromosome breakage at ITSs in scid cells
We have identified previously two chromosome-specific

TFUs in the murine scid cell line (Slijepcevic et al., 1997).
These TFUs are similar to Rb (Robertsonian) metacentric
chromosomes and we classified them as Rb (3;14) and Rb
(12;19) (Slijepcevic et al., 1997). The above two Rb chromo-
somes were used here to investigate ITS sensitivity to sponta-
neous and radiation-induced chromosome breakage (see be-
low). Numerous Rb-like chromosomes consisting of randomly
fused chromosomes are also present in the scid cell line. As a
control in this study we used two true Rb metacentrics identi-
fied in the wild type (wt) CB17 cell line including Rb (3;3) and
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Fig. 2. Frequencies of chromosome-specific Rb chromosomes in CB17 cells (A and B) and scid cells (C and D)
following irradiation with 4.0 Gy gamma rays. Statistical analysis (F test) indicated non-significant differences between
control and irradiated samples over time (see P values in each panel).

Rb (8;11) (Slijepcevic et al., 1997). True Rb metacentric chro-
mosomes lack ITSs at fusion points (Slijepcevic, 1998). We rea-
soned that if ITSs in scid cells are sensitive to chromosome
breakage then chromosome-specific TFUs in murine scid cells
(Rb [3;14] and Rb [12;19]) should be prone to a reverse process
termed TFI (see Fig. 1). In this process a single metacentric
chromosome splits into two acrocentric chromosomes due to
chromosome breakage at ITSs (Fig. 1). To test the existence of
TFI we used chromosome painting. We irradiated cells with
4.0 Gy of gamma rays and monitored copy number of Rb-like
TFUs 24 h, 7, 14, 21 and 28 days following irradiation. Reduc-
tion in copy numbers of TFUs in irradiated scid cells in com-
parison with control counterparts over time, or spontaneous
reduction in copy number of TFUs over time were expected to
indicate presence of TFI (Fig. 1). Results of this experiment are
shown in Fig. 2. When differences in frequencies of Rb-like
TFUs between control and irradiated samples were analysed at
individual time points it was clear that in many cases these
were statistically significant (e.g. 24 h after irradiation in
Fig. 2A, 24 h and 28 days in Fig. 2B, and 24 h in Fig. 2C and
D). However, when samples were analysed as groups differ-
ences in frequencies of Rb-like TFUs over time between irra-
diated and control samples were not statistically significant nei-
ther in scid nor in CB17 cells (F test, see Fig. 2). Frequencies of
Rb-like TFUs in control scid samples were similar at all time
points (Fig. 2) suggesting that these TFUs remain stable over
time and are not prone to spontaneous chromosome breakage
at ITS. Taken together, these results indicate lack of radiation-
induced and spontaneous chromosome breakage at ITSs in the
murine scid cell line.

Disappearance of chromosomes with ITSs following
restoration of DNA-PKcs
Previous studies employing DNA repair-proficient mam-

malian cells demonstrated preferential spontaneous and radia-
tion-induced chromosome breakage at ITSs (see above). Our
results suggest lack of spontaneous and radiation-induced chro-
mosome breakage at ITSs in DSB repair-deficient scid cells
(Fig. 2). Therefore, it is possible that the functional DSB repair
machinery may be required for this breakage sensitivity. To
investigate if this is the case we used a scid cell line in which
DNA-PKcs activity was restored by introduction of a fragment
from the human chromosome 8 carrying the DNA-PKcs gene
(Kirchgessner et al., 1995). This cell line, named scid 100E, was
established from the same scid cell line used in the first experi-
ment (Fig. 2) (Kirchgessner et al., 1995). As a negative control
we used the scid cell line containing a fragment from human
chromosome 8 but without the DNA-PKcs gene. This cell line
was named scid 50D and was also established from the same
scid cell line used in the first experiment (Fig. 2) (Kirchgessner
et al., 1995). Cell lines scid 100E and scid 50D had the same
replicative history. To confirm that a normal response to radia-
tion had been restored in scid cells containing the human DNA-
PKcs gene, we measured frequencies of radiation-induced
chromosome breaks in above cell lines (Fig. 3A). As expected,
radiation response of scid cells containing the normal DNA-
PKcs gene was comparable to that of control wt cells. Radiation
response of scid cells containing the human chromosome 8 frag-
ment without the DNA-PKcs gene was comparable to that of
scid cells (Fig. 3A).

We reasoned that if ITSs are sensitive to chromosome
breakage in DNA repair-proficient cells then a spontaneous
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Fig. 3. (A) Radiation response of various cell lines assessed by G2 assay.
Cells were irradiated with 1.0 Gy gamma rays and harvested 3 h after irradia-
tion. The difference between scid 100E and wt CB17 cells was not statistically
significant indicating that DNA-PKcs restored normal radiation response in
these cells. * Significantly different from control (P ! 0.001; t test) (B) Fre-
quencies of TFUs (telomeric fusions) in various cell lines. The difference was
statistically significant (*) between scid and scid 100E cells (P ! 0.001; t test),
scid 50D and scid 100E cells (P ! 0.001) but non-significant between scid and
scid 50D cells.

decrease in the frequency of TFUs (i.e. Rb-like chromosomes)
is expected in DNA DSB repair-proficient cells (scid 100E) in
comparison with their DSB repair-deficient counterparts (scid)
(see Fig. 1). To investigate this we monitored frequencies of
TFUs in the above three cell lines using FISH with the telomer-
ic PNA probe. This analysis revealed almost complete lack of
TFUs in scid 100E cells and similar frequencies of TFUs in scid
and scid 50D cells (Fig. 3B). Therefore, TFUs originally formed
in the parental scid background, disappear in cells in which
DNA-PKcs activity was restored but remain the same in posi-
tive and negative control cells. We could not monitor the rate of
disappearance of TFUs because we obtained cells multiple pas-
sages after introducing chromosome 8 fragments when this pro-
cess was essentially over. However, in an independent study it
was reported that chromosomes containing ITSs disappeared
after only six passages following restoration of DNA-PKcs in
scid cells (Bailey et al., 1999).

Fig. 4. Chromosome 1 length in various cell lines (A) and bone marrow
cells obtained directly from mice (B) following treatment with equal concen-
trations of colcemid. (C) Chromosome 1 length in various cell lines without
colcemid treatment. * Significantly different from control.

Chromosome length measurements in cell lines and mice
Potential differences between scid cells and their counter-

parts with restored DNA-PKcs activity may help explain the
lack of spontaneous and radiation-induced chromosome break-
age at ITSs in scid cells. We have noticed that scid cells show
much more condensed mitotic chromosomes than normal
mouse cells following treatment with equal concentrations of
colcemid for the same period of time. This may be an indica-
tion of a defect in chromatin organization. To investigate if
these differences are significant we measured digitally the
length of chromosome 1 in wt CB17 cells, scid cells, scid 100E
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and scid 50D cells (see Materials and methods). Chromosome 1
was cytogenetically normal in all cell lines and we used chromo-
some painting to identify it unambiguously. Results of this
analysis are presented in Fig. 4A. Interestingly, the differences
in chromosome length between CB17 wt cells and scid cells
were statistically significant (P ! 0.001; t test). Also, the differ-
ence in chromosome 1 length was statistically significant be-
tween scid cells and scid 100E cells with restored DNA-PKcs
activity (P ! 0.001). There was no statistically significant differ-
ence between scid cells and scid 50D cells. Therefore, these
results suggest that scid cells may have alteration in mitotic
chromosome condensation and that this alteration is restored
in cells with DNA-PKcs activity. To investigate if the same
effect occurs in vivo we monitored chromosome 1 length in a
single scid female animal and a single wild type CB17 female
animal (Fig. 4B). Similarly, this analysis revealed statistically
significant differences between two animals (P ! 0.001) further
suggesting that the alteration in chromatin condensation of
mitotic chromosomes may be associated with the murine scid
defect.

To exclude the possibility that the observed hyper-conden-
sation of scid chromosomes may result from over-reaction of
scid cells to colcemid we monitored the length of chromosomes
in naturally occurring mitotic cells from the above cell lines
without any colcemid treatment. Results of this analysis are
shown in Fig. 4C. Again, we observed statistically significant
differences in chromosome 1 lengths between CB17 and scid
cells (P ! 0.001), as well as between scid cells and scid 100E cells
(P ! 0.001). There was no statistically significant difference
between scid and scid 50D cells.

Discussion

Several previous studies demonstrated that ITSs in mam-
malian chromosomes are sensitive to spontaneous and radia-
tion-induced chromosome breakage (Alvarez et al., 1993; Bala-
jee et al., 1994; Bertoni et al., 1994; Slijepcevic et al., 1996). In
all these studies DSB repair-proficient mammalian cells were
used. Results presented here, however, indicate that ITSs may
not be sensitive to chromosome breakage in DSB repair-defi-
cient mouse scid cells which lack functional DNA-PKcs. Resto-
ration of DNA-PKcs activity in scid cells resulted in almost
complete disappearance of chromosomes containing ITSs
(Fig. 3). Since frequencies of chromosomes with ITSs in nega-
tive control cells remained the same as in scid cells (Fig. 3) this
suggests that scid cells with restored DNA-PKcs activity may
show TFI, a process in which ITSs are eliminated by chromo-
some breakage (see Fig. 1). Dramatic disappearance of chromo-
somes containing ITSs following restoration of DNA-PKcs
activity in scid cells was reported independently by Bailey et al.
(1999). Therefore, appearance of TFI, which coincides with the
restoration of DNA-PKcs activity, and a complete lack of TFI
in scid cells suggest that the functional DSB repair machinery
may be required to mediate elevated sensitivity of ITSs to chro-
mosome breakage.

Factors that predispose chromosome regions carrying ITSs
to spontaneous or induced breakage are not completely under-

stood. It is well documented that the key molecular DNA lesion
leading to chromosome breakage is DSB (Bryant, 1984; Natara-
jan and Obe, 1984). Since DSB repair proteins, including Ku
and DNA-PKcs, play important roles in telomere maintenance
(Samper et al., 2000; Goytisolo et al., 2001) it is tempting to
speculate that functional interaction between these proteins
and telomere-binding proteins or telomerase may affect ITSs
breakage sensitivity. It appears that in normal cells these inter-
actions cause increased sensitivity of ITSs to spontaneous or
radiation-induced chromosome breakage (Alvarez et al., 1993;
Balajee et al., 1994; Bertoni et al., 1994; Slijepcevic et al.,
1996). In contrast, lack of functional DNA-PKcs results in the
absence of elevated chromosome breakage at ITSs (our results).
Exact mechanisms of this process are not known. One possibili-
ty would be that the absence of functional DNA-PKcs leads to
modification of broken DNA ends in a way that increased ITS
breakage sensitivity is prevented. In this scenario, functional
DNA-PKcs may not always recognise DSBs within ITSs as
internal DSBs but sometimes as telomeres. This will ultimately
prevent repair of internal DSBs and cause chromosome break-
age as a result of telomere-mediated chromosome healing (Sli-
jepcevic et al., 1996). Lack of functional DNA-PKcs would
therefore result in the absence of telomere-mediated chromo-
some healing and thus absence of chromosome breakage at
ITSs. This scenario can be tested experimentally.

An alternative scenario for the lack of ITS breakage sensitiv-
ity in murine scid cells may be that the lack of functional DNA-
PKcs causes non-specific effects which in turn affect processing
of DSBs within ITSs. This possibility is in line with the
observed increase in chromatin condensation in mitotic scid
cells in comparison with wt cells (Fig. 4). The apparent hyper-
condensation of scid mitotic chromosomes may reflect a defect
in chromatin condensation caused by the lack of DNA-PKcs.
As a result, proteins that participate in DSB repair and telo-
mere maintenance may not be able to function properly on a
defectively organized chromatin thus causing differences in the
ITS sensitivity profile between wild type and scid cells. It is
interesting that the role of DNA-PKcs in chromatin organiza-
tion has not been noted before and future studies are required
to elucidate this link.

In conclusion, our results indicate that in contrast to DSB
repair-proficient mammalian cells, DSB repair-deficient scid
cells show lack of spontaneous and induced chromosome
breakage at ITSs. This observation suggests that the functional
DSB repair machinery may be required for elevated breakage
sensitivity of ITSs in comparison with other chromosome
regions.
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Abstract. Research on the subtelomeric region has consider-
ably increased because this chromosome segment (1) keeps the
chromosome number constant, (2) intervenes in cancer and cell
senescence processes, (3) presents more crossovers than other
regions of the genome and, (4) is the site of cryptic chromosome
aberrations associated with mental retardation and congenital
malformations. Quantitative microphotometrical scanning
and computer graphic image analysis enables the detection of
differentially distributed Giemsa-stained structures in T-
banded subtelomeric segments of human and Chinese hamster
ovary (CHO) chromosomes. The presence of high density stain
patterns in the subtelomeric region was confirmed using endo-
reduplicated chromosomes as a model. Besides, prolonging the
incubation in the T-buffer, specific holes were induced in sub-
telomeric segments. Hole specificity was confirmed inducing
them in complex CHO chromosome aberrations obtained by

AluI. The method was also used to detect minute sister chroma-
tid exchanges in the T-banded subtelomeric area (t-SCEs). The
presence of t-SCEs was suspected to reflect, at the microscope
level, the high crossover activity prevailing in the region. Due
to the fact that the fluorescent signals obtained with subtelo-
meric probes seem to be colocalized with subtelomeric high
density areas, measurements on the position of both structures
with respect to the diffraction and chromosome edges were car-
ried out. Data obtained showed comparable values suggesting
that the high density segments were located where telomeric
probes usually fluoresce. The possible relationship of the high
density patterns, the production of specific holes, the localiza-
tion of fluorescent areas and the detection of minute SCEs in
the subtelomeric segment observed in T-banded CHO and
human chromosomes is briefly reviewed.

Copyright © 2003 S. Karger AG, Basel

Mental retardation associated with congenital malforma-
tions has been one of the most complex problems in biomedical
research. The first indication that a chromosome abnormality
was involved in one of these syndromes was the discovery of
trisomy 21 followed by the detection of chromosome X fragili-
ty. However, many other clinical pictures of retarded and mal-
formed children remained unexplained being named in general

as “idiopathic” syndromes. The present availability of fluores-
cent probes for the subtelomeric region allowed detection of
minute chromosome aberrations located in the subtelomeric
region (Fauth et al., 2001; Joyce et al., 2001; Sismani et al.,
2001; Popp et al., 2002; Jalal et al., 2003). These aberrations
were collectively called “cryptic” because it was not possible to
detect them before with the light microscope (de Vries et al.,
2001; Fan et al., 2001; Riegel et al., 2001; Anderlid et al., 2002;
Baker et al., 2002). Also, an obscure syndrome like autism is
apparently related to subtelomeric aberrations (Borg et al.,
2002; Wolff et al., 2002; Keller et al., 2003).

These observations, added to the fact that this region not
only keeps the number and structure of the chromosomes of
each species constant but also intervenes in cancer develop-
ment and cell senescence, increased the research interest on this
multifunctional chromosome segment (Zakian, 1989; Black-
burn and Greider, 1995; Greider, 1998).
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Fig. 1. Iso-density outlines of (A) T-banded human high density subtelo-
meric regions and (B) fluorescent FITC-labeled and propidium iodide-coun-
terstained subtelomeric segments as detected by microphotometrical scan-
ning. The two differential high density areas appearing in A were obtained
using density intervals of 3 %. The same interval value was used for detecting
the diffraction and chromosome edges (see Drets et al., 1992a and 1995a for
method details). a–a denotes the external border of the diffraction area and
b–b the chromosome border; c indicates approximately the centers of the
high density subtelomeric and fluorescent regions; d indicates points arbi-
trarily selected for measuring the distances from the external limit of the
chromosome structures to the diffraction and chromosome borders respec-
tively. Bar indicates 1 Ìm.

Scanning microphotometry and subtelomeric structures

Scanning microscope photometry, color graphics terminals,
software development and appropriate data manipulation have
expanded the scope of scanning microphotometry particularly
in their applications for cytogenetic studies. The quantitative
and visual information given by the interactive graphic method
thus contributed to obtain more informative images of the
nuclear and chromosome structure (Drets and Monteverde,
1987; Drets et al., 1989, 1994, 1995a).

Microphotometrical scanning of T-banded chromosomes
(Dutrillaux, 1973) showed that the high densities of Giemsa-
stained subtelomeric regions are distributed in a specific man-
ner at the subtelomeric segment of both human and CHO chro-
mosomes, namely: a) in similar size in both sister chromatids,
as would be expected from an orthodoxal cytogenetic point of

Table 1. Chromosome measurementsa

High density segments (D) 

Vector c–a c–b d–a d–b 
Sample size 25 25 25 25 
Mean 26.43 14.25 11.58  6.10 
SD  0.40  0.39  0.28  0.19 

Fluorescent signals (F) 

Vector c–a c–b d–a d–b 
Sample size 25 25 25 25 
Mean 26.23 13.99 11.23  6.12 
SD  0.33  0.59  0.37  0.18 

2 c–a(D)/c–a(F) c–b(D)/c–b(F) d–a(D)/d–a(F) d–b(D)/d–b(F) 
  0.26  0.90  0.58  0.25 

a Distance measurements between chromosome borders and subtelomeric regions 
of different densities as shown in Fig. 1. 

view; b) predominating in one of the chromatids; and c) con-
centrated in only one chromatid (Drets et al., 1992a). These
density patterns were also observed in T-banded endoredupli-
cated chromosomes in similar subtelomeric sites of sister chro-
mosomes (Drets and Mendizábal, 1998a, b).

Besides, we found that a prolonged incubation time of
human and CHO chromosomes in the hot T-banding buffer
resulted in the appearance of tiny holes in the subtelomeric
regions of sister chromatids. These holes were observed in one
or in both sister chromatids. In some chromosomes, the holes
were of similar size while, in other cases, they were different in
size, their location being comparable to the areas where the
high density patterns were found (Drets et al., 1992b). Such
holes were also produced in subtelomeric and in the paracentric
segments of aberrant CHO chromosomes obtained after AluI
treatment. Since it is practically impossible to induce holes in
specific chromosome areas in complex aberrant chromosomes
the method obviously produced a specific removal of chroma-
tin by an unknown mechanism (Drets et al., 1995b).

In some CHO and human chromosomes, areas of high den-
sity arranged as minute sister chromatid exchanges were found,
that we designated t-SCEs (Drets et al., 1992a). We found six
cases of such tiny exchanges in 117 CHO chromosomes and
eight in 80 human chromosomes. The frequency and size of
these structures observed in a higher number of CHO and
human chromosomes are under study. These t-SCEs were
detected without using BrdU and were much smaller than those
obtained with BrdU. These observations may represent differ-
ent active functional stages of this dynamic and variable chro-
mosome area (Mefford and Trask, 2002).

Due to the fact that the fluorescent signals obtained using
subtelomeric probes are usually observed in comparable sub-
telomeric regions particularly those where the density patterns
are detected, we made measurements of the position of these
structures with respect to the chromosome edge to verify if they
were located differently (Fig. 1). Table 1 shows that the dis-
tances from the centers or from the edges of both structures
were similar and that the differences found were not significant



Cytogenet Genome Res 104:137–141 (2004) 139

suggesting that density patterns and fluorescent signals were
localized in the same regions. Although we were dealing with
distances close to the resolving power of the light microscope,
the data obtained by microphotometrical scanning were con-
sidered sufficiently accurate and reliable for this analysis.

Complex terminal heterochromatic chromosome substruc-
tures were described by Lima-De-Faria (1952) in plant pachy-
tene telomeres at the light microscope level that closely resem-
bled the T-subtelomeric segments as revealed by the banding
procedure.

Subtelomeric/telomeric elements

I. DNA repeats
Considerable advances have been made in molecular re-

search of telomeres and subtelomeric regions. Blackburn and
Gall (1978) demonstrated first that Tetrahymena telomeres
contain DNA tandem repeats. This finding was confirmed in
other organisms from single-celled eukaryotes to mammals and
higher plants (Blackburn and Szostak, 1984; Zakian, 1989).
In human chromosomes, a telomeric repeated sequence
(TTAGGG)n was detected using a fluorescent hybridization
method (Moyzis et al., 1988). This sequence was subsequently
detected in the pericentromeric heterochromatic region and in
non-telomeric sites in chromosomes of other mammals (Meyne
et al., 1990a). Middle repetitive sequences are found in sub-
telomeric segments and in the pericentromeric heterochromat-
ic region of many chromosomes (Meyne et al., 1990b).

Telomere DNA has been divided into structural and func-
tional domains. Immediately adjacent to the telomere repeats
are telomere sequences constituting a third structural domain
formed by very dynamic and numerous telomere-associated
sequences which are mainly located in the subtelomeric region
(Henderson, 1995).

Research on the distribution of telomeric and internal
(TTAGGG)n repeats was carried out by Steinmüller et al.
(1993) using biotinylated repetitive whole chromosome paint
and telomere DNA probes at the electron microscope level.
They detected terminal, subterminal and internal repeats in
human chromosomes. The subtelomeric repeats were observed
close to the terminal ones in sister chromatids and embedded in
the chromatin of the chromosome terminus. 

In addition, arrays of repetitive nucleotide sequences, be-
lieved to be sites for protein and ribonucleoprotein binding, are
present not only at the ends of human chromosomes but at
numerous interstitial sites and at the paracentromeric areas
(Wells et al., 1990).

II. Proteins
Telomeres are specialized DNA/protein complexes that

comprise the ends of eukaryotic chromosomes with proteins
that bind sequence-specifically to telomeric DNA, capping the
chromosome ends thus preventing nucleolytic degradation and
end-to-end ligation. The ribonucleoprotein telomerase is re-
sponsible for telomeric maintenance and partly compensates
the progressive shortening of the chromosome ends synthesiz-
ing DNA back onto chromosome ends by reverse transcriptase

(Greider and Blackburn, 1987). Telomere proteins probably
affect the accessibility of telomeric DNA to telomerase and
interact with other structural or regulatory proteins (Fang and
Cech, 1995).

Chong et al. (1995) identified and cloned a major protein
component of human telomeres (TRF factor) showing by
means of immunofluorescent labeling that TRF specifically co-
localizes with telomeric DNA at chromosome ends. This obser-
vation allowed one to prove that the telomeric TTAGGG
repeat array forms a specialized nucleoprotein complex. Using
FISH analysis, Luderus et al. (1996) showed that TRF is an
integral component of the telomeric complex and that the pres-
ence of TRF on telomeric DNA correlates with the compact
configuration of telomeres.

Using fluorescence in situ hybridization, Moyzis et al.
(1988) observed that most of the terminal fluorescent signals
are not localized at the chromatid ends, but are surrounded by
chromatin material. Smith and de Lange (1997) found that
telomeric DNA preserves binding sites for telomeric proteins
which form a protective nucleoprotein complex at chromosome
ends. Day et al. (1993) claimed that repetitious DNA and pro-
teins could intervene protecting the chromosome end from deg-
radation and break rejoining (reviewed by McEachern et al.,
2000).

Additional evidence of subtelomeric region variability

Bekaert et al. (2002) studied 3D telomere size by means of
confocal microscopy using FITC-labeled telomeric peptidic nu-
cleic acid probes, counterstained with propidium iodide, find-
ing that the telomere lengths of two sister chromatids are not of
equal size in human lymphocytes and that this variability was
not related to a specific chromosome. These findings suggest
that a biological phenomenon might be involved in the produc-
tion of the differences. The finding that subtelomeric segment
size may be variable and independent of the chromosome pair
corresponds well with our observations on the distribution of
the high density patterns. Likewise, Schubert (1992) found sig-
nals of variable size, number and position in sister chromatids
in plant cells.

These images resembled the distribution of the high density
patterns detected by microphotometrical scanning of T-banded
chromosomes and comparison of measurements on the local-
ization of fluorescent signals and high density T-segments indi-
cated that they matched topologically. In addition, Fig. 4 in the
paper of Chong et al. (1995) shows an immunofluorescent pro-
tein labeled HeLa metaphase expressing [HA]2 epitope-tagged
mTRF. In this metaphase the fluorescent signals seem to be of
similar or different size in both chromatids or, in other chromo-
somes, they appear in only one chromatid, all of which resem-
bles the distribution of the subtelomeric density patterns found
by us.
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Cytogenetic and molecular perspectives

The relationship between chromosome structure and band-
ing phenomena is still not well understood. Chromosome band-
ing patterns are produced with most of the reported procedures
(G-, C-, R-, and T-banding) because of the Giemsa properties to
stain specific chromosome structures. Comings and Avelino
(1974) investigated the binding of Giemsa dyes to chromatin
during the banding treatment showing that thiazins specifically
interact with the phosphate groups of DNA and side stack
along the molecule. The microphotometrical detection of dif-
ferent density patterns may suggest that they are related not
only to the banding procedure but perhaps to the specific stain-
ing of T-banded segments by the Giemsa stain. In this connec-
tion, Sumner (1990) pointed out that in the banding phenome-
na dye accessibility may be modified either by proteins or by
the variation of DNA base pair composition (or both) along the
genome. 

Saitoh and Laemmli (1994) claimed that the bands of the
metaphase chromosome structure arise from a differential fold-
ing path of the highly AT-rich scaffold using the highly AT-
specific fluorochrome daunomycin. Although the proposed
loop-scaffold model fits well with most of the metaphase chro-
mosome banded structures, the high content of R-banding
material found in the T-banded segments composed of com-
pact, fibrous R-structures extremely resistant to heat (Allen et
al., 1988; Ludeña et al., 1991), it is difficult to draw a meaning-
ful interpretation of the cytogenetic observations made in this
region. Besides, R-bands apparently differ by their combina-
tion of Alu richness and extreme CG richness (Holmquist,
1992) making it more difficult to get a clear structural picture of
the region.

In an interesting review, Pardue and DeBaryshe (1999)
stressed the point that several findings suggest that eukaryotic
telomeres may play other functions than chromosome end pro-
tection and recognition of intact chromosomes. Apparently,
many rearrangements occur more frequently in subtelomeric
domains than in other regions of the genome. Cornforth and
Eberle (2001) claimed that chromosomal regions near the ter-
mini of chromosome arms undergo high rates of spontaneous
recombination. Mondello et al. (2000) found that stretches of
internal repeats can be highly unstable, and Badge et al. (2000)

mapped a subtelomeric recombinational “hotspot”. This high
crossover regional activity is probably related to the cryptic
aberrations found in the subtelomeric region that are associated
with congenital abnormalities.

An additional evidence that the subtelomeric region could
posses some specific functional activity is the observation of
minute sister chromatid exchanges detected by scanning micro-
photometry in T-banded CHO and human chromosomes
(Drets et al., 1992a). The various minute exchanges observed
with our system suggested that they could possibly represent, at
the microscopic level, structures related to the high number of
crossovers occurring in the area (Obe et al., 2002).

The differential distribution of the density patterns ob-
served in normal and endoreduplicated chromosomes strongly
suggests that they are real cytological facts probably reflecting
the underlying chromatin organization revealed by the T-band-
ing method. In addition, it could represent different functional
stages of the region. Moreover, the induction of holes where the
highest density chromatin areas are detected by scanning mi-
crophotometry may suggest that both phenomena are related
(Drets et al., 1995b).

Summarizing, even though the information presently avail-
able on the molecular analysis of the telomeric/subtelomeric
DNA and associated protein complexes is considerable, a clear
picture of the eukaryotic metaphase chromosome at the high
level organization is still missing (Drets, 2000). The metaphase
subtelomeric segments proved not to be a simple association of
DNA and protein molecules linearly aligned but an intricate
and compact structure with functional roles not completely
understood and awaiting definition. The over-looked struc-
tures of the subtelomeric chromosome region found at the
microscopic level seem to be much more complex from a struc-
tural and functional point of view than formerly believed. A
combined molecular and microscopic analysis of large subtelo-
meric chromosome segments is thus needed to contribute to a
better understanding of their regional role.
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Abstract. We review chromosome aberration modeling and
its applications, especially to biodosimetry and to characteriz-
ing chromosome geometry. Standard results on aberration for-
mation pathways, randomness, dose-response, proximity ef-
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tifying aberration complexity, and systematic links of apparent-
ly incomplete with complete or truly incomplete aberrations. 
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Ionizing radiation induces a rich variety of different chro-
mosome aberrations. Simple aberrations, involving only two
chromosome breaks (here considered as DNA double strand
breaks, DSBs), and complex aberrations, involving three or
more DSBs, are readily produced. Frequencies depend system-
atically on aberration type, chromosome size, dose, dose rate,
radiation quality, and cell type. Such a situation, where exten-
sive and diverse data have orderly quantitative interrelations,
calls for modeling. In fact, mechanistic aberration models have
long been used (reviews: Edwards, 2002; Hlatky et al., 2002;
Natarajan, 2002; Savage, 2002). Current goals include analyz-
ing biodosimetric signatures for different radiations, compar-
ing different DNA repair/misrepair pathways, probing inter-
phase chromosome geometry, and extrapolating data to low
doses. 

This review emphasizes chromosome-type, exchange-type
aberrations – the case for which we have the most information.
We outline aberration characterizations, proximity effects,
classic mathematical approaches applicable primarily to simple

aberrations, computer methods that can also handle the full
spectrum of complex aberrations, systematic analysis of ex-
change complexity and apparent incompleteness using new
software, transmissibility, and relations of aberrations to other
damage.

Characterizing aberrations and their formation

An exchange-type aberration, resulting from misrejoining of
DSB free ends, can be described either by its observed final
pattern at metaphase (e.g. Fig. 1A) or by a possible formation
process starting earlier (Fig. 1B). Both description methods
have advantages and drawbacks, both have often been used,
and both have been clarified by recent quantitative modeling.

Observed final patterns depend on the protocol used, for
example mFISH (Greulich et al., 2000; Loucas and Cornforth,
2001; Anderson et al., 2002; Durante et al., 2002) or solid stain-
ing. Systematic comparison of results obtained with different
protocols is important. Some universal description method will
be needed to construct radiation cytogenetic databases. Strong
similarities between “detailed” ISCN nomenclature (ISCN,
1995) and mPAINT (Cornforth, 2001) suggest such a method
(Sachs et al., 2002). The key idea is that protocols differ mainly
in the way they describe chromosome segments; all have some
way to identify misrejoinings. Applied to whole-chromosome
painting, the unified method is very similar to mPAINT –
examples are given in the caption to Fig. 1 and in the subsec-
tion on cycle structures below. However, the method is compre-
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hensive, being applicable also to solid staining, G-banding,
FISH, armFISH, multicolour banding, synteny based on spe-
cifying the order of oriented genes (Pevzner and Tesler, 2003),
DNA sequencing, etc. It can be used for apparently incomplete
patterns.

Actually, most current modeling concerns aberration forma-
tion processes (e.g. Fig. 1B), rather than just final patterns (e.g.
Fig. 1A), even though formation processes are harder to ob-
serve experimentally, and this approach also has a long history
(Savage, 1998). An aberration formation process can be de-
scribed systematically with a unified “aberration multigraph”
that shows DSB locations in the genome, the misrejoining pro-
cess, and the final configuration of rearranged chromosomes
(Sachs et al., 2002). 

One important biophysical pathway of aberration forma-
tion is breakage-and-reunion (Fig. 2A), presumably based on
non-homologous end joining. A one-hit pathway based on
homologous repair/misrepair also sometimes occurs (Fig. 2B).
A third, exchange-first, pathway has been suggested (Fig. 2C).
We believe there is strong evidence from aberration spectra,
dose-response relations, and analyzing enzyme action that, for
irradiation of mammalian cells during G0/G1, breakage-and-
reunion is the dominant pathway (Sachs et al., 2000b). This
view is controversial (Goodhead et al., 1993; Cucinotta et al.,
2000; Edwards, 2002). Recently, another one-hit pathway has
been suggested, involving exchanges localized at transcription
factories (Radford, 2002).

Proximity effects and chromosome geometry

Whatever the pathway, an exchange requires spatial juxta-
position of two or more genomic loci (Fig. 2). Consequently,
there are “proximity effects”, i.e. influences of interphase chro-
mosome geometry and motion on aberration frequencies, espe-

Fig. 1. A complex aberration. (A) schematically shows an observed
mFISH pattern with at least five misrejoinings. Descriptors are (red)(::blue))
(yellow)::red::blue) (red::blue::yellow). Here: parentheses indicate rearranged
chromosomes; primes denote centromeres; and, as in ISCN (1995), double
colons are used for required misrejoinings. Assuming no cryptic DSBs, there
are four possible aberration formation processes. One of these four is shown
in (B); the other three differ by inversions switching b with c and/or f with g
on the right.

Fig. 2. Aberration formation pathways (review: Hlatky et al., 2002). In
the breakage-and-reunion pathway (A), radiation makes DSBs, each of which
has two free ends. Each free end then rejoins with another free end, either
restituting (i.e. restoring the original DNA sequence apart perhaps from
some comparatively small scale changes) or misrejoining, presumably by
non-homologous end joining. In a misrejoining, the two free ends of one DSB
can either act in concert (Ai), or misrejoin independently, at different
genomic locations (Aii). Due to the possibility of independent misrejoining,
complex aberrations can arise readily and very complex aberrations can
result. (B) indicates a different pathway. One essential difference is that a

single radiation-induced DSB can initiate an exchange, presumably made by
enzymatically-mediated homologous misrepair as shown. In the usual ver-
sions of this pathway, DSB free ends are constrained to act in concert during
the recombinational event, as shown in panel B. This constraint leads to
model predictions of a much smaller proportion of complex aberrations rela-
tive to simple ones than in the breakage-and-reunion case. It also limits the
type of aberrations that can arise. (C) shows the Revell-type exchange-theory
pathway. As in A, a single radiation-induced lesion cannot by itself induce an
exchange. As in B, free ends of the same lesion are constrained to act in
concert, restricting the type and frequency of complex aberrations.
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cially important in conjunction with DSB clustering (reviewed
in: Sachs et al., 1997a, 1999; Kreth et al., 1998). Conversely, the
surprisingly rich aberration spectra uncovered by current tech-
niques, when combined with biophysically-based computer
modeling, help characterize large-scale interphase chromatin
architecture. 

When analyzing proximity effects chromosomes are often
represented by random walk or polymer models (Hahnfeldt et
al., 1993; Sachs et al., 1995, 2000a; Münkel et al., 1999; Osta-
shevsky, 2000; Ottolenghi et al., 2001; Andreev and Eidelman,
2002; Holley et al., 2002) many of which are coarse-grained.
However, very detailed models (e.g. Friedland et al., 2003) are
also available.

Most proximity results on radiogenic aberrations (review:
Hlatky et al., 2002) are consistent with the picture obtained by
imaging (review: Parada and Misteli, 2002), wherein chromo-
somes are mainly confined to territories and interchromosomal
interactions involve mainly territory surfaces or perhaps loops
protruding far from the home territories. However, observation
of highly complex aberrations suggests more intermingling of
chromosome territories than does direct imaging. Frequencies
of specific mFISH color junctions in irradiated cells (Cornforth
et al., 2002b) indicate considerable randomness in chromo-
some-chromosome juxtapositions, superimposed on more sys-
tematic chromosome spatial locations suggested by other meth-
ods (e.g. Boyle et al., 2001; Cremer et al., 2001).

Classic quantitative aberration models

We review three mechanistic approaches which have long
been useful, primarily for analyzing simple aberrations de-
tected at the first metaphase after irradiation.

Randomness model (Savage and Papworth, 1982)
The basic version of this model makes two assumptions: (a)

At low LET DSBs occur independently with a probability for
any part of the genome proportional to genomic content (aver-
ages over regions appropriate for the lower limit of resolution of
conventional cytogenetics, having order of magnitude of 5 Mb,
are involved); (b) DSB free end misrejoining partners are ran-
dom. These two randomness assumptions have many testable
implications. For the special case of just two DSBs (i.e. pairwise
misrejoining of four free DSB ends), the formalism predicts,
among other things: (a) equal frequency of asymmetric simple
aberrations (dicentrics, centric or acentric rings) and their sym-
metric counterparts (translocations, peri- or paracentric inver-
sions); (b) the Lucas formula (reviewed in Sachs et al., 2000b)
for the fraction of simple translocations that involve a color
junction; (c) if proximity effects were negligible the ratio of sim-
ple dicentrics to simple centric rings for a human genome
would be F87.

Often, predictions of the Savage-Papworth formalism ap-
proximate the data well (reviewed in Johnson et al., 1999;
Sachs et al., 2000b). However:
E Painting results (e.g. Knehr et al., 1996; Cigarrán et al.,

1998) suggest taking the “effective length” (Savage, 1991) of
a chromosome as approximately ∝ (genomic content)2/3

rather than ∝ (genomic content) to avoid systematically
over-estimating the participation of larger chromosomes
(reviewed in: Wu et al., 2001; Cornforth et al., 2002b). It has
been suggested that this dependence of effective length on
genomic content may be due to interchanges involving pri-
marily chromatin at territory surfaces.

E There is evidence for specific deviations from randomness
due to variations in chromatin structure (reviewed in Nata-
rajan, 2002; Obe et al., 2002). It would be of interest to study
if these can be related to the putative hot spots recently sug-
gested in comparative genomics (Pevzner and Tesler,
2003).

E Assuming randomness strongly underestimates intra-
changes relative to interchanges. Long ago, Savage and Pap-
worth identified proximity effects as the explanation: chro-
mosome localization in territories means a pair of DSBs on
one chromosome is much more likely to misrejoin than a
pair of DSBs randomly located in the genome (reviewed in
Hlatky et al., 1992).

E At high LET, the spectrum of exchange-type aberration is
expected to be different due to DSB clustering and proximi-
ty effects (Brenner et al., 1994; Chen et al., 1997; Sachs et
al., 1997b; Ballarini et al., 2002; Holley et al., 2002). A dif-
ferent spectrum is indeed observed in vitro: there is a higher
frequency of complex aberrations compared to simple ones;
higher frequencies of aberrations involving several ex-
change breakpoints within the same chromosome; and per-
haps more incompleteness (e.g. Sabatier et al., 1987; Griffin
et al., 1995; Knehr et al., 1999; Boei et al., 2001; Fomina et
al., 2001; Durante et al., 2002; Anderson et al., 2003;
George et al., 2003; Wu et al., 2003a, b). Because of such
tell-tale differences, retrospective biodosimetry should
eventually be able to identify the type of radiation as well as
the dose received. Whether there is a pronounced LET
dependence of interchange/intrachange ratios has been
quite controversial (e.g. Sachs et al., 1997a; Bauchinger and
Schmid, 1998; Savage and Papworth, 1998; Schmid et al.,
1999; Deng et al., 2000; Boei et al., 2001; Hande et al.,
2003).

E When more than two DSBs are involved, and at high LET,
Monte Carlo approaches, discussed below, are considerably
more convenient than the randomness formalism.

E We predict that proximity effects should lead to an excess of
rings compared to inversions. The reason is that the DSB
free ends at the opposite ends of a chromatin segment (e.g. b
and c in Fig. 1B) not only have a bias toward being close
together when formed (because they are on the same chro-
mosome) but have an additional bias for staying close
together. Even if there is considerable motion of chromo-
some fragments, the two free ends will remain connected by
the chromatin between them, and this constraint tends to
favor ring formation. Modern protocols should make it pos-
sible to check this prediction, especially for the case of cen-
tric rings vs. pericentric inversions.

LQ dose-response estimates for simple aberrations
The theory of dual radiation action, TDRA (Kellerer and

Rossi, 1978), gives the following linear-quadratic (LQ) formula
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for the dependence of aberration frequency Y on total dose D
and dose-rate R(t):

(A) Y = ·D + GßD2,

where

(B) G = 
2

D2

∞

�
–∞

dt 
∞

�
–∞

dt) R(t )K(t – t))R(t)), with (C) K(s) = exp(–Ïs). (1)

Here pairwise misrejoining of DSBs and mono-exponential
restitution with rate constant Ï 6 0 are assumed. G applies to
low dose-rate and/or fractionated irradiation, generalizing the
Lea-Catcheside factor (reviewed in Sachs and Brenner, 2003);
G ^ 1 and for a single acute dose G = 1. TDRA also expresses
the LQ coefficients · and ß mechanistically, in terms of an
energy proximity function, a target proximity function for
chromosomes, and a distance dependent interaction probabili-
ty (Kellerer and Rossi, 1978). When supplied with these charac-
terizations of · and ß, Equation 1 very neatly encapsulates four
key factors – radiation track structure, chromatin geometry,
repair, and misrepair. Consequently it remains quite useful
(e.g. Sachs et al., 1997a; Radivoyevitch et al., 2001) despite
having limitations, such as ignoring complex aberrations, that
have been uncovered and ameliorated by later formalisms. In
biodosimetry (Blakely et al., 2002), LQ approximation is still
central (reviewed in: Bauchinger, 1998; Kodama et al., 2001;
Tucker, 2001; Edwards, 2002). Equation 1 with Ï F 1 per hour
often gives reasonable approximations to observed direct dose
rate effects (e.g. Cornforth et al., 2002a; review: Lloyd and
Edwards, 1983).

Reaction rate models for simple aberrations
“Reaction rate” biophysical models track time develop-

ment, using the formalism (Erdi and Toth, 1989) of determinis-
tic or stochastic chemical mass action kinetics; they are special
cases of dynamic equations for genetic regulatory networks and
metabolic control (de Jong, 2002). Many reaction rate models
for simple aberrations have been investigated over the years
(review: Sachs et al., 1997c). Recent examples include saturable
repair models quantifying the mechanism shown in Fig. 2B
(Cucinotta et al., 2000) and the two-lesions-kinetic (TLK) mod-
el, which allows for biphasic repair kinetics corresponding to
two different kinds of DSBs (Stewart, 2001). Each determinis-
tic reaction rate model has a corresponding stochastic version
(e.g. Albright, 1989; Hahnfeldt et al., 1992; Radivoyevitch et
al., 1998) that is computationally more involved, but is actually
simpler from a conceptual point of view, is more accurate in
many cases (especially at high LET), and can analyze statistical
cell-to-cell fluctuations. 

Reaction rate models for simple aberrations predict approx-
imately LQ behavior (Equations 1A and 1B) at low and inter-
mediate doses or dose rates (reviewed in: Guerrero et al., 2002),
and to date their main application has been interpreting LQ
parameters mechanistically. In most aberration studies (unlike
many DSB studies) the LQ approximation to a reaction rate
model is often adequate. For aberrations formed by high acute
doses of low LET radiation (e.g. Sasaki, 2003), neither current
reaction rate models nor LQ approximations are accurate,
mainly because complex aberrations become so important.

Most radiobiological reaction rate equations ignore proxim-
ity effects – they use well-mixed instead of diffusion-limited
chemical kinetics. Simple approximations to proximity effects
can be incorporated by assuming “interaction sites” – a number
of different, non-interacting regions in the nucleus of a cell (e.g.
Radivoyevitch et al., 1998).

Computer modeling

Monte Carlo models of aberration formation
More recently, virtual experiments obtained from Monte

Carlo simulations have been used to refine the approaches
described in the previous section. The simulations are probabi-
listic, with a computer in effect “rolling dice” to give extremely
detailed output. For example, for acute low LET irradiation,
CAS (chromosome aberration simulator) software (reviewed
in: Sachs et al., 2000a) starts by determining the locations of
DSBs on one copy of chromosome 1 in one cell at random,
using a random number generator. The other 45 chromosomes
are then treated similarly, taking into account their DNA con-
tent. Restitution or misrejoining for the DSB free ends accord-
ing to any of the aberration formation pathways (Fig. 2) is next
simulated, as a discrete-time Markov process, taking proximity
effects into account. Specifying the relevant scoring protocol
(for example mFISH) then determines a simulated karyotype.
Iterating, thousands or millions of metaphases are simulated,
each with its own aberration pattern. The results can then be
compared to experimentally observed aberration spectra and
dose-response relationships 

This probabilistic approach systematically emphasizes
dominant processes and likely outcomes, appropriately dis-
counting, without completely ignoring, minor formation path-
ways and many possible but unlikely aberration types. Com-
plex aberrations can be simulated in complete detail, as is rele-
vant, for example, to analyzing aberration spectra as biomark-
ers of radiation quality.

CAS has been applied primarily to low LET aberrations,
though alpha particles have also been analyzed (Chen et al.,
1997). Other programs for chromosome breakage and misre-
joining have been developed (e.g.: Friedland et al., 2001; Otto-
lenghi et al., 2001; Andreev and Eidelman, 2002; Holley et al.,
2002). These incorporate high LET radiation tracks more real-
istically and thoroughly but give less systematic descriptions of
complex aberrations. A Monte Carlo approach by Moiseenko
and coworkers (review: Edwards, 2002) has the advantage of
tracking actual time dependence, instead of merely a sequence
of steps.

Cycle structure: quantifying aberration complexity
A complete exchange-type chromosome aberration forma-

tion process has a cycle structure (Bafna and Pevzner, 1996;
Sachs et al., 1999) specifying DSB numbers for separate irre-
ducible reactions involved. For example, a simple aberration is
formed by a reaction involving two DSBs, i.e. a 2-cycle c2;
Fig. 2Aii describes a 3-cycle c3; Fig. 1B involves two separate
reactions, one involving two DSBs (namely cd and gh) and the
other involving three DSBs, so the cycle structure is c2+c3; etc.
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An observed aberration pattern is often compatible with many
different aberration formation processes, having various cycle
structures; then the structure with the shortest cycles is desig-
nated “obligate” (Cornforth, 2001; Levy et al., 2003). For
example, there are four possible five DSB processes for making
the final pattern shown in Fig. 1A. The process shown in
Fig. 1B has the obligate cycle structure, c2+c3, but each of the
other three processes has cycle structure c5, indicating a single
more complex exchange in each case. 

As the number of misrejoinings required by the observed pat-
tern grows to F10 or more, the number of compatible processes
becomes so large that recently developed software (available
freely on the internet: Levy and Sachs, 2003) is needed to analyze
cycle structures. For example, consider the mFISH pattern
(1)::3::2)) (4::1) (2::3)) (3::1)::4)) (1::1) (:1:) (:2::1:). Here parenthe-
ses enclose different rearranged chromosomes, numbers indicate
colours, primes denote centromeres, and double colons denote
required misrejoinings; (:1:) and (:2::1:) denote rings. Assuming
no cryptic misrejoinings, the software demonstrates 1,152 possi-
ble formation processes; 640/1,152 F55.6% have cycle structure
c10; only 16/1,152 F1.4% have the obligate cycle structure
c2+c4+c4. This example illustrates a general point – assuming
obligate cycle structures tends to underestimate aberration com-
plexity. For the more complex pattern (1)::3::2)) (2::1) (2)::3))
(3::1)::2)) (1::1) (2::2) (:1:) (:2::1:) there are 20,736 processes with
11 misrejoinings. Only 32/20,736 F0.15% have the obligate
cycle structure c2+c3+c3+c3 but 10,368/20,736 = 50% are 11-
cycles c11. Such enumeration of cycle statistics can be replaced
by Monte Carlo sampling, useful mainly for patterns so complex
that 11,000,000 processes are possible.

Apparently incomplete aberration patterns
Many observed aberration patterns appear incomplete, ei-

ther because some DSB free ends have actually failed to rejoin
or, more often, because some segments are cryptic, where the
difference between these two cases can be analyzed using telom-
ere probes (reviewed in: Boei et al., 2000; Fomina et al., 2001;
Loucas and Cornforth, 2001; Holley et al., 2002; Wu et al.,
2003b). In complicated situations it may be difficult to relate
apparently incomplete patterns to complete or truly incomplete
aberrations (Cornforth, 2001). Algorithms have now been devel-
oped to handle this problem systematically for any whole-chro-
mosome painting protocol (e.g. mFISH). In brief, first consider
colours one at a time, setting T = (apparent telomeres) and C =
(centromeres involved), with C 1 0. For every colour with T !
2C, add to the observed pattern 2C-T “cryptic terminals” –
small acentrics with one telomere and the other end either
unrejoined or misrejoined. For every colour with T 1 2C, con-
sider T-2C apparent telomeres as actually being DSB free ends
instead. Interrelations among complete, apparently incomplete
but truly complete, and truly incomplete aberrations can then
be methodically worked out as follows. One considers pairwise
misrejoinings among the free ends introduced in the steps just
described for T ! 2C or T 1 2C to get a complete pattern, or
considers some of these free ends as unrejoined, corresponding
to true incompleteness. Free software (Levy and Sachs, 2003) is
available for complicated cases. Probabilities, e.g. for cycle
structures, can be systematically assigned.

Cell proliferation and aberration transmissibility

It is important to analyze the behavior of aberrations, and of
cells that contain them, at mitosis. The main quantitative for-
malism (Braselmann et al., 1986) extends a model of Carrano
and Heddle. The formalism involves parameters defined in
terms of behavior at the first post-irradiation cell division in
vitro. One parameter is W, the probability that a simple dicen-
tric allows viable daughters; another is the acentric transmissi-
bility parameter T, with 2T specifying the probability that a cell
with an acentric transmits at least one copy of the acentric to
one or the other daughter cell. For human lymphocytes approx-
imate values W = 0.42 and T = 0.41 were measured (Bauchin-
ger et al., 1986). This approach has been generalized to more
complex aberrations, to multiple aberrations, to later meta-
phases, and to in vivo situations (reviewed in: Lucas, 1999;
Gardner and Tucker, 2002; Vázquez et al., 2002). However,
chromosomal instability occurring many cell generations after
irradiation (reviews: Lorimore and Wright, 2003; Morgan,
2003) needs additional quantitative modeling.

Relating aberrations to other endpoints

Recent results suggest that most total-gene or multi-exon
deletions in standard mutation assays may be formed by essen-
tially the same misrepair processes as exchange-type aberra-
tions (reviewed in: Costes et al., 2001; Friedland et al., 2001;
Wu and Durante, 2001; Singleton et al., 2002). Also for many
cancers there are associations to specific exchange-type chro-
mosome aberrations (Mitelman et al., 2002) which are causa-
tive or at least pathognomic in at least one case (CML; reviewed
in Radivoyevitch et al., 2001). However, exchange-type aberra-
tions differ significantly from many other radiobiological end-
points in that the aberrations always require more than one
DSB (Fig. 2). At low LET for an acute dose of several Gy, most
clonogenic lethality may be due to exchange-type aberrations
such as dicentrics and rings. But for lower doses and for low
dose rates, such aberrations contribute less to lethality than do
other, smaller-scale lesions, involving only one track and pre-
sumably involving at most one DSB (Sachs et al., 1997c). 

Discussion: conclusions and challenges

Studying aberrations with modern computational biology
tools helps elucidate the underlying biophysical repair/mis-
repair mechanisms and interphase chromosome geometry.
Mechanistic extrapolations to low doses, modeling aberration
transmissibility in vivo, and modeling chromosomal instability
are currently drawing considerable attention. Significant future
challenges also include:
E Modeling chromosome aberration spectra, including intra-

change size spectra, as fingerprints of radiation quality.
E Combining detailed track structure models with more real-

istic models of chromosome geometry, of cell nucleus archi-
tecture, of chromosome motion, and especially of DSB mis-
rejoining.
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E More systematic modeling of chromatid aberrations (com-
pare Sipi et al., 2000).

E Extending PCC models (e.g. Wu et al., 1996), important
because the process of aberration formation, rather than just
the final configuration, is central.

E Quantitative models of other large-scale genome alterations,
e.g. duplication and aneuploidy as occur in tumor cytoge-
netics, telomere fusions as suggested by ZooFISH in com-
parative genomics, etc. Closer integration of radiation
cytogenetics with these other fields is needed.

E Importantly, clarifying the biological significance of aberra-
tions compared to more frequent forms of damage such as

point mutations – does the large-scale nature of the genome
alteration entailed in an aberration lead to especially impor-
tant phenotypic changes, or are aberrations merely easier to
observe?
There is still a lot to learn.
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Abstract. A few examples of models of chromosome aberra-
tion induction are summarised and discussed on the basis of
the three main theories of aberration formation, that is “break-
age-and-reunion”, “exchange” and “one-hit”. A model and
code developed at the Universities of Milan and Pavia is then
presented in detail. The model provides dose-response curves
for different aberration types (dicentrics, translocations, rings,
complex exchanges and deletions) induced in human lympho-
cytes by gamma rays, protons and alpha particles of different
energies, both as monochromatic fields and as mixed fields.
The main assumptions are that only clustered – and thus severe
– DNA breaks (“Complex Lesions”, CL) can participate in the
production of aberrations, and that only break free ends in
neighbouring chromosome territories can interact and form
exchanges. The yields of CLs induced by the various radiation
types of interest are taken from a previous modelling work.
These lesions are distributed within a sphere representing the

cell nucleus according to the radiation track structure, e.g. ran-
domly for gamma rays and along straight lines for light ions.
Interphase chromosome territories are explicitly simulated and
configurations are obtained in which each chromosome occu-
pies an intranuclear domain with volume proportional to its
DNA content. In order to allow direct comparisons with experi-
mental data, small fragments can be neglected since usually
they cannot be detected in experiments. The presence of a back-
ground level of aberrations is also taken into account. The
results of the simulations are in good agreement with experi-
mental dose-response curves available in the literature, that
provides a validation of the model both in terms of the adopted
assumptions and in terms of the simulation techniques. To
address the question of “true” incompleteness, simulations
were also run in which all fragments were assumed to be visi-
ble.

Copyright © 2003 S. Karger AG, Basel

It is well known that cells exposed to ionising radiation dur-
ing the G0/G1 phase of the cell cycle can show different types of
chromosome aberrations including dicentrics, translocations,
rings, inversions and complex exchanges, the latter usually
defined as rearrangements involving at least three breaks and
two chromosomes. An exhaustive classification of the various
aberration types has been provided by Savage and Simpson

(1994). In the majority of the experimental studies available in
the literature, chromosome aberrations are observed at the first
post-irradiation metaphase. However, Premature Chromo-
some Condensation (PCC) techniques, based either on fusion
with mitotic cells or on chemical treatments (Durante et al.,
1998), allow observation of aberrations at any time after irra-
diation. This can help minimising possible biases introduced
by phenomena such as cell cycle perturbation and interphase
death, which occur with significant probability after exposure
to high-dose and/or high-LET radiation. For a long time the
experimental observations have been based on Giemsa stain-
ing. The introduction of the Fluorescence In Situ Hybridisation
(FISH) technique (Pinkel et al., 1986) represented a fundamen-
tal turn, allowing selective painting of specific homologue pairs
and thus detection of aberration types that are not visible with
solid staining, such as translocations and the majority of com-
plex exchanges. The possibility of scoring translocations is of
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particular importance, since reciprocal translocations between
specific chromosomes have been shown to be correlated with
specific tumour types. Typical examples are the BCR-ABL
translocation for chronic myeloid leukemia, which involves the
ABL gene on chromosome 9 and the BCR gene on chromosome
22 (Mitelman, 2000), and the PML-RAR· translocation for
acute promyelocytic leukemia, which involves chromosomes
15 and 17 (de The et al., 1991; Faretta et al., 2001). Causal
relationships between aberrations and cancer have also been
proposed (Bonassi et al., 2000), and chromosome aberration
yields in human lymphocytes have been used to perform esti-
mates of radiation cancer risk (Durante et al., 2001; Radivoye-
vitch et al., 2001). The recent introduction of the so-called
“multi-FISH” technique, which allows painting of each homo-
logue pair with a different colour, has provided further infor-
mation, especially on the induction of very complex exchanges
involving large numbers of chromosomes (Cornforth, 2001;
Anderson et al., 2002; Durante et al., 2002). On this subject, it
is worthwhile mentioning that complex exchanges have been
proposed as possible “biomarkers” of the radiation quality (An-
derson et al., 2002), that can have applications in biodosimetry
(Durante, 1996, 2002; Edwards 1997; Ballarini and Ottolenghi,
2003).

Despite the significant advances in the experimental tech-
niques and the large amount of available data, some aspects of
the mechanisms underlying the induction of chromosome aber-
rations have not been fully elucidated yet. For example it is still
not clear whether any DNA double-strand break (DSB) can
participate in the formation of chromosome aberrations, or if
more severe (i.e. clustered) breaks are required (Sachs and
Brenner, 1993). Furthermore, while it is widely recognised that
only breaks sufficiently close in space can interact and form
exchanges, the relationship linking the initial distance between
two breaks and their interaction probability is still not known:
both exponentially decreasing functions (Edwards et al., 1994,
1996; Sachs et al., 2000a) and step functions (Brenner, 1988;
Ballarini et al., 2002a; Ballarini and Ottolenghi, 2003) have
been applied with equal success. Another object of debate is the
possibility of having an exchange starting from a single radia-
tion-induced chromosome break, which may lead to a (simple)
exchange-type aberration mediated through subsequent induc-
tion of a second break by the enzymatic mechanisms involved
in DNA repair (Chadwick and Leenhouts, 1978).

Theoretical models and simulation codes can be of great
help both as interpretative tools, for elucidating the underlying
mechanisms, and as predictive tools, for performing extrapola-
tions where experimental data are not available, typically at
low doses and/or low dose rates. In this paper we will discuss a
few examples of available models, generally tested in different
specific scenarios, and we will present a model based on radia-
tion track structure, focusing on the main assumptions adopted
and on the conclusions that can be drawn by comparing the
model predictions to experimental data. Far from being ex-
haustive, the survey presented in the next section has the main
aim of providing at least one example for each of the three “his-
torical” theories of chromosome aberration induction (“break-
age-and-reunion” theory, “exchange” theory and “one-hit” the-
ory, see below). More extensive reviews, which are beyond the

scope of this paper, can be found elsewhere (Savage, 1998;
Ottolenghi et al., 1999; Edwards, 2002; Hlatky et al., 2002;
Natarajan, 2002; Sachs et al., this issue).

Examples of models of chromosome aberration induction

Before the discovery of the DNA structure, earlier Stadler
(1930) and later Sax (1940) introduced the so-called “breakage-
and-reunion” theory, which was then formalized by Lea (1946).
According to this theory, the induction of exchange-type chro-
mosome aberrations can be described with the production of
chromosome breaks by radiation and subsequent pairwise mis-
rejoining of break free ends that are sufficiently close in time
and space, provided that each break gives rise to two indepen-
dent free ends. According to this model, subsequently reformu-
lated by Harder (1988), chromosome breaks are one-hit events
and increase linearly with dose, whereas exchange-type aberra-
tions are two-hit events and show a linear-quadratic dose
dependence. As an alternative, the “exchange theory” devel-
oped by Revell (1963) relies on the hypothesis that all aberra-
tions are exchanges between pairs of radiation-induced “unsta-
ble” chromosome lesions, which can either “decay” or become
“reactive” and give rise to aberrations by pairwise interaction.
Both the breakage-and-reunion theory and the exchange theory
require at least two radiation-induced chromosome breaks to
form an exchange. However, it has been hypothesised that
(simple) chromosome exchanges may also arise from a single
radiation-induced break, the second break being produced by
enzymatic mechanisms during the DNA repair process (“one-
hit” theory, Chadwick and Leenhouts, 1978). This model has
received support by the lack of a significant non-linear compo-
nent in experimental dose-response curves 
relative to the induction of simple exchanges by Ultrasoft X-
rays (Griffin et al., 1998). With the exception of low-energy X-
rays, the data obtained following irradiation of mammalian
cells in the G0/G1 phase of the cell cycle seem to be more consis-
tent with the breakage-and-reunion model (Sachs et al., 2000b).
However, none of these “historical” theories can be rejected on
the basis of the currently available knowledge, and all of them
have been successfully applied to specific scenarios. Examples
were provided by Sachs et al. (2000a), Holley et al. (2002), Bal-
larini et al. (1999, 2002a) and Ballarini and Otoolenghi (2003)
for the breakage-and- reunion model, by Edwards et al. (1994,
1996) for the exchange model and by Cucinotta et al. (2000) for
the one-hit model. 

Two “breakage-and-reunion” models 
Sachs et al. (2000a) modelled the induction of simple and

complex aberrations in human fibroblasts by assuming that
chromosome exchanges arise from misrejoining of DSB free
ends sufficiently close to each other. Fibroblast nuclei were
represented as cylinders and interphase chromosome territories
were modelled as intra-nuclear cylinders with radius propor-
tional to the square root of their DNA content. The various
territories were allowed to intersect according to a “territory
intersection factor” defined as the volume that a pair of territo-
ries have in common, summed over all chromosome pairs and
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divided by the nucleus volume; this factor was taken as an
adjustable parameter. Different configurations for the 46 hu-
man chromosomes in the nucleus were obtained with a simu-
lated annealing algorithm. DSBs induced by low-LET radiation
were positioned randomly. The misrejoining probability for
free ends originated from two DSB with initial distance L was
taken as proportional to exp(–L/L0), where L0 is the second
adjustable parameter of the model. A third adjustable parame-
ter was introduced to quantify the competition between restitu-
tion (i.e. eurejoining, that is rejoining with the original partner)
and misrejoining. With an average interaction distance of
1.5 Ìm and an average territory intersection factor of 1.1, the
results showed good agreement with FISH data obtained by
irradiation of human fibroblasts with hard X-rays. 

In a model developed by Chatterjee and co-workers for
aberration induction in human lymphocytes (Holley et al.,
2002), interphase chromatin structure was explicitly taken into
account by modelling each of the 46 human chromosomes as a
random polymer inside a spherical volume. The chromosome
spheres were packed randomly within a spherical nucleus.
Overlapping, controlled by an adjustable parameter, was al-
lowed. The induction of DSBs was modelled on the basis of the
radiation track structure. As in the work of Sachs et al. (2000a),
chromosome exchanges were assumed to arise from pairwise
misrejoining of close DSB free ends. Rejoining was modelled
on the basis of a Gaussian proximity function controlled by an
interaction range parameter. With an overlap parameter of
0.675 and an interaction range of 0.5 Ìm, the calculated yields
of interchromosomal exchanges were found to be in good agree-
ment with various experimental data sets relative to low-LET
irradiation of human lymphocytes.

A Revell-type model
Edwards et al. (1994, 1996) applied the exchange theory of

Revell to the prediction of dicentric yields in human lympho-
cytes following irradiation with different radiation types. Lym-
phocyte nuclei were modelled as 3-Ìm radius spheres in which
chromosomal DNA was distributed randomly. The radiation
tracks were simulated with an “event-by-event” track structure
code. An average yield of 50 DSB WGy–1

Wcell–1 was assumed,
and the DSBs were located in correspondence with the ionisa-
tion positions provided by track structure simulations. Each
ionisation was assumed to have an equal chance of inducing a
DSB and each DSB was assumed to be able to participate in the
production of aberrations, regardless of the break complexity.
Exchange-type aberrations were assumed to form following
interaction of pairs of DSBs sufficiently close to each other. The
ratio of exchange to no-exchange probability between two DSB
was expressed as bl–n, where l is the initial DSB separation and
b and n are adjustable parameters. Half the exchanges were
scored as dicentrics, the other half as translocations. Compari-
sons between calculated and experimental values of · and ß
(i.e. the linear and quadratic coefficients usually adopted to
describe dose-response curves) led to n = 1.2 and b = 0.0003.
With these values, very good agreement was found with low-
LET data, whereas dicentric yields following high-LET irradia-
tion were underestimated by a factor of about 1.5–2.0.

A “one-hit” model
The one-hit hypothesis was applied to the induction of sim-

ple chromosome exchanges following (hard) X-ray irradiation
by Cucinotta et al. (2000). Simple exchanges by hard X-rays are
generally assumed to arise from interaction between two radia-
tion-induced chromosome breaks. However, data exist suggest-
ing that also for hard X-rays, simple exchanges can be produced
by a single radiation-induced break (Simpson and Savage,
1996). According to the analytical model of Cucinotta et al.
(2000), simple exchanges can be produced following the forma-
tion of repair enzyme-DNA complexes, whose processing can
result either in DSB restitution, or in simple exchanges such as
dicentrics. These processes were formalised as follows:

[DSB] + [E1] → [C1] → [P1] + [E1]
[DSB] + [E2] → [C2] → [P2] + [E2]

The letters E, C and P refer to repair enzymes, enzyme-DNA
complexes and reaction products (simple exchanges or resti-
tuted DSBs), respectively. The square brackets represent the
corresponding concentrations, whereas the subscripts refer to
the two competing processes (misrepair or restitution). By solv-
ing the differential equations for [DSB], [C1] and [C2] and by
describing the formation of an exchange of type m with the
equation d[Am]/dt = k2m W [C1] , where k2 is the rate of the reac-
tion [C1] → [P1] + [E1], the authors calculated dicentric yields as
a function of both the repair time and the irradiation dose. The
non-linear component in the calculated dose-response curves
arose naturally from the introduction of a competition process
between two different DNA repair pathways. Good agreement
was found with experimental data relative to human lympho-
cytes irradiated with hard X-rays. It is worthwhile mentioning
that the authors themselves stated that both the one-hit mecha-
nism and the pairwise interaction mechanism can contribute to
the induction of chromosome exchanges. 

A model based on radiation track structure and
interphase chromosome organisation

Development of a mechanistic model and a Monte Carlo
code able to simulate chromosome aberration induction began
in 1999 at the Universities of Milano and Pavia (Ballarini et al.,
1999). The current version of the model (Ballarini and Otto-
lenghi, 2003) provides dose-response curves for various aberra-
tion types (dicentrics, translocations, centric and acentric rings,
different categories of complex exchanges and excess acentric
fragments) induced by gamma rays, protons and alpha particles
of different energies, both as monochromatic fields and as
mixed fields. The model is stochastic, because distributions are
used rather than average values, and ab initio, because the
model predictions can be directly compared with available
experimental data without performing any fit of free parame-
ters. 

Assumptions
The following basic assumptions were adopted: I) only clus-

tered DNA damage (“Complex Lesions” or CL, see below) can
participate in aberration production; II) CLs are distributed in
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the cell nucleus according to the radiation track structure, e.g.
randomly for gamma rays and along straight lines for light ions;
III) each CL gives rise to two independent chromosome free-
ends; IV) only free ends with initial distance smaller than a cer-
tain cutoff value d can interact and form exchanges; V) all free
ends finally interact with a partner (“completeness”, see be-
low).

The assumption of a major role of clustered – and thus
severe – DNA damage, already adopted by Sachs and Brenner
(1993), mainly relies on that while “simple” DSBs do not show
significant dependence on radiation quality, clustered breaks
increase with the radiation LET and depend on the radiation
type (Ottolenghi et al., 1995; Nikjoo et al., 1997). This is consis-
tent with the LET- and particle-type dependence found in
experiments on gene mutation and cell killing (Belli et al.,
1992). More generally, DNA clustered damage is thought to
play an important role in the induction of various endpoints at
chromosome and cell level (e.g. Goodhead, 1994). In our model
such damage was quantified by introducing the so-called
“Complex Lesions”, which in a previous work (Ottolenghi et
al., 1995) have been operationally defined as “at least two sin-
gle-strand breaks on each of the two DNA strands within 30
base pairs” and have been calculated for different radiation
types with an “event-by-event” track structure code. The hy-
pothesis of a major role of Complex Lesions is supported by
previous works in which CLs have been assumed to lead to
clonogenic cell inactivation (Ottolenghi et al., 1997; Biaggi et
al., 1999). Systematic, early repair of non-clustered DNA dam-
age is implicitly included in assumption I), since clustered
lesions are considered to be long-lived breaks (Sachs and Bren-
ner, 1993). 

Assumption IV) reflects the evidence that during interphase
the various chromosomes are localized within essentially dis-
tinct intra-nuclear territories (e.g. Cremer et al., 1993; Visser
and Aten, 1999) and that DNA repair, as well as other functions
such as DNA replication and RNA transcription, are likely to
occur within a network of channels separating neighbouring
domains (Zirbel et al., 1993). The value of the interaction dis-
tance d was fixed at 1.5 Ìm on the basis of the average distance
between the mass centres of two neighbouring chromosome ter-
ritories (see below). This number is consistent with values
adopted by other authors with different modelling approaches
(Kellerer, 1985; Savage, 1996; Ostashevsky, 2000; Sachs et al.,
2000a).

Concerning assumption V), the question whether incom-
plete exchanges really occur with significant probability has
been the object of debate for a long time. Recently, experiments
with telomere probes showed that true incomplete exchanges
are rare, and that most incompletes observed experimentally
are due to the involvement of small fragments that cannot be
detected (Boei et al., 1998; Fomina et al., 2000; Loucas and
Cornforth, 2001; Holley et al., 2002). 

Simulation of dose-response curves
In our model, human lymphocyte nuclei are represented as

3-Ìm radius spheres. The 46 chromosome territories are de-
scribed as (irregular) compact domains with volume propor-
tional to their DNA content, each domain consisting of the uni-

on of small adjacent cubic elements. Details on the algorithm
adopted to simulate interphase chromosome territories can be
found elsewhere (Ballarini et al., 2002a; Ballarini and Otto-
lenghi, 2003). Herein it is sufficient to mention that the various
territories are distributed randomly in the nucleus and that
repetition of the process allows obtaining a statistically signifi-
cant number of different configurations. Indeed specific chro-
mosomes have been shown to occupy preferential relative posi-
tions in human cells (Nagele et al., 1999); in particular, gene-
rich chromosomes tend to be located within the nucleus interi-
or (Kozubek et al., 1999). It has also been found that, while the
distances of the various chromosomes from the nucleus centre
are not distributed randomly, the angular distributions are ran-
dom (Kozubek et al., 2002). Since no clear-cut conclusion can
be drawn yet due to the existence of conflicting evidence (Corn-
forth et al., 2002; Obe et al., 2002), the implementation of non-
random chromosome distributions in theoretical models is pre-
mature and may result in biases. However, this aspect will need
to be reconsidered in the future when more soundly-based data
become available. It is worthwhile outlining that the approach
adopted in our model does not reflect a static view of the cell
nucleus. In fact each of the configurations obtained as de-
scribed above refers to the instant of irradiation. The assump-
tion that interaction occurs only between chromosome break
free ends with initial distance smaller than d takes into account
that during cell cycle progression, small-scale chromatin move-
ment can occur. Large-scale chromosome movement is not
included in the model, since it has been shown to be significant
during mitosis but not during interphase (Lucas and Cervantes,
2002). The presence of a background level of aberrations is
implicitly taken into account. More specifically, the average
number of Complex Lesions giving rise to an average of 0.001
dicentrics per cell, which is the value usually accepted as a
dicentric background in human lymphocytes, was identified for
each radiation of interest. These lesions, which were assumed
to follow a Poisson distribution, are randomly distributed in
the cell nucleus before starting to simulate irradiation. This
technique represents a first, pragmatic approach aimed to
obtain dicentric dose responses that can be directly compared
with dicentric experimental data also at low doses. This ap-
proach, which would (uncorrectly) predict that the background
dicentric yield is the same as the translocation yield, will be
modified by explicit implementation of specific background
values for each aberration type.

To simulate irradiation with photons, for a given cell and a
given dose value an actual number of CL is extracted from a
Poisson distribution. These lesions are randomly distributed in
the cell nucleus. By contrast, for a given dose of light ions of
given LET – and thus a given average number of nucleus tra-
versals – an actual number of (parallel) traversals is extracted
from a Poisson distribution. The point where each particle
track enters the nucleus is selected randomly and determines
the traversal length. The average number of lesions induced by
a given track is calculated by multiplying the corresponding
traversal length by the yield of Complex Lesions per unit
length, which is calculated as follows: CL WÌm–1 = (CL WGy–1

W

cell–1) W0.16 WLET WV–1. LET is the radiation Linear Energy
Transfer in keV/Ìm, V is the cell nucleus volume in Ìm3 and
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Fig. 1. Simple and complex exchanges (upper
and lower solid lines, respectively) involving chro-
mosome 4 following gamma-ray irradiation of hu-
man lymphocytes. The lines are model predic-
tions, the points are FISH experimental data tak-
en from Wu et al. (1997). Also reported are the
corresponding curves obtained by assuming that
fragments of any size can be scored (upper dashed
line for simple exchanges and lower dashed line
for complex exchanges).

0.16 is a factor deriving from the conversion of Joules into eVs.
Both for gamma rays and for light ions, if the cell experiences
one CL restitution is assumed, whereas if there are two or more
CLs the spatial coordinates of the lesions are compared to those
of the centres of the cubic elements constituting the various
chromosome territories, which allows identification of the hit
chromosome(s). Each CL is then assigned to one of the two
chromosome arms according to the arm genomic size. On the
basis of Lea’s breakage-and-reunion theory, chromosome free
ends with initial distance smaller than an interaction distance d
are allowed to interact pairwise and randomly, thus giving rise
to different types of chromosome exchanges. More specifically,
a free end is extracted and its coordinates are compared with
those of all other free ends. A partner for rejoining is then
extracted among those free ends that are within 1.5 Ìm with
respect to the selected free end (a partner always exists, that is
the other free end originated by the same CL). The product of
the interaction is recorded, the two interacting free ends are
eliminated, a new free end is extracted among the remaining
free ends and the process restarts. In order to reproduce as
closely as possible the experimental conditions characterising
the specific data sets chosen for comparison, fragments smaller
than a few Mb (11 Mb for FISH and 15 Mb for the counter-
staining according to Kodama et al., 1997) are usually ne-
glected in the simulations. Under these conditions, (false)
incomplete exchanges are scored in the simulations even
though completeness is assumed. Repetition of the steps de-
scribed above for a large number of cells (at least 100,000)
allows obtaining statistically significant aberration yields,
whereas repetition for different dose values provides dose-
response curves directly comparable with available experimen-
tal data.

Results and discussion

Simulated dose-response curves for different aberration
types were obtained for gamma rays, protons and alpha parti-
cles. As expected, gamma rays and low-LET protons showed
linear-quadratic dose responses, whereas the response to high-
LET alpha particles was essentially linear. Very good agree-
ment was found with various sets of Giemsa data (dicentrics
and centric rings in human lymphocytes) for all of the consid-
ered radiation types, thus providing a validation of the model
both in terms of the adopted assumptions and in terms of the
simulation techniques. Results relative to the induction of
dicentrics and centric rings by gamma rays, low-LET (5 keV/
Ìm) protons and high-LET (86 keV/Ìm) alpha particles can be
found elsewhere (Ballarini and Ottolenghi, 2003). Comparisons
could be performed down to low doses, since data were avail-
able down to 0.05 Gy. The implementation of background
aberrations was a crucial point at low LET. In fact in a previous
version of the model (Ballarini et al., 2002a), in which the back-
ground was not taken into account, the gamma-ray data below
0.1 Gy were underestimated. By contrast, no significant differ-
ence was found with the previous version in the case of high-
LET alpha particles. This is due to the observation that for
86 keV/Ìm alpha particles, even at doses of a few cGy the num-
ber of dicentrics per cell induced by radiation (e.g. 0.02 dicen-
trics/cell at 0.06 Gy) is at least one order of magnitude larger
than the background. 

The possibility of providing reliable predictions even at low
doses is of interest in the framework of radiation protection
studies, which involve different scenarios including exposure of
population and workers to radiation sources on Earth and
exposure of astronauts to space radiation, where doses of the
order of "0.01 Gy can be reached (Testard et al., 1996; Obe et
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al., 1997; George et al., 2001). Much higher doses would be
involved in possible missions to Mars (Cucinotta et al., 2001).
However, practical applications to low-dose extrapolations
need to be considered with caution. In fact the current version
of the model applies to acute irradiation that may not be the
case of particular scenarios; for example, the equivalent dose
rate in space is of the order of 1 mSv/day. The role of dose rate
is likely to be less important for high-LET radiation than for
low LET. For example, according to our model, a single 86 keV/
Ìm alpha-particle traversal induces, on average, 2.4 Complex
Lesions per cell, which have a significant probability to give rise
to a dicentric or a translocation. By contrast, a single 5 keV/Ìm
proton traversal induces, on average, only 0.07 CLs per cell,
indicating that it is extremely unlikely that a single low-LET
traversal can induce an aberration. Dose-rate effects need
therefore to be incorporated in a future version of the model in
view of specific applications.

Our previous publications (Ballarini et al., 1999; Ottolenghi
et al., 2001; Ballarini et al., 2002a; Ballarini and Ottolenghi,
2003) are mainly concerned with aberrations visible with
Giemsa staining, whereas in this paper we present a test of the
model against FISH data. The results are reported in Fig. 1,
which shows dose-response curves for simple and complex
exchanges involving chromosome 4. The lines are model pre-
dictions, whereas the points represent experimental data ob-
tained by gamma-ray irradiation of human lymphocytes in
which chromosome 4 was painted with FISH (Wu et al., 1997).
The predictions of the model are in good agreement with the
data. The data relative to simple exchanges refer to complete
patterns (scored as two bicolored chromosomes) and have to be
compared with the solid line. As mentioned above, complete
exchanges can be underestimated in experiments due to the
impossibility of detecting small fragments, which are usually
neglected in our simulations to allow direct comparisons with
experimental data. In order to quantify the effects of this limi-
tation, simulations were also run in which all fragments were
assumed to be visible; the results are represented by the two
dashed lines also reported in Fig. 1. As expected, both simple
and complex exchanges showed a significant increase (plus
"45%). 

Conclusions

The most recent version of a model and code that simulates
the induction of different chromosome aberrations by gamma
rays, protons and alpha particles was presented and discussed.
The model, previously tested against Giemsa data, showed
good agreement also with FISH data, providing further support
to the underlying assumptions. In particular, the important role
of the spatial distribution of the initial energy depositions at the
nanometre scale (“small scale clustering”, which gives rise to
clustered DNA damage) and at the micrometre scale (“large
scale clustering”, which determines the interaction probability
between different chromosome breaks) was confirmed. In view
of applications in radiation protection, simulations were run
down to low doses (of the order of 0.01 Gy) and the presence of
a background level of aberration was taken into account. When

dealing with low doses where only a few cells in the exposed
population are hit by radiation, the question may arise whether
any form of “bystander effect” can take place. This phenome-
non, consisting of damage induction in non-hit cells following
communication with irradiated cells via signalling molecules,
has been observed for different endpoints including cell killing,
oncogenic transformation, gene mutation, altered gene expres-
sion and sister chromatid exchanges; reviews can be found else-
where (Mothersill and Seymour, 2001; Ballarini et al., 2002b;
Morgan, 2003). However, up to now no evidence exists of a
significant role of bystander effect in the induction of chromo-
some aberrations. The question has recently been addressed by
Little et al. (2003), who irradiated mouse cells (both wild-type
and deficient for nonhomologous end-joining DNA repair)
with low fluences of alpha particles and scored gross chromo-
somal aberrations at the first post-irradiation metaphase. At
the lowest doses where only 2–3% of the nuclei were traversed
by an alpha particle, aberrations were induced in 36–55% of
repair deficient cells, but only in 4–9% of wild-type cells. Inter-
estingly, the authors hypothesised that bystander effects in
wild-type cells mainly result from oxidative base damage due to
increased levels of reactive oxygen species. This would explain
why only a small bystander effect was observed in wild-type
cells for chromosomal aberrations, which are generally associ-
ated with DNA strand breaks rather than base damage. These
findings provide support to the choice of not implementing
bystander effect when modelling chromosome aberration in-
duction. This choice, which is common to all models discussed
above, may need to be reconsidered when new data on bystan-
der-mediated chromosome aberrations will be available. Other
questions on chromosome aberration induction that will need
further attention in the future are the following: a) the action of
Ultrasoft X-rays and the role of the “one-hit” mechanism;
b) the transmission of aberrations to the cell progeny, which can
give rise to clonal aberrations (George et al., this issue);
c) the relationship between aberrations and cancer; d) the role
of genomic instability. As stated by R. Sachs, “there is still a lot
to learn” (Sachs et al., this issue).
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Abstract. The non-random positioning of chromosome ter-
ritories (CTs) in lymphocyte cell nuclei has raised the question
whether systematic chromosome-chromosome associations ex-
ist which have significant influence on interchange rates. In
such a case the spatial proximity of certain CTs or even of clus-
ters of CTs is expected to increase the respective exchange
yields significantly, in comparison to a random association of
CTs. In the present study we applied computer simulated
arrangements of CTs to calculate interchange frequencies be-
tween all heterologous CT pairs, assuming a uniform action of

the molecular repair machinery. For the positioning of CTs in
the virtual nuclear volume we assumed a) a statistical, and b) a
gene density-correlated arrangement. The gene density-corre-
lated arrangement regards the more experimentally observed
interior localization of gene-rich and the more peripheral posi-
tioning of gene-poor CTs. Regarding one-chromosome yields,
remarkable differences for single CTs were observed taking
into account the gene density-correlated distribution of CTs.

Copyright © 2003 S. Karger AG, Basel

The formation of interchanges between different chromo-
some territories (CTs) requires spatial proximity of two or more
broken genomic loci which have to be localized mainly at or
near CT surfaces (Cremer et al., 1996; Sachs et al., 1997; Corn-
forth et al., 2002). In this context a non-random positioning of
CTs in the nuclear volume and possibly a systematic chromo-
some-chromosome association will favor the probability by
which two CTs undergo an interchange event. To study the
influence of such proximity effects on interchange frequencies,
Cornforth et al. (2002) determined frequencies between all pos-
sible heterologous pairs of CTs with 24-color whole-chromo-
some painting after damage to interphase lymphocytes by
sparsely ionizing radiation in vitro. For lymphocyte cells,
recently a close relationship between radial positioning of CTs
in the nuclear volume and its gene densities was observed. That
means that CTs with higher gene densities, e.g. #17, 19 are
located more in the interior of the nuclear volume while CTs
with lower gene densities, e.g. #18, come closer to the periphery
(Boyle et al., 2001; Cremer et al., 2001). In the study of Corn-
forth et al. (2002), however, only a group of five chromosomes

(#1, 16, 17, 19, 22), previously observed to be preferentially
located near to the center of the nucleus (suggested by Boyle et
al., 2001), showed a statistically significant deviation of a ran-
dom CT–CT association. These findings suggest a predomi-
nantly random location of CTs with respect to each other in
interphase lymphocyte cells.

In the present contribution we applied the “Spherical 1 Mbp
Chromatin Domain (SCD)” computer model to calculate inter-
change frequencies between CTs, assuming a statistical, or a
gene density correlated distribution of CTs in a given spherical
nuclear volume. Such an approach allows theoretical predic-
tions of the effects of different radial CT arrangements on
exchange yields.

Materials and methods

Computer-simulated nuclear structures
The recent experimental findings about the large-scale interphase chro-

mosome structure (compare Cremer and Cremer, 2001) revealed a compart-
mentalization of a chromosome territory into 300- to 800-nm sized (diame-
ter) subchromosomal foci (with a mean DNA content of about F1 Mbp).
According to the “Spherical 1 Mbp Chromatin Domain (SCD)” model
(Kreth et al., 2001; Kreth et al., submitted) each chromosome is built up by a
linear chain of 500-nm sized spherical domains with a mean DNA content of
F1 Mbp which are linked together by entropic spring potentials. Different
domains interact with each other also by a weakly increasing repulsive poten-
tial. These domains represent the experimentally observed foci, and the
number is given by the respective DNA content of the chromosome. Besides
a statistical distribution of the simulated chromosome chains in a spherical
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nuclear volume (we choose here a diameter of 10 Ìm, according to the exper-
imental investigations of Cremer et al. (2001); other diameters, e.g. for small
lymphocytes, for the calculation of interchange yields have to be considered
in further simulations), we extended the SCD model to take into account the
specific positioning of gene rich and gene poor CTs in the nuclear volume.
For this purpose the CTs were inserted in the nuclear volume according to
the order of their gene densities: #19, 17, 22, 16, 20, 11, 1, 12, 15, 7, 14, 6, 9,
2, 10, 8, 5, 3, 21, X, 18, 4, 13, Y1; additionally the distance of CTs to the
nuclear center was weighted with a radial probability density function which
considers the respective gene density of a CT. In this way the gene-rich CTs
are placed closer to the middle of the nucleus and those that are gene poor
closer to the periphery (Kreth et al., submitted). The large variation in the
position of the CTs is maintained by this procedure. Beginning from a mitot-
ic-like strongly condensed start configuration of the CTs, where the 1-Mbp
domains are placed side by side, we used the Importance Sampling Monte
Carlo method to create relaxed equilibrium configurations with respect to
the potential energy.

Virtual irradiation algorithm 
On the assumption of a random distribution of double strand breaks

(DSBs) within the DNA, the probability of a break occurring within a certain
1-Mbp domain can be modeled using Poisson distribution mathematics.
This assumes that, although an ionizing radiation track may produce multi-
ple DSBs, these are distributed randomly throughout the genome. Under the
assumption that the number of DSBs induced within a nucleus increases lin-
early with dose and is proportional to the DNA content of the cell, the proba-
bility pn of an individual modeled 1-Mbp domain containing n DSBs is calcu-
lated from an adaptation of the equation of Poisson distribution (Johnston et
al., 1997):

pn = 
nn e–b

n !
(1)

Here n is the number of DSBs within an individual domain; b is the mean
number of breaks per domain for the whole nucleus and is given by:

b = D W y W q (2)

where D is the dose of radiation (Gy), q is the size of the domain in bp (here
1 W 106 bp) and y is the yield of DSBs which was adapted to y = 8.07 W 10–9 Gy–1

bp–1 to ensure a mean number of 50 DSBs per Gy per nucleus according to
experimental observations (referred in Cornforth et al., 2002). The DSBs
within the 1-Mbp domains were placed randomly. To determine an exchange
(inter-/intra-change) between two DSBs, only those 1-Mbp domains contain-
ing DSBs were regarded which were directly neighbored. According to Kreth
et al. (1998), for an exchange event in dependence of the distance d of the two
DSBs, the normalized probability function pd was assumed:

pd = � r
d
�1.4

(3)

Corresponding to the Monte Carlo process, an exchange event for such a
domain pair was counted when a random number of the unit distribution
[0;1] ^ pd. Here, r denotes the radius of a 1-Mbp domain which determines
the maximal distance by which an exchange takes place in every case. When
for a certain DSB an exchange was not counted, other directly neighbored
domains containing DSBs were tested. When this procedure failed, the DSB
will be considered as repaired. Exchanges between domains of the same chro-
mosome were counted as intrachanges and were separated from inter-
changes.

Experimental comparison
For an experimental comparison of the calculated interchange yields the

study of Cornforth et al. (2002) was applied. In this study peripheral blood
lymphocytes were exposed during the G0/G1 part of the cell cycle to radiation
doses of 2 or 4 Gy, after which the mFISH technique was used to score aber-
rations at the first subsequent metaphase. A total of nine data sets with 1,587
cells were taken. 

1 Human Genome Resources: http://www.ncbi.nlm.nik.gov/genome/guide/
human/

Results

In the simulated case for each of both assumptions about the
distribution of CTs in the nuclear volume (statistical or gene
density correlated), 50 nuclei were simulated. To get compara-
ble statistics with the experimental data of Cornforth et al.
(2002) each simulated nucleus was “irradiated” with 3 Gy (we
used a median value between 2 and 4 Gy, because the experi-
mental number of cells irradiated with 2 or 4 Gy was not
known) virtually 32 times. That means that in a model nucleus
with a given distribution of CTs, a dose of 3 Gy (F150 ran-
domly distributed DSBs) was assumed; the resulting exchanges
were determined. Then the same model nucleus was used
again, with a new set of randomly distributed DSBs, and the
resulting exchanges were calculated. For each simulated nu-
clear structure, this procedure was repeated 32 times. In the
end, an equivalent ensemble of 1,600 cells was obtained, corre-
sponding to the number of cells evaluated experimentally by
Cornforth et al. (2002).

The absolute interchange yields in percent for each heterolo-
gous autosome pair for the two simulated cases and for the
experimental case are given in Fig. 1. While the absolute values
of the simulated and the experimental interchange yields were
in the same order, in the case of a simulated gene density corre-
lated distribution of CTs, one heterologous pair showed a dif-
ference 61.5% to the experimental case (marked in black), and
25 heterologous pairs showed a difference 60.8% (marked in
gray). In the case of a statistical distribution of CTs, three heter-
ologous pairs revealed a difference 61.5% and 22 pairs
60.8%. On the basis of these absolute interchange yields, an
unequivocal conclusion about a better agreement of one of the
two simulated yields with the experimental yield cannot be
made. In the case of the gene density-correlated distribution
however the more interior localization of gene rich CTs like 16,
17 and 19 resulted directly in higher exchange rates between
these CTs, which was confirmed partially also in the experi-
mental case. 

According to Cornforth et al. (2002), in Fig. 2 we therefore
plotted the one-chromosome yields which are derived from
Fig. 1 by summing over all interchange yields involving each
given chromosome. To visualize differences between the exper-
imental and the simulated gene density-correlated yields to the
simulated statistical yields (which describe a random chromo-
some-chromosome association), all rates were normalized to
1,000 (error bars were determined by Poisson statistics). The
one chromosome-yields for CTs #10–22 for the experimental
and the simulated gene density-correlated data are in quite
good agreement. An exception is the yield for CT #19 which is
underrepresented in the experimental case. A possible explana-
tion would be the experimental observation that many cells
with a CT #19 (the gene-richest chromosome of the human
genome) translocation die. These events are not regarded in the
evaluation process (personal communication Karin Greulich-
Bode). The largest difference between the experimental and the
simulated gene density-correlated yield resulted from chromo-
some #1: in the case of the simulated gene density-correlated
distribution the yield was considerably higher than the experi-
mentally observed yield for this chromosome. It may be noted
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Fig. 1. Absolute interchange yields in percent
for each heterologous autosome pair for the both
simulated (statistical (C) and gene density corre-
lated distribution (B) of CTs according to the SCD
model) and the experimental case (A) (irradiated
peripheral blood lymphocytes; adapted from
Cornforth et al., 2002). For the two simulated
cases (B, C) an absolute difference of 1.5% or
more to the experimental case (A) was marked in
black and a difference of 0.8% or more in gray.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1

2 1.26

3 1.07 1.5

4 1.51 1 0.7

5 1.01 1.3 1 0.7

6 0.82 1.1 1.2 0.6 0.63

7 1.01 0.4 0.8 0.8 0.88 0.38

8 0.69 0.8 0.8 0.6 0.63 0.76 0.5

9 0.88 0.7 0.9 0.9 0.63 1.01 0.5 0.4

10 1.01 0.6 0.6 0.8 0.76 0.82 0.44 0.4 0.6

11 0.63 1.1 0.7 0.4 1.01 0.38 0.82 0.7 1 0.4

12 0.38 1.1 0.8 0.7 0.88 1.01 0.82 0.3 0.3 0.6 0.8

13 0.13 0.6 0.8 0.8 0.88 0.57 0.25 0.8 0.8 0.4 0.1 0.38

14 0.44 0.3 0.6 0.8 0.5 0.69 0.63 0.6 0.9 0.4 0.4 0.5 0.7

15 0.69 1.1 0.3 0.5 0.82 0.57 0.25 0.5 0.6 0.4 0.6 0.25 0.3 0.63

16 0.57 0.4 0.6 0.8 0.32 0.44 0.5 0.3 0.6 0.4 0.5 0.32 0.3 0.32 0.69

17 0.82 0.6 0.5 0.7 0.63 0.13 0.57 0.4 0.6 0.4 0.6 0.38 0.3 0.25 0.5 0.6

18 0.32 0.2 0.4 0.3 0.25 0.38 0.44 0.4 0.7 0.4 0.3 0.13 0.5 0.57 0.13 0.5 0.3

19 0.5 0.3 0.6 0.3 0.25 0.44 0.25 0.1 0.2 0.2 0.4 0.44 0.2 0.06 0.25 0.6 0.1 0.1

20 0.57 0.4 0.4 0.5 0.38 0.25 0.57 0.4 0.2 0.4 0.4 0.38 0.3 0.19 0.32 0.7 0.3 0.4 0.2

21 0.5 0.4 0.5 0.4 0.32 0.19 0.25 0.1 0.2 0.3 0.2 0.13 0.2 0.5 0.32 0.4 0.3 0.2 0 0.2

22 0.95 0.7 0.4 0.2 0.13 0.32 0.06 0.2 0.2 0.1 0.4 0.25 0.4 0.38 0.13 0.4 0.4 0 0.2 0.1 0.1

A 

C 

B 

Experiment (Cornforth et al. 2002, 1587 cells) 

Simulation (gene density correlated, 1600 cells) 

Simulation (statistical, 1600 cells) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1

2 3.69

3 2.56 1.6

4 1.69 1.6 0.9

5 2.13 0.9 0.8 1

6 1.31 1.3 1.2 1.6 1.13

7 1 1.3 1.5 1.5 0.94 1.06

8 2.19 1.6 0.5 1.1 0.94 2 0.75

9 1.44 1.2 1.8 0.6 1.19 0.63 0.88 0.5

10 2.06 0.5 0.5 0.9 1.06 0.44 1.25 0.9 0.8

11 1.31 1.3 1.4 1.4 1.06 1 0.63 0.9 0.9 1.6

12 0.19 1.9 1 1.7 1.06 1.5 0.88 0.7 1.6 0.9 0.4

13 1.19 1.3 0.5 0.3 0.63 0.75 1 0.4 1.2 0.8 0.8 1.19

14 0.56 1.3 1.1 1.1 1 0.5 0.69 1.2 0.8 0.7 0.9 0.56 1.1

15 1.19 1.1 0.7 1.4 0.94 0.94 0.38 1.1 0.9 0.7 0.6 0.25 0.6 0.38

16 1.38 1.3 0.8 0.4 1 1.19 0.81 0.6 0.5 0.8 0.6 0.44 0.3 0.44 0.56

17 1.75 1.3 0.3 0.5 0.69 0.63 0.94 0.6 0.3 0.4 1.2 0.63 0.2 0.56 0.19 0.8

18 1.69 0.5 0.3 0.8 0.69 0.13 1 0.4 0.6 0.6 0.5 0.5 0.8 0.56 0.31 0.3 0.1

19 1 0.6 0.9 0.3 0.63 0.31 0.44 0.3 0.3 0.4 1 0.31 0.1 0.13 0.31 1.6 1.3 0.3

20 0.75 0.8 0.7 0.6 0.69 0.94 1 0.6 0.3 0.3 0.6 0.44 0.3 0.31 0.44 0.6 0.8 0.2 0.4

21 0.56 0.6 0.4 0.4 0.13 0.88 0.31 0.4 0.6 0.4 0.5 0.31 0.4 0.31 0.19 0 0.2 0.2 0 0.3

22 0.38 0.6 0.4 0.3 0.19 0.38 0.63 0.5 0.9 0.4 0.8 0.63 0.3 0.19 0.31 0.6 0.6 0.1 0.6 0.4 0.3

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

1

2 2.25

3 2.63 1.4

4 1.19 1.3 1.5

5 1.56 2.2 1.1 1.5

6 1.88 1.1 1.3 1.8 0.94

7 1.75 1.8 1.1 0.6 1.31 1.13

8 1.25 1.2 1.8 0.6 0.88 1.13 0.81

9 1.25 1.2 1.3 0.5 0.81 1.06 1.56 0.8

10 0.88 1.3 1.2 1.8 1.44 1.38 0.94 1.1 1.1

11 1.38 1 1.1 2.2 0.44 1.06 0.94 0.6 0.9 1.1

12 1.38 1.6 1.3 0.8 1.25 0.56 0.81 0.5 1.2 0.6 1

13 1.63 1.1 0.9 0.7 0.88 0.69 1 0.6 0.6 0.8 1.1 0.44

14 1.5 1.9 1.4 1.1 0.63 0.5 0.63 0.6 0.7 0.3 0.6 0.81 0.5

15 1.38 1.3 0.4 0.9 0.75 1 0.75 0.6 1.2 0.8 1.1 0.19 0.8 0.56

16 0.88 0.8 1.1 0.7 0.38 0.69 1 0.3 0.4 1.1 0.4 0.63 0.4 0.38 0.31

17 0.56 0.8 0.4 0.8 0.56 0.69 0.44 0.3 0.9 0.9 0.6 0.44 0.4 0.31 0.63 0.6

18 0.56 1.3 0.9 0.6 1.06 0.5 0.19 0.4 0.6 0.6 0.7 0.44 0.4 0.5 0.19 0.4 0.5

19 0.63 0.4 0.7 0.3 0.5 0.94 0.75 0.3 0.6 0.6 0.5 0.38 0.1 0.63 0.19 0.3 0.3 0.6

20 0.88 0.4 0.8 0.6 0.63 0.5 0.63 0.8 0.6 0.6 0.2 0.19 0.6 0.44 0.44 0.3 0.3 0.1 0.1

21 1.06 0.3 0.4 0.3 0.56 0.56 0.63 0.6 0.3 0.9 0.1 0.38 0.2 0.56 0.31 0.5 0.2 0.4 0.4 0.4

22 0.88 0.9 0.3 1.3 0.63 0.5 0.63 0.5 0.2 0.3 0.3 0.25 0.2 0.06 0.44 0.1 0.2 0.1 0.3 0 0.1

Absolute interchange yields in % 
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Fig. 2. Relative (the plotted yields were nor-
malized to 1,000) one-chromosome yields for the
two simulated and the experimental case. The
simulated statistical case can be considered as a
representation for a random chromosome-chro-
mosome association. Error bars were taken from
Poisson statistics.
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Fig. 3. Relative one-chromosome yields for both simulated cases were plotted versus the DNA content (in this graph a simu-
lated ensemble of 50,000 cells was applied for each case). Potential fitting curves revealed the expected dependency of: yield F
(DNA content)2/3.
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that both (experimental and simulated gene density-correlated)
yields revealed differences for single chromosomes in compari-
son to random chromosome-chromosome associations (repre-
sented by the simulated statistical distribution). To assure that
this behavior is not an effect of insufficient statistics, in Fig. 3
the relative one-chromosome yields were calculated for both
simulated CT distribution cases for 50,000 cells (each of the 50
simulated nuclei was irradiated virtually 1,000 times). Accord-
ing to previous studies (Cremer et al., 1996; Kreth et al., 1998),
the dependency of one-chromosome yield and DNA content
follows the relation: yield F (DNA content)2/3. While in the
case of the simulated statistical distribution of CTs all data
points were close to the potential fitting curve, for the gene den-
sity correlated distribution remarkable differences for single
CTs were obtained.

Discussion

In the present contribution we tested the effect of a non-
random (gene density-correlated) simulated CT distribution in
the nuclear volume on interchange yields. The comparison with
an experimentally obtained interchange yield revealed that
these one-chromosome yields showed for single CTs remark-
able differences to a random chromosome-chromosome asso-
ciation (given by a simulated statistical distribution of CTs in
the nuclear volume). For CTs #10–22 the agreement between
experimental and simulated gene density-correlated yields was
quite good; an exception is CT#19 which is underrepresented
in the experimental case. We can conclude that the simulations
confirm the influence of proximity effects on interchange
yields. To enhance such comparisons a) the ensemble of simu-
lated nuclei has to be increased to be sure that the observed
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deviations are not the result of the multiple virtual radiation of
single simulated nuclei; this can have a significant influence on
the calculated yields. b) The experimental observations were
made in the subsequent metaphase. That means that aberra-
tions, e.g. translocations with chromosome #19, or most com-
plex aberrations may lead to cell death and will cause an under-
estimation of certain CT yields. A direct analysis in interphase
nuclei with mFISH techniques after irradiation might be useful
in further experimental investigations. 
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Abstract. Human peripheral lymphocytes were exposed to
137Cs Á-rays (0–4.3 Gy) in order to check the impact of unstable
cells on the dose-response curve for translocations. Chromo-
somes 2, 4 and 8 were FISH-painted. 17,720 first dividing cells
were analysed. For the discrimination between stable and
unstable cells the painted and the counter-stained chromo-
somes were analysed at doses of 1 Gy and higher. The cell dis-
tribution of translocations follows a Poisson distribution. The
data were fitted to the linear-quadratic function, y = c + ·D +

ßD2. As expected, the · coefficients of the dose-response curves
for translocations in stable cells or in total cells do not differ.
However, at doses 11 Gy, the frequency of all translocations in
stable cells seems to be lower than the frequency in total cells.
For the establishment of calibration curves for past dose assess-
ment purposes, only complete translocations should be scored,
in order to estimate reliable doses.

Copyright © 2003 S. Karger AG, Basel

FISH-detected translocations have been proposed as bio-
markers especially for chronic and former radiation exposures,
since it was assumed that this exchange aberration will persist
for years in peripheral lymphocytes (Lucas et al., 1992). There-
fore, for biological dosimetry purposes dose-response curves
have been established for this aberration type where only the
painted chromosomes were in the focus of the observer. It was
argued that this scoring procedure is a fast method, because
only three painted chromosome pairs have to be taken into
account instead of 46 chromosomes after Giemsa staining, and
a reliable method, because lymphocytes containing transloca-
tions will be substituted by stem cell-derived lymphocytes con-
taining translocations. For radiation victims it was shown,
however, that the translocation frequency in peripheral blood
decreases with post-exposure time (Lindholm et al., 2002),

especially when the victims received doses 11 Gy (Natarajan et
al., 1998). From these in vivo results the conclusion was drawn
that translocations occurring together with aberrations such as
dicentric chromosomes, resulting in unstable cells, may be
eliminated from peripheral blood. On the other hand, it was
shown that the yield of translocations will not be reduced after
whole-body exposure if the distributions of translocations and
dicentrics are independent (Guerrero-Carbajal et al., 1998). 

To investigate the impact of unstable cells on the dose-
response curves, we have, therefore, carried out in vitro experi-
ments with 137Cs Á-irradiated lymphocytes and discriminated
stable and unstable cells. The results show that for retrospective
biological dosimetry purposes the evaluation of complete (re-
ciprocal) translocations in total cells, in stable cells, or exclu-
sively as apparently simple translocations, can be used for the
establishment of a calibration curve. 

Materials and methods

Radiation exposure
Human peripheral blood was drawn from one healthy male donor (49

years) into heparinized syringes and immediately divided into aliquots of
2 ml and incubated at 37 °C. The aliquots were irradiated at the GSF
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Table 1. Radiation-induced chromosome aberrations in the FISH-painted chromosomes and in the chromosomes of the whole
genome (chromosomes 2, 4 and 8 were painted)

Painted aberrationsa Dose 
(Gy) 

Scored 
cells 

Genome 
equivalent 
cells 

dic in whole 
genomea 

dic tc ti tc + ti 

dic in whole 
genome/100 cells 
± SE 

dic/100 cells ± SE 
(genome equivalent) 

tc + ti/100 cells ± SE 
(genome equivalent) 

0 3520 1211 – 0 6 1 7 –  0 0.58 ± 0.22 
0.11 3362 1157 – 4 9 3 12 –  0.35 ± 0.17 1.04 ± 0.32 
0.22 3061 1053 – 12 15 5 20 –  1.14 ± 0.35 1.90 ± 0.44 
0.43 3047 1048 – 20 25 5 30 –  1.91 ± 0.43 2.86 ± 0.54 
0.65 2431 836 – 23 26 11 37 –  2.75 ± 0.57 4.42 ± 0.74 
1.08 1113 383 132 59 27 19 46 11.86 ± 1.06 15.41 ± 1.99 12.01 ± 1.74 
2.15 437 150 163 49 35 22 57 37.30 ± 2.90 32.60 ± 4.69 37.92 ± 5.05 
3.25 419 144 302 98 79 54 133 72.08 ± 4.10 67.99 ± 6.70 92.27 ± 8.24 
4.33 330 114 421 166 95 91 186 127.58 ± 6.08 146.23 ± 11.85  163.85 ± 11.68 

a dic: dicentric chromosome; tc: complete translocation; ti: incomplete translocation; SE: standard error.  

Research Centre for Environment and Health (Neuherberg) with a 137Cs Á-
ray source (0.662 MeV, dose rate 0.4 Gy/min, at 37 °C). The whole blood
samples were irradiated with doses of 0.11, 0.22, 0.43, 0.65, 1.08, 2.15, 3.25
and 4.33 Gy. One unexposed sample served as control. After irradiation the
samples were incubated for 3 h at 37 °C before culture initiation. 

Cultivation of human lymphocytes
The culture technique was fully described earlier (Stephan and Pressl,

1997). In brief, cultures were set up with 0.5 ml whole blood in 5 ml RPMI
1640 medium supplemented with 10 % fetal calf serum, 2 mM glutamine,
2% PHA, 10 mM 5-bromodeoxyuridine (BrdU) and penicillin/streptomycin
(40 U/ml and 40 Ìg/ml, respectively). The cultures were incubated for 46 h at
37 °C. For the last 3 h of culture time, cells were treated with 0.1 Ìg/ml
colcemid. The hypotonic treatment of cells was carried out with 75 mM KCl.
Cells were then fixed in methanol:acetic acid (3:1) three times and the sus-
pension was stored in the freezer (–18 ° C). Chromosome preparations were
prepared shortly before the FISH painting.

Fluorescence in situ hybridization (FISH) 
The freshly prepared slides were treated with bisbenzimide and black-

light to receive a differential sister chromatid staining (Kulka et al., 1995).
After that the FISH method was carried out according to a modification of
our standard procedures (Stephan and Pressl, 1997). A cocktail of directly
labelled DNA probes (MetaSystems, XCP mix) for chromosome 2 (fluoresce-
in isothiocyanate, FITC), 4 (Texas Red, TR) and 8 (FITC and TR) was used.
The target DNA was denatured at 70 °C in 70% formamide, 2× SSC (pH =
7.0) and dehydrated in ethanol (70, 90 and 100%) before and after the dena-
turation. The denatured DNA probes were applied to the slides and hybrid-
ised overnight at 37 °C protected by a sealed coverslip. Subsequently, the
slides were washed shortly in 2× SCC. Coverslips were applied with antifade
mountant containing 4,6-diamidino-2-phenylindole (DAPI) for counter-
staining. 

Aberration scoring
Only complete first division metaphases were analysed. All cells with a

painted chromosome involved in some rearrangement were digitised using
the ISIS software (MetaSystems). The aberrations were described according
to the PAINT (Tucker et al., 1995) and S&S (Savage and Simpson, 1994)
nomenclature. Translocations were classified as complete (tc) when all
painted material was rejoined, resulting in two monocentric bicoloured chro-
mosomes [t(Ab) + t(Ba)], and as incomplete (ti) when only one monocentric
bicoloured chromosome was seen. For statistical analysis complete and
incomplete translocations were used. 

At doses !1 Gy most aberrant cells can be expected to have only one
exchange aberration and the number of unstable cells should be very low.
Therefore, in these samples the whole genome was analysed only when the
painted chromosomes were involved in translocations in order to be able to
classify them as stable or unstable. At doses 61 Gy in each cell the whole
genome was analysed. The classification of stable cells Cs and unstable cells

Cu was done in accordance with Buckton and Pike (1964). Cells with transmis-
sible monocentric aberrations like symmetrical translocations, insertions or
inversions are regarded as stable cells. Cells with acentrics, polycentric aberra-
tions or rings (painted or unpainted chromosomes involved) are counted as
unstable cells, even when translocations are included. Complex cells are
defined as cells with complex exchanges resulting from 63 breaks in 62 chro-
mosomes. These exchanges were reduced to simple aberration patterns, for
example: if there was within one cell a dicentric [dic(AB)] associated with a
fragment [ace(a)] and a translocation [t(Ab)], it was recorded as incomplete
dicentric and incomplete translocation. All translocations which were not
involved in visible complex exchanges were regarded as apparently simple.

The FISH-painted chromosomes 2 (green), 4 (red) and 8 (yellow) cover
19 % of the genome (Morton, 1991). The observed aberration frequency (FP)
for the applied three colour painting represents 0.344 of the calculated whole
genome equivalent (FG) according to the equation: 

Fp = 2.05 �™
i

fi (1 – fi) – ™
i ! j

fi fj)� FG (Lucas, 1997)

where fi and fj are the fractions of the genome covered by the green-, red- or
yellow-painting probes. When an exchange aberration appeared between two
different colours of the painted chromosomes, it was counted as a single
event. An aberration was not counted when it occurred as mono-coloured
within one labelled pair of chromosomes. 

The distribution of translocations among the cells was tested for Poisson
by Papworth’s “u” test (Papworth, 1970), which is significant when u exceeds
the magnitude of 1.96.

Results and discussion

In order to investigate the influence of unstable cells on the
137Cs Á-ray dose-response curves for translocations, a total of
17,720 exclusively first mitoses were analysed (Table 1). 

The yield of translocations in the control sample (2.0 B 0.8/
1,000 cells) was found to be similar to our control group (2.8 B
0.5/1,000 cells) for the age group of 40–49 years (Pressl et al.,
1999). 

At doses of 61 Gy, 1,018 dicentric chromosomes in total
were observed, including 372 painted dicentrics. The ratio of
painted to whole genome dicentrics is 0.37 B 0.05 which corre-
sponds to the calculated detection efficiency of FP/FG = 0.344
for chromosomes 2, 4 and 8. There is also good agreement with
the Lucas formula (Lucas, 1997) when the yield of the observed
painted dicentric chromosomes is converted into the genome
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Fig. 1. Dose-response curves for translocations (tc + ti) and dicentrics after 137Cs Á-irradiation (0.66 MeV, 0.4 Gy/min) of
human lymphocytes.

equivalent and compared with the observed dicentric frequen-
cy in the whole genome (Table 1, Fig. 1).

The ratio of totally observed translocations (tc + ti) to the
painted dicentric chromosomes (dic) (Table 1) is 1.23 B 0.07
(528 tc + ti/431 dic). When the control level of translocations is
taken into account, the corrected ratio drops to about 1.14 B
0.07 (493 tc + ti /431 dic). These values are in agreement with
the theoretically expected higher yield of translocations with a
ratio of 1.1 to dicentric chromosomes (Lucas et al., 1996). 

According to the scoring protocol, the number of unstable
cells in the samples exposed to doses !1 Gy must be higher than
the observed numbers, since aberrations in the counter-stained
chromosomes, which cause unstable cells, were only recorded
when painted chromosomes were involved in translocations.
For example, the observed proportion of unstable cells is 1.8%
at a dose of 0.65 Gy, and on the basis of the labelled fraction of
the genome, the estimated proportion of unstable cells in total
is about 5%. Since the unstable cells which were not scored con-
tain no translocation, they would have only influenced the total
number of cells (2,431 – 125 = 2,306 cells). In consequence the
translocation yield will increase only slightly (observed yield:
1.38, corrected yield: 1.43 translocations per 100 cells) which is
within the given error bars (Table 3). In the samples with doses
!0.65 Gy, the proportion of not recorded unstable cells is !1%.
Due to this small influence on translocation frequency, the
scoring procedure used seems to be justified. 

Within the 142 observed complex cells only three cells are
classified as stable cells. The proportion of complex cells is low
in comparison with unstable cells. While the percentage of
complex cells increased between 1.1 and 4.3 Gy from 1 to 23%,
the number of unstable cells increased from 17 to 89% (Ta-
ble 2).

Table 2. Frequency of unstable and complex cells in dependence of dose

Dose (Gy) Scored cells Unstable cells (%) Complex cells (%) 

0 3520 2 (0.1) 0 (0) 
0.11 3362 11 (0.3) 1 (0) 
0.22 3061 22 (0.7) 2 (0.1) 
0.43 3047 41 (1.3) 3 (0.1) 
0.65 2431 43 (1.8) 2 (0.1) 
1.08 1113 192 (17.3) 8 (0.7) 
2.15 437 190 (43.5) 11 (2.5) 
3.25 419 301 (71.8) 40 (9.5) 
4.33 330 292 (88.5) 75 (22.7) 

The yields of all translocations (tc + ti) observed in all scored
cells and in stable cells and the yield of apparently simple trans-
locations in total cells are given in Table 3. The yields of com-
plete translocations (tc) are shown in Table 4. In addition to the
translocation frequencies, the intracellular distribution of
translocations was calculated. The distribution of complete
translocations (tc) follows a Poisson distribution (Û2/y = 1, u !
B1.96) and for all translocations (tc + ti) this is seen in most
samples (Tables 3, 4). At higher doses the yields of all transloca-
tions in stable cells tend to be lower in comparison with the
yields in total cells. But if the complex exchanges are ignored,
the yields of translocations in stable cells become similar to the
yields of apparently simple translocations in total cells. Regard-
ing the yield of complete translocations, there is not such an
effect of complex cells, and the yield of the complete transloca-
tions in stable cells seems to be the same as in total cells (Ta-
ble 4). 



Cytogenet Genome Res 104:162–167 (2004) 165

Table 3. Yield of complete (tc) and incomplete (ti) translocations in all observed cells and in stable cells

Distribution of tc + ti 
in total cells 

Distribution of tc + ti  
in stable cells 

Dose 
(Gy) 

0 1 2 3 

2/y u tc + ti ± SE per 
100 total cells 

tc + ti ± SE  
(apparently simple) 
per 100 total cells 

0 1 2 

2/y u tc + ti ± SE  per 
100 stable cells 

0 3513 7   1.00 ± 0.02 –0.08 0.20 ± 0.08 0.20 ± 0.08 3512 6  1.00 ± 0.02 –0.07 0.17 ± 0.07 
0.11 3351 10 1  1.16 ± 0.02 7.00 0.36 ± 0.11 0.30 ± 0.09 3342 9  1.00 ± 0.02 –0.10 0.27 ± 0.09 
0.22 3042 18 1  1.09 ± 0.02 3.77 0.65 ± 0.15 0.62 ± 0.15 3023 15 1 1.11 ± 0.02 4.52 0.56 ± 0.14 
0.43 3018 28 1  1.06 ± 0.03 2.27 0.98 ± 0.18 0.95 ± 0.18 2982 24  0.99 ± 0.02 –0.30 0.80 ± 0.16 
0.65 2395 35 1  1.04 ± 0.03 1.39 1.52 ± 0.26 1.40 ± 0.24 2355 33  0.99 ± 0.03 –0.47 1.38 ± 0.24 
1.08 1067 46   0.96 ± 0.04 –0.96 4.13 ± 0.60 3.50 ± 0.55 886 35  0.96 ± 0.05 –0.80 3.80 ± 0.63 
2.15 384 49 4  1.01 ± 0.07 0.18 13.04 ± 1.74 10.53 ± 1.51 225 21 1 1.00 ± 0.09 –0.02 9.31 ± 1.94 
3.25 311 83 25  1.06 ± 0.07 0.89 31.74 ± 2.84 23.39 ± 2.59 92 25 1 0.85 ± 0.13 –1.15 22.88 ± 4.07 
4.33 186 107 32 5 0.94 ± 0.08 –0.71 56.36 ± 4.02 36.36 ± 3.65 26 9 3 1.03 ± 0.22 0.14 39.47 ± 10.36 

Table 4. Yield of complete (tc) translocations in all observed cells and in stable cells

Distribution of tc 
in total cells 

Distribution of tc  
in stable cells 

Dose 
(Gy) 

0 1 2 3 

2/y u tc ± SE  
per 100  
total cells 

tc ± SE  
(apparently simple) 
per 100 total cells 

0 1 2 

2/y u tc ± SE  
per 100  
stable cells 

0 3514 6   1.00 ± 0.02 –0.07 0.17 ± 0.07 0.17 ± 0.07 3512 6  1.00 ± 0.02 –0.07 0.17 ± 0.07 
0.11 3354 7 1  1.22 ± 0.02 –0.08 0.27 ± 0.10 0.21 ± 0.08 3344 7  1.00 ± 0.02 –0.08 0.21 ± 0.08 
0.22 3046 15   1.00 ± 0.02 –0.19 0.49 ± 0.13 0.49 ± 0.13 3025 14  1.00 ± 0.02 –0.17 0.46 ± 0.12 
0.43 3022 25   0.99 ± 0.03 –0.31 0.82 ± 0.16 0.82 ± 0.16 2986 20  0.99 ± 0.03 –0.25 0.67 ± 0.15 
0.65 2405 26   0.99 ± 0.03 –0.37 1.07 ± 0.21 1.07 ± 0.21 2362 26  0.99 ± 0.03 –0.37 1.09 ± 0.21 
1.08 1086 27   0.98 ± 0.04 –0.56 2.43 ± 0.46 2.43 ± 0.46 898 23  0.98 ± 0.05 –0.52 2.50 ± 0.51 
2.15 403 33 1  0.98 ± 0.07 –0.31 8.01 ± 1.34 7.55 ± 1.27 231 15 1 1.05 ± 0.09 0.61 6.88 ± 1.71 
3.25 346 67 6  0.97 ± 0.07 –0.50 18.85 ± 2.08 15.99 ± 1.86 96 21 1 0.90 ± 0.13 –0.78 19.49 ± 3.85 
4.33 250 66 13 1 1.05 ± 0.08 0.67 28.79 ± 3.03 25.45 ± 2.98 32 4 2 1.32 ± 0.22 1.49 21.05 ± 8.57 

σ σ

Table 5.  Values of the coefficients · and ß
for translocations in the equation y = c + ·D +
ßD2 (FG values, genome equivalent)

Translocation 
type 

Cell type c ± SE  10–2  ± SE 
Gy–1  10–2 

 ± SE 
Gy–2  10–2 

2
 DF 

tc+ti total cells 0.72 ± 0.21 1.52 ± 1.08 8.09 ± 0.61 3.14 6 
tc total cells 0.55 ± 0.18 2.00 ± 0.90 4.12 ± 0.47 2.10 6 
tc+ti stable cells 0.51 ± 0.18 2.46 ± 1.10 5.37 ± 0.92 2.55 6 
tc stable cells 0.49 ± 0.17 1.84 ± 1.00 3.90 ± 0.83 2.51 6 
dic total cells  2.19 ± 2.16 6.73 ± 1.56 1.99 6 

The data from Tables 3 and 4 have been fitted to the linear-
quadratic equation Y = c + ·D + ßD2 by an iteratively weighted
(reciprocal sample mean variance n/Û2) least-squares approxi-
mation. The parameters of the dose-response relationships are
given in Table 5 as whole genomic aberration frequencies. 

With respect to the involved uncertainties, the · coefficients
are very similar for all aberrations investigated, because they
are barely influenced by heavily damaged cells or cells with
complex exchanges. The · term for translocations (tc + ti)
observed here is 0.015 B 0.008 (corrected for full genome) and
is therefore within the range of 0.008–0.030, described in litera-
ture for Á-rays (see below). The ß coefficient for translocations
is 1.2 times higher than that for the dicentric chromosomes. 

The dose-response curve for all apparently simple transloca-
tions in stable cells is similar to the curve for translocations in

total cells without complex cells or apparently simple transloca-
tions in total cells (not shown). Concerning the dose relation-
ship of complete translocations, there is no difference for the
coefficients of stable and total cells. 

In the literature, several dose-effect curves for transloca-
tions after exposure to 60Co-Á or 137Cs-Á rays from different lab-
oratories are available (Bauchinger et al., 1993; Tucker et al.,
1993; Lucas et al., 1995, 1997; Lindholm et al., 1998; Matsu-
moto et al., 1998; Finnon et al., 1999; Hsieh et al., 1999). A
direct comparison of the results is not possible due to several
differences in irradiation conditions and scoring criteria. Nev-
ertheless, it is obvious that the calculated dose-response curve
for all translocations in this study is relatively high concerning
the ß term, which may be due to the number of complex cells
included. It is known that the detection of cells with complex
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Fig. 2. Dose-response curves for translocations (tc + ti) in total or stable cells and for apparently simple translocations in total
cells.

aberrations depends on the different patterns of staining (Tuck-
er et al., 1995), and some cells with apparently simple translo-
cations or without any FISH aberrations are not identified as
complex cells. With three different colours the involvement of
the three labelled chromosomes in complex exchanges is easier
to detect than with one colour, and furthermore aberrations
between the painted chromosomes can be detected. A possible
reason for the higher ß coefficient may be the inclusion of com-
plex cells which often contain several apparently simple ex-
changes in addition to the complex aberration. When the com-
plex cells are excluded from total cells, the ß coefficient of dose-
response curve declines to 0.053 B 0.003 which is close to oth-
er curves for Á-rays in the literature (mentioned above). 

As far as we know, there are, until now, only two publica-
tions where the yield of translocations in stable cells after Á-ray
exposure is described (Bauchinger et al., 1993; Finnon et al.,
1999). In contrast to the results given in this paper for all trans-
locations there was no difference between total or stable cells
(Bauchinger et al., 1993) or only a slight but not significant
decrease at doses of 3 and 4 Gy (Finnon et al., 1999). In con-
trast to these results, the observed yield for translocations (tc +
ti) in stable cells is lower in comparison with total cells, but
becomes identical when apparently simple translocations are
regarded or complex cells are excluded (Tables 3 and 4). A pos-
sible reason for these diverging results may be due to different
selection of scorable cells, pronounced by differences in the
number of colours and the use of computerised image enhance-
ment. The yield of complete translocations agrees with the pub-
lished data (Finnon et al., 1999), and there was no difference
between stable cells and total cells.

According to the presented data, the following conclusions
on retrospective biological dosimetry can be drawn. Many

years after exposure probably most unstable cells will have been
removed from peripheral blood as is well known from dicentric
chromosomes. It is assumed that this is also true for complex
cells which are damaged to a greater extent. Lymphocytes
derived from irradiated stem cells should carry only aberra-
tions of the stable type. The results of Fig. 2 (Table 3) indicate
that the translocation yield (tc + ti) obtained after in vitro irra-
diation is influenced by unstable and complex cells at higher
doses. For dose estimations this influence has to be taken into
account to receive more reliable estimates about the initial
doses. In this in vitro investigation the observed yields do not
change only for complete translocations (independently if they
were related to total cells or stable cells or if only apparently
simple translocations were recorded) (Table 4). The dose-
response curves for complete translocations are identical (Ta-
ble 5). Therefore, for retrospective dose estimations only com-
plete translocations should be used, particularly after exposures
to acute doses higher than 1 Gy. 
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Abstract. The purpose of the present work was to determine
if the described reduction in the frequency of radiation-
induced chromosome aberrations by DMSO is homogeneous
within different human chromosomes. Blood samples were
irradiated with 4 Gy of X-rays in absence and presence of 0.5 M
DMSO. FISH painting was carried out independently for
human chromosomes 1, 2, 3, 4, 7, 11 and 12. The observed
frequencies of apparently simple translocations and dicentrics
for all these chromosomes, showed a homogeneous reduction

when the irradiation was done in the presence of DMSO. More-
over, a better fit between the observed and expected frequen-
cies was obtained when (DNA content)2/3 was used to calculate
the expected frequencies, instead of just the DNA content. This
result supports the idea that for exchange type aberrations, a
better adjustment is obtained when the surface area of spherical
chromosome territories is considered.

Copyright © 2003 S. Karger AG, Basel

Ionising radiation induces lesions in DNA, directly and
indirectly, through the products of radiolysis of water, especial-
ly the OH radical. The direct or indirect effects are related to
the degree of binding of water molecules to DNA (Ward, 1991).
The effects induced by OH radicals originating from tightly
bound water molecules associated with DNA, are considered as
direct effects. It has been estimated that about 70% of strand
breaks are induced indirectly (Roots and Okada, 1972).

Molecules capable of scavenging water radicals act as radio-
protectors, and reduce DNA lesions. Several studies have
pointed out the efficiency of dimethylsulfoxide (DMSO) as an

effective radioprotector by its ability to scavenge OH radicals.
The protection does not increase at concentrations above 1 M
(Chapman et al., 1975). This saturation allows us to define the
indirect and direct effects as scavengeable or non-scavengeable,
respectively (Ward, 1991).

The conformation of chromosome territories in interphase
nuclei could influence the sensitivity of individual chromo-
somes to ionising radiation. Fluorescence in situ hybridisation
allows us to study the involvement of each human chromosome
in radiation-induced aberrations. Whereas some studies sup-
port a DNA content proportionality (Matsukoa et al., 1994;
Gebhart et al., 1996), other studies have pointed out that some
other factors like the chromosome gene content could also be
relevant (Natarajan et al., 1996; Surralles et al., 1997; Puerto et
al., 2001). In a previous study by Cigarran et al. (1998), the
different involvement of human chromosomes in radiation-
induced aberrations showed a better correlation when the sur-
face area of spherical territories of each chromosome in the
interphase nuclei was considered.

The aim of the present study is to assess if the expected
reduction in the radiation-induced chromosome aberrations by
the radical scavenger DMSO, depends on DNA content, or on
the territories occupied by different human chromosomes in
the cell nucleus.
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Materials and methods

Irradiation and culture conditions
Peripheral blood samples from a healthy male donor with no history of

exposure to clastogenic agents, was obtained by venipuncture and collected
in heparinized tubes. DMSO was added to samples five min before irradia-
tion. Samples with or without 0.5 and 1 M of DMSO were irradiated with
4 Gy, using an X-ray source, with a beam quality corresponding to a half-
value layer of 1.43 mm Cu (180 kV, 9 mA and 0.5 mm Cu filtration). The
dose-rate was 0.27 Gy/min. IAEA recommendations were followed for the
irradiation (IAEA, 2001).

A preliminary study to determine the most appropriate concentration of
DMSO to be used in the FISH approach was carried out by the analysis of
dicentrics in metaphases stained with Giemsa.

After irradiation, lymphocytes were isolated in a Ficoll gradient and cul-
tured for 48 h in RPMI 1640 medium supplemented with 20% fetal calf
serum, antibiotics and phytohaemagglutinin. Colcemid was added 2 h before
harvest. To determine the proportion of first and second-division meta-
phases, 12 Ìg/ml of bromodeoxyuridine (BrdU) was added to the cultures
from their start. The frequency of first division metaphases, determined by
the FPG technique was always higher than 95%.

Fluorescence in situ hybridisation
Cy3-labelled DNA whole chromosome probes for chromosomes 1, 2, 3,

4, 7, 11 and 12, and a FITC-labelled pan-centromeric probe (Cambio, UK)
were used according to the manufacturer’s protocol. Counterstaining was
performed with 4),6-diamidino-2-phenylindole (DAPI) with 1 Ìg/ml anti-
fade solution (Cambio, UK).

Scoring criteria
Metaphases were examined using a triple-band pass filter, and the

painted chromosomes were analysed using the triple-band, Cy3, FITC, and
DAPI filters. Only metaphases having all the painted material present were
analyzed. Each abnormal metaphase was described using the PAINT modi-
fied nomenclature (Knehr et al., 1998) and converted to S&S nomenclature
(Savage and Simpson, 1994). Incomplete aberrations were allocated to com-
plete aberrations, using the approach suggested by Simpson and Savage
(1996).

Statistical analyses
For comparisons, genomic equivalent frequencies taking into account

the relative DNA content of the painted chromosomes (Morton, 1991; Lucas
et al., 1992) or DNA content2/3 to consider spherical chromosome territories
were used (Cremer et al., 1996).

Because the formula described by Lucas et al. (1992) is only applicable
for exchanges between painted and unpainted chromosomes involving two
breaks, complex aberrations have been reduced to simple ones to include
them in the calculations.

Results

After 4 Gy irradiation without DMSO, the frequency of
dicentrics in solid stained metaphases was 0.92 B 0.09 (Ta-
ble 1), similar to that described previously in our laboratory,
0.98 B 0.07 (Barquinero et al., 1997). In the presence of 0.5
and 1 M of DMSO, the frequencies of dicentrics were signifi-
cantly reduced (0.44 B 0.05 and 0.47 B 0.06 respectively; P !
0.01 in both cases). For the FISH study 0.5 M DMSO was cho-
sen, because although the frequencies of radiation-induced
dicentrics at both concentrations of DMSO were very similar,
number and quality of metaphases per slide were dramatically
reduced at 1 M.

The cytogenetic results obtained with FISH are shown in
Table 2. When data from all chromosomes analysed are consid-
ered together, after 4 Gy irradiation the genomic frequency of
total apparently simple translocations (2Bt) was reduced from

Table 1. Chromosome aberrations detected in solid Giemsa-stained
metaphases after irradiation with 4 Gy in absence or presence of 0.5 and 1 M
DMSO.

DMSO  0 0.5 M 1 M 

Cells analysed 118 189 156 
% abnormal cells 74.6% 61.9% 54.5% 

Dicentrics 108 83 73 
(y     SE) (0.92  0.09) (0.44  0.05) (0.47  0.06) 

Rings 9 10 11 
Excess acentrics 42 46 29 

0.799 B 0.005 without DMSO, to 0.439 B 0.003 with 0.5 M of
DMSO. For total apparently simple dicentrics (2At) the fre-
quency shows a similar reduction of about 45% from 0.630 B
0.004 to 0.343 B 0.003. These frequencies are lower than the
ones observed after Giemsa stain because dicentrics from com-
plex aberrations are not included. When each chromosome is
considered independently, the chi-squared test showed a homo-
geneous reduction in the frequencies of total apparently simple
aberrations (2Bt and 2At).

When complex aberrations observed in all chromosomes
were considered together, the frequency falls from 0.348 B
0.026 to 0.134 B 0.016, showing a reduction of about 61%,
higher than the ones observed for simple aberrations. Assuming
the breakage-first-hypothesis the complex aberrations are
grouped considering the minimal number of breaks involved in
their production, the reductions were 54, 75 and 86% for aber-
rations with three, four or more than four breaks, respectively.

In the present study we also checked if the involvement of
different chromosomes in radiation-induced aberrations is af-
fected by DMSO. When the relative DNA content for each
chromosome was considered to calculate expected frequencies,
after 4 Gy irradiation without DMSO significant differences
from the observed values were found for both, 2At and 2Bt (P !
0.02 and P ! 0.05 respectively) (Fig. 1), indicating a non-ran-
dom distribution of induced aberrations. The differences were
mainly due to chromosomes 2 and 11. When expected values
were calculated using the (DNA content)2/3 the chi-squared test
did not show significant differences.

In samples irradiated in the presence of 0.5 M of DMSO,
there were no differences between the observed and expected
frequencies for 2Bt and 2At, on the basis of the DNA content.
When 2Bt and 2At were considered together significant differ-
ences on the basis of the DNA content (P ! 0.01) were found,
but not on (DNA content)2/3.

Discussion

In living cells, the direct effect of ionising radiation on DNA
would be the damage produced by OH radicals from bound
water molecules (Ward, 1991). The ability of DMSO to scav-
enge induced free radicals was described for high and low LET
radiation (deLara et al., 1995). Littlefield et al. (1988), analysed
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Table 2. Chromosomal aberrations analysed in FISH painted cells after 4 Gy irradiation in absence or presence of 0.5M DMSO

S&Sa Chromosomeb 1 2 3 4 7 11 12 Total 

 [DMSO] 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 0 0.5 

 cells analysed 667 647 552 544 398 402 788 709 576 582 945 913 583 484 4509 4281 
 (equivalent cells) (104) (101) (84) (82) (51) (52) (97) (87) (60) (61) (84) (81) (51) (43) (531) (506) 

 Apparently simple aberrations 
             

2B t(Ba)t(Ab) 62 28 39 19 26 18 76 27 34 16 63 33 25 16 325 157 
I t(Ba) ace(b) 9 3 0 3 2  8 1 3 1 3    25 8 
II t(Ab) 9 4 6 4 5 3 7 5 6 1 12 12 7 3 52 32 
III t(Ba) 5 6 3 4 3 1 8 4 7 7 10 8 7 4 43 34 
 2Btb 78 38 47 28 35 22 93 36 48 24 85 52 38 22 424 222 

2A dic(BA)ace(ab) 44 23 26 14 28 13 48 24 26 16 47 26 34 17 253 133 
IV dic(BA) ace(b) 3 3 5  2 3 1 5 4 3 6 2 2 1 23 17 
V ace(ab) 5 4 4 1 1 2 8 0 1  5 2   24 9 
VI dic(BA) 11 5 5 1 5 2 6 5 10 2 12 7 7 2 56 24 
 2Atb 58 31 36 15 35 18 58 33 40 21 66 35 42 20 335 174 

 2Bt   2At 136 69 84 43 70 40 151 70 88 45 150 87 80 42 758 396 

CR1 r(B) ace(b) 3 1 1 1   5 5 1  5 1 2  17 8 
 r(B) 0 1     0 0   1    1 1 
2C r(b) 4 1     3 2   4 0   11 3 
 ace (b) 8 5 13 6 6  5 2 7 3 3 6 10 4 52 26 

 TOTAL AS 143 71 85 44 70 40 159 77 89 45 159 88 82 42 786 407 

 Complex aberrations                 
 mnb = 3                 
2F t(Ba) ace(ab) 14 5 5 1 1 1 12 1 0 1 9 3 3 2 44 14 
 2Ftb 23 10 8 3 3 2 22 2 2 2 15 5 4 2 77 26 
2G dic(BA) t(Ab) 9 6 6 3 2 3 5 2 2 2 5 2 3 2 32 20 
 2Gtb 12 8 8 3 3 4 6 3 3 2 7 3 4 2 42 26 
 Other mnb =3 9 0 0 0 2 0 2 3 0 2 5 1 4 2 22 8 
 subtotal 3 44 18 15 7 7 6 30 7 5 6 27 9 12 7 141 60 

 mnb = 4 9 1 3 2 1 0 4 1 2 0 8 1 2 2 29 6 
 mnb = 5 5 0 1 0 0 0 2 1 1 0 2 0 0 0 11 1 
 mnb = 6 2 0 0 0 0 0 0 1 1 0 0 0 0 0 3 1 
 mnb = 7 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

 Total complex 61 19 19 9 8 6 36 10 9 6 37 10 14 9 185 68 
 % Complex 29.9 20.8 18.7 16.5 10.6 13.0 18.6 12.0 9.2 12.5 18.7 9.9 14.3 17.4 19.0 14.3 

 ace (b) 8 5 13 6 6  5 2 7 3 3 6 10 4 52 26 

a S&S, Savage and Simpson nomenclature.  
b Incomplete “one-way” aberrations have been allocated as 2At,  2Bt, , 2Ft and 2Gt following the method proposed by Simpson and Savage (1996). mnb, minimal number of
breaks to produce the observed aberration.  

the frequency of X-ray-induced dicentrics in the presence of
several concentrations of DMSO (from 10–4 to 2 M), and found
an exponential decrease of dicentrics, with a maximum protec-
tive level at 1 M DMSO.

With the introduction of FISH techniques to study the
radiation-induced chromosome damage, the involvement of
different human chromosomes in aberrations was a matter of
discussion. When the relative DNA content was considered,
deviations from expected values were described for single chro-
mosomes (Pandita et al., 1994; Granath et al., 1996; Knehr et
al., 1996; Barquinero et al., 1998; Cigarran et al., 1998). In the
present study, the frequencies of induced aberrations in chro-
mosomes 1, 2, 3, 4, 7, 11, and 12 after 4 Gy, were not propor-
tional to the DNA content. The differences were mainly due to
chromosomes 2 and 11, which are less or more involved than
expected, respectively.

When the surface area of spherical chromosome territories
was used to calculate the expected values, the differences
between expected and observed frequencies disappeared. This
agrees with our previous work (Cigarran et al., 1998), where we
discussed that damage induced at the surface of chromosome
territories, interacts more easily to form exchange type aberra-
tions. The model also implies that small chromosomes have a
higher probability to be involved in exchange type aberrations,
because they have a higher surface-to-volume ratio than large
chromosomes.

After 4 Gy irradiation the presence of DMSO led to a homo-
geneous reduction of the frequencies of aberrations in the ana-
lysed chromosomes. DMSO permeabilizes and diffuses freely
across cell membranes, and it should be present in the inter-
phase nuclei at equal concentrations. Therefore, the proportion
of scavengeable damage should be similar for all chromosomes.
As can be seen in Fig. 1, for apparently simple dicentrics and
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Fig. 1. (A) Observed frequencies B SE of 2At after 4 Gy irradiation with
(empty circles) or without (black diamonds) DMSO. Solid lines indicated
expected values taking into account the relative (DNA content)2/3 and the
dotted line expected values taking into account the relative DNA content.
(B) The same for 2Bt.

translocations in all chromosomes analyzed, the deviations of
the observed in relation to the expected frequencies were very
similar after irradiations with and without DMSO.

As a result of the ability of DMSO to scavenge radiation-
induced OH radicals, there is a reduction in the number of
damaged sites. This is supported by the increased reduction of
complex aberrations. Littlefield et al. (1988), showed that
DMSO reduces the effective dose by 50%. In the present study
the proportion of complex aberrations was 14.3% at a dose of
4 Gy in the presence of DMSO, a value similar to the 18.9%
observed after irradiation in the absence of DMSO with 2 Gy of
X-rays reported previously (Barquinero et al., 1999).

In conclusion, for the different chromosomes studied
DMSO reduces the frequencies of radiation-induced chromo-
some aberrations homogeneously. The results of the present
study also indicate that the surface model, assuming spherical
chromosome domains (Cigarran et al., 1998), although it may
not reflect all aspects of the organisation of chromosome terri-
tories in interphase nuclei (Cremer and Cremer, 2001), seems
to be closer to the real situation than the mean amount of DNA
and leads to more accurate estimations of chromosome in-
volvement in exchange type aberrations.
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Abstract. In a recent paper we reported the results of an
experiment carried out by analysing chromosomal damage in
Chinese hamster (CHO) cells exposed to low doses of X-rays.
The present investigation was undertaken in order to validate
those results using a different approach, the single cell gel elec-
trophoresis assay (comet assay) immediately after irradiation.
Cells were cultured during 14 cycles, irradiation treatment was
performed once per cycle when the cells were at 90–95% of
confluence. Doses of 2.5, 5.0 and 10.0 mSv were used. Sequen-
tial irradiation of CHO cells induced a decrease of cells without
migration and an increase of cells showing DNA damage with
the three doses employed. Significant increases of low-level

damaged cells (p ! 0.001) were found for the 14 exposures when
compared to controls except for the first irradiations with 2.5
and 10 mSv, respectively. No significant increase of the fre-
quency of cells with severe damage was observed in any case.
These findings could be explained by assuming a complex
interactive process of cell recovery, DNA damage and repair
together with the induction of genomic instability, the inci-
dence of bystander effects as well as some kind of radioadapta-
tive response of the cells. If these phenomena are limited to the
cell line employed deserves further investigation.

Copyright © 2003 S. Karger AG, Basel

Living beings are permanently exposed to ionizing radiation
emitted either from natural or from anthropogenic sources.
Nevertheless, studies of the biological effects of ionizing radia-
tion were focussed for decades mainly on the consequences of
single exposures to relatively high doses. Under these condi-
tions, mechanisms involved in the induction of chromosomal
aberrations were interpreted as a direct consequence of unre-
paired or misrepaired DNA double-strand breaks. Genetic
damage such as point mutations and chromosomal aberrations
would thus occur by the incidence of an ionizing particle
through or near the DNA molecule. 

Estimates of the biological effects of low doses are generally
based on extrapolation from data at higher doses. However,
experimental results obtained during the last decade seem to
indicate that genetic damage induced by low doses and low
dose rates is higher than expected. This fact has been attributed
to the so called “bystander effect” defined as the induction of
damage in cells that were not directly hit by radiation (Ballarini
et al., 2002). In addition to the non-targeted effects of radiation
exposure, delayed effects observed in cells many generations
after the initial injury have been attributed to the induction of
genomic instability (Little, 2000; Little et al., 2002; Morgan,
2003a, b; Morgan et al., 1996; Wright, 1998). The term
genomic instability describes the increased rate of acquisition
of alterations in the genome (Morgan, 2003a) and is evidenced
by chromosomal aberrations, aneuploidy, gene mutations and
other cytological or molecular alterations. Another conse-
quence of the exposure to low doses of radiation is the radioad-
aptative response first described by Olivieri et al. (1984) and
recently reviewed by Sasaki et al. (2002). Adaptive response is
the acquirement of cellular resistance to the genotoxic effects of
radiation by prior exposure to low-dose radiation (Sasaki et al.,
2002).

In a recent paper we reported the results of an experiment
carried out with Chinese hamster (CHO) cells exposed to low
doses of X-rays (Güerci et al., 2003). Briefly, cells were cultured
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during 14 passages. Irradiation was performed once per cycle
when the cells were 90–95% confluent with doses of 2.5, 5.0
and 10.0 mSv. Fifteen hours after irradiation cytogenetic analy-
sis was carried out in the first post-irradiation metaphases.
Repeated irradiation of CHO cells did not increase the yield of
chromatid- or chromosome-type aberrations. Nevertheless, a
significant increment of gaps was found after the first or second
X-ray hit with the three doses employed.

These results have been interpreted as evidence of the
induction of genomic instability by repeated irradiations where
the direct effect of each new hit of X-rays was added to the
factors secreted by unstable cells affected by previous irradia-
tions. Accordingly, a variation in the frequency of gaps can be
the consequence of simultaneous induction of endogeneous
DNA damage, cell death and cell survival.

The present investigation was undertaken in order to vali-
date previous results using a different approach, the single cell
gel electrophoresis assay (comet assay) immediately after irra-
diation. The comet assay is a sensitive and rapid method used
with increasing popularity to determine the level of DNA dam-
age in terms of strand breaks and alkaline labile sites (Woje-
wodzka et al., 1998; Moller et al., 2000). In addition, while
chromosomal aberration techniques only detect the misre-
paired DNA lesions persisting in the cell, the comet assay is
intended to detect lesions in individual cells at an early stage
after exposure, allowing a more efficient evaluation of damage
(Singh et al., 1988).

Material and methods

Cell culture
Chinese hamster ovary (CHO) cells originally obtained from American

Type Culture Collection (ATCC) were used for the experiments. Cells were
grown as monolayers in Falcon T-25 flasks with 10 ml of Ham F-10 medium
(GIBCO BRL) supplemented with 10 % fetal calf serum and antibiotics (pen-
icillin 90 U/ml and streptomycin 90 Ìg/ml) at 37 ° C. Cells were checked for
their viability by trypan blue dye exclusion method. In all cases viability was
higher than 90%.

Experimental procedures
Cells were cultured during 14 cycles; irradiation treatment was per-

formed once per cycle when the cells were at 90–95% confluence. An X-ray

apparatus DSJ 65 kV-5 mA was used. To calculate the absorbed dose, a dosi-
meter Keithley digital 35617 EBS with microchamber PTW N 2336/414 was
employed. After treatment, cells were resuspended and divided into two frac-
tions: one was cultured to obtain the repeatedly irradiated population, and
the other to carry out the comet assay. Doses of 2.5, 5.0 and 10.0 mSv were
employed at a dose rate of 50 mSv/min. All of the experiments were repeated
two times. Fifty randomly selected comet images were analyzed per treat-
ment.

Comet assay
The comet assay was performed according to the method of Singh et al.

(1988) with some small modifications (Tice and Strauss, 1995). Briefly,
slides were covered with a first layer of 180 Ìl of 0.5 % normal agarose (GIB-
CO BRL). An amount of 75 Ìl of 0.5% low melting point agarose (GIBCO
BRL) was mixed with approximately 15,000 cells suspended in 15 Ìl and
layered onto the slides, which were then immediately covered with covers-
lips. After agarose solidification at 4 °C for 10 min, coverslips were removed
and slides were immersed overnight at 4 °C in fresh lysis solution (2.5 M
NaCl, 100 mM Na2EDTA, 10 mM Tris, pH 10) containing 1 % Triton X-100
and 10 % dimethylsulfoxide, added just before use. The slides were equili-
brated in alkaline solution (1 mM Na2EDTA, 300 mM NaOH, pH 1 13) for
20 min. Electrophoresis was carried out for 30 min at 25 V and 300 mA
(1.25 V/cm). Afterwards, slides were neutralized by washing them three
times with Tris buffer (pH 7.5) every 5 min and subsequently washed in
distilled water. Slides were stained with 1/1000 SYBR Green I (Molecular
Probes, Eugene, Oregon) solution (Ward and Marples, 2000).

Image analysis
Scoring was made at 400× magnification using a fluorescent microscope

(Olympus BX40 equipped with a 515–560 nm excitation filter) connected
with a Sony 3 CCD-IRIS Color Video Camera. Images for each individual
cell were acquired immediately after opening the microscope shutter to the
computer monitor. Analyses were made employing the Image Pro Plus® 3.0
Program.

Based on the extent of strand breakage, cells were classified according to
their tail length in five categories, ranging from 0 (no visible tail) to 4 (still a
detectable head of the comet but most of the DNA in the tail). Additionally a
sixth group including apoptotic cells (without a detectable head) were consid-
ered (Olive, 1999). The migration length was also analysed (difference
between total length-distance between the edge of the comet head and the
end of tail and head length).

Statistical analysis
The effect of radiation treatment on the frequency of damaged cells was

analysed using the ¯2 test. Cells without damage (degree 0) were compared
with cells with low damage (degree 1–2) and with high damage (degree 3–4
and apoptosis).

Migration distance analysis was based on median and mean population
response using the Kruskal-Wallis and Student t method respectively. The
data were analysed using Statgraphics 3.0 Plus® software.

Table 1. DNA damage in control CHO cells
which were not irradiated

DNA damage level Irradiation 

number Degree 0 Degree 1 Degree 2 Degree 3 Degree 4 Apoptosis  

1 64 28 8 0 0 0 
2 64 34 0 0 0 0 
3 98 2 0 0 0 0 
4 80 14 6 0 0 0 
5 80 20 0 0 0 0 
6 38 38 24 0 0 0 
7 18 60 18 2 2 0 
8 16 70 14 0 0 0 
9 16 54 28 0 2 0 
10 70 24 4 0 0 2 
11 64 36 0 0 0 0 
12 84 16 0 0 0 0 
13 80 20 0 0 0 0 
14 64 36 0 0 0 0 
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Results

Tables 1–4 summarize the results obtained. Ionizing radia-
tion did not induce apoptosis in the exposed cell population.
Sequential irradiation of CHO cells induced a decrease of cells
without migration and an increase of cells showing DNA dam-
age with the three doses employed. For statistical analyses dam-
aged cells were separated into two groups: cells with low-level

damage (degree 1 and 2) and cells with severe damage (degree 3
and 4 and apoptotic cells). Significant increases of low-level-
damaged cells (p ! 0.001) were found for the 14 exposures when
compared to controls except for the first irradiations with 2.5
and 10 mSv, respectively. No significant increase of the fre-
quency of cells with severe damage was observed in any case.

The induced genotoxic damage was not or only slightly
related with the irradiations during the 14 exposures (2.5 mSv:

Table 2. DNA damage in CHO cells exposed
during 14 passages to 2.5 mSv X-rays

DNA damage level Irradiation 

number Degree 0 Degree 1 Degree 2 Degree 3 Degree 4 Apoptosis  

1 82 14 4 0 0 0 
2 0 96 4 0 0 0 
3 0 84 12 0 2 2 
4 0 90 8 0 0 2 
5 0 94 4 0 2 0 
6 0 96 4 0 0 0 
7 0 98 2 0 0 2 
8 0 94 6 0 0 0 
9 0 70 30 0 0 0 
10 18 64 18 0 0 0 
11 0 86 8 0 2 4 
12 0 60 38 0 2 0 
13 4 84 10 0 2 0 
14 26 72 0 0 2 0 

Table 3. DNA damage in CHO cells exposed
during 14 passages to 5.0 mSv X-rays

DNA damage level Irradiation 

number Degree 0 Degree 1 Degree 2 Degree 3 Degree 4 Apoptosis  

1 0 90 8 0 0 2 
2 0 64 36 0 0 0 
3 0 34 66 0 0 0 
4 0 94 6 0 0 0 
5 0 92 8 0 0 0 
6 0 100 0 0 0 0 
7 0 94 6 0 0 0 
8 0 98 2 0 0 0 
9 0 96 4 0 0 0 
10 0 98 0 0 0 2 
11 0 98 0 0 0 2 
12 0 96 4 0 0 0 
13 0 98 0 0 0 2 
14 0 80 0 0 0 20 

Table 4. DNA damage in CHO cells exposed
during 14 passages to 10.0 mSv X-rays

DNA damage level Irradiation 

order Degree 0 Degree 1 Degree 2 Degree 3 Degree 4 Apoptosis  

1 56 36 2 4 0 2 
2 0 44 54 0 2 0 
3 10 80 8 0 0 2 
4 4 94 2 0 0 0 
5 14 76 8 2 0 0 
6 2 82 14 2 0 0 
7 0 98 2 0 0 0 
8 0 86 14 0 0 0 
9 0 82 18 0 0 0 
10 6 76 18 0 0 0 
11 0 72 28 0 0 0 
12 2 78 20 0 0 0 
13 4 66 22 0 6 2 
14 0 60 18 0 0 2 
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Table 5. Effects of radiation on the mean
migration length in CHO cells exposed during 14
passages

Irradiation order Control 2.5 mSv 5.0 mSv 10.0 mSv 

1 1.75 (0.13) 2.30 (0.15) 6.64 (0.25) 1.67 (0.13) 
2 1.45 (0.12) 1.09 (0.10) 2.53 (0.16) 9.64 (0.29) 
3 1.80 (0.13) 5.48 (0.23) 1.76 (0.13) 6.29 (0.24) 
4 0.87 (0.09) 1.73 (0.13) 0.66 (0.08) 2.98 (0.17) 
5 1.05 (0.10) 3.30 (0.18) 1.90 (0.14) 8.84 (0.28) 
6 1.44 (0.12) 2.11 (0.14) 0.65 (0.08) 4.66 (0.21) 
7 2.99 (0.17) 0.93 (0.09) 1.60 (0.12) 7.32 (0.26) 
8 1.56 (0.12) 0.99 (0.10) 1.91 (0.14) 3.73 (0.19) 
9 2.78 (0.16) 2.49 (0.15) 3.31 (0.18) 4.49 (0.21) 
10 1.54 (0.12) 0.53 (0.07) 1.48 (0.12) 5.25 (0.22) 
11 1.72 (0.13) 2.69 (0.16) 2.23 (0.15) 5.95 (0.24) 
12 1.64 (0.13) 1.95 (0.14) 2.90 (0.17) 6.31 (0.24) 
13 1.62 (0.13) 3.02 (0.17) 0.97 (0.10) 6.68 (0.25) 
14 0.92 (0.09) 1.49 (0.12) 2.52 (0.16) 2.10 (0.14) 

 Standard errors are indicated in parenthesis.  

Fig. 1. Frequency of gaps per 100 cells (black bars, right abscissa) and
percentage of cells with low damage (degrees 1 or 2) (white bars, left abs-
cissa).

R2 = 0.23, p = 0.43; 5 mSv: R2 = 23.93, p = 0.07; 10 mSv: R2 =
10.90, p = 0.24).

Table 5 shows the results of the mean migration lengths dur-
ing the 14 passages analysed. No differences were found for
migration length between doses of 2.5 mSv or 5 mSv and the
control cells. Significant differences were observed for 10 mSv
(KW = 7.10, p ! 0.001, and t = 5.6, p ! 0.001).

Discussion

Criteria for cytogenetic analysis after in vivo or in vitro
exposure to genotoxicants require that the results are reported
quantifying chromatid- and chromosome-type aberrations as
well as achromatic lesions (gaps). According to the criteria rec-
ommended by Archer et al. (1981) and WHO (1985), gaps are
nonstaining or very lightly stained chromosome regions in one
or both chromatids without displacement of the chromatid
fragment(s) distal to the lesion. If there is displacement or the
nonstaining region is wider than the width of a chromatid, the
aberration is scored as a deletion (break). Achromatic lesions
have been a subject of much discussion for years since their
significance was not clear. For this reason gaps are in general
not included in the total yield of chromosomal damage or, in
other words, metaphases carrying only gaps are not considered
as abnormal.

The structure of X-ray-induced gaps and breaks was studied
several years ago by means of a combination of light microsco-
py, transmission electron microscopy of whole-mount prepara-
tions and sectioned material, and scanning electron microsco-
py. Results obtained showed that gaps and breaks are not sepa-
rate phenomena and can be considered as different manifesta-
tions of the same events and that gaps may be incomplete
breaks (Brecher, 2002). In studies on the clastogenic effects of
the Argentinian Hemorrhagic Fever Virus, a significant in-
crease of gaps was found in bone marrow chromosomes of
Guinea pigs inoculated with an attenuated strain. Treatment of
the animals with very high doses of caffeine 24 h before sacri-
fice induced a decrease in the frequency of gaps and a correla-
tive increase in the frequency of breaks. These findings were
also interpreted as different manifestations of the same phe-
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nomenon in the sense that gaps are transformed into breaks by
unspecific inhibition of repair mechanisms by caffeine (Dulout
et al., 1983, 1985). Studies carried out in peripheral blood lym-
phocytes of long haul air crew members showed a significant
increase of gaps and breaks as well as of translocations (Cavallo
et al., 2002). In addition, similar results were found in hospital
workers who have high frequencies of stable aberrations as well
as chromatid gaps and breaks. The increase of such type of
aberrations was attributed to the chronic exposure to low level
ionizing radiation (Hagelström et al., 1995). In a study carried
out in lymphocytes of hospital workers occupationally exposed
to X-rays, the frequency of chromosomal aberrations was com-
pared with the amount of DNA damage measured by the comet
assay. Correlation between both methods was higher when gaps
were included in the total amount of chromosomal aberrations
(Paz-y-Miño et al., 2002).

Figure 1 shows the amounts of DNA damage induced by
different doses of X-rays immediately after irradiation. In the
same graphs the frequencies of gaps scored 15 h after irradia-
tion (Güerci et al., 2003) are also represented. Immediately
after irradiation almost all the cells exhibited some degree of
DNA damage. The lapse of 15 h between irradiation and analy-
sis of chromosomal aberrations in the previous experiment can

explain the lower frequency of cells with achromatic lesions in
relation to cells with DNA damage observed with the comet
assay in this experiment. During the 15 h between irradiation
and fixation a great proportion of single- or double-strand
breaks should be repaired. However, sequential hits of radia-
tion could progressively increase the level of DNA damage and
subsequently the yield of chromosomal aberrations in the next
mitoses and this is not the case. After the first irradiation both
DNA damage and chromosomal aberrations reached a maxi-
mum level that was maintained along the 14 exposures.

These findings could be explained assuming a complex
interactive process of cell recovering, DNA damage and repair
together with the induction of genomic instability, the inci-
dence of bystander effects as well as some kind of radioadapta-
tive response of the cell line. If these phenomena are limited to
the cell line employed, this deserves further investigation.
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Abstract. It has been previously reported that the elevated
accumulation of repair incision intermediates in cells from
patients with combined characteristics of xeroderma pigmento-
sum complementation group D (XP-D) and Cockayne syn-
drome (CS) XP-D/CS fibroblasts following UV irradiation is
caused by an “uncontrolled” incision of undamaged genomic
DNA induced by UV-DNA-lesions which apparently are not
removed. This could be an explanation for the extreme sensi-
tivity of these cells to UV light. In the present study, we confirm
the immediate DNA breakage following UV irradiation also for
CS group B (CS-B) fibroblasts by DNA migration in the “comet

assay” and extend these findings to other lesions such as 8-
oxodeoxyguanosine (8-oxodG), selectively induced by KBrO3

treatment. In contrast, X-ray exposure does not induce differ-
ential DNA breakage. This indicates that additional lesions
other than the UV-induced photoproducts (cyclobutane pyrim-
idine dimers, CPD, and 6-pyrimidine-4-pyrimidone products,
6-4 PP), such as 8-oxodG, specifically induced by KBrO3, are
likely to trigger “uncontrolled” DNA breakage in the undam-
aged genomic DNA in the CS-B fibroblasts, thus accounting for
some of the clinical features of these patients.

Copyright © 2003 S. Karger AG, Basel

Cockayne syndrome (CS) is a rare autosomal human genetic
disease with features of premature aging and striking somatic
and neurological defects. It is caused by mutations in the CS-A
or CS-B genes which determine hypersensitivity to a number of
DNA damaging agents including UV radiation, ionizing radia-
tion and hydrogen peroxide (Cooper et al., 1997).

The nucleotide excision repair (NER) pathway is involved
in a complex process that detects and repairs a wide range of
DNA damage including removal of cyclobutane pyrimidine
dimers (CPD) and 6-pyrimidine-4-pyrimidone products (6-4

PP) caused by UV irradiation, bulky DNA adducts and DNA
cross links caused by chemical agents. 

NER is known to operate through two sub-pathways with
different kinetics, depending on the function of the damaged
DNA: (1) transcription coupled repair (TCR) and (2) global
genome repair (GGR) (for review, see Balajee and Bohr, 2000).
The TCR sub-pathway repairs only DNA that is actively tran-
scribed by RNA polymerase II (RNAPII). This type of DNA
repair is more rapid and complete than GGR. 

Both sub-pathways of NER are controlled by all genes
involved in xeroderma pigmentosum (XP-A to XP-G) with the
exception of XP-C, whose gene product is essential in the recog-
nition and repair of DNA lesions in the overall genome and
possibly (XP-E) where its equivalent in TCR-NER is a stalled
RNA polymerase II (RNAPII) at a site of a DNA lesion in an
actively transcribed gene.

The molecular mechanisms of removal of DNA damage in
NER are very similar for the GGR and TCR sub-pathways.
After initial recognition of damage and partial unwinding of
double stranded DNA, a dual incision of DNA strands at either
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sides of the damage is initiated, followed by excision of the
damaged DNA strand (approximately 30 nucleotides), filling
the gap by de novo DNA synthesis, and DNA ligation. Mainte-
nance of this tight order is highly important to avoid disruption
of the rest of the genome while removing DNA lesions at dam-
aged sites.

CS cells are defective in TCR but proficient in GGR to pro-
cess UV-induced DNA damage (Venema et al., 1990). This fea-
ture consistently determines the inability to recover RNA syn-
thesis efficiently after UV damage as has been shown by differ-
ent cellular studies, in which levels of unscheduled DNA syn-
thesis (UDS) are approximately 30% of the normal value
(Mayne and Lehman, 1982).

However, more recently, it has been pointed out that many
of the developmental defects of CS arise not only from defec-
tive TCR but also from transcriptional defects, particularly in
the down-regulation of base excision repair (BER)-related
genes and in a decreased efficiency of 8-hydroxyguanine (8-
OH-Gua) BER (Dianov et al., 1999; Tuo et al., 2000). This
aspect could also explain the progressive neurodegeneration
and other clinical features associated with CS since short-wave-
length radiation such as UV alone is not sufficient to cause
damage to inner tissues and organs.

In the present study we report that CS-B fibroblasts, chal-
lenged with potassium bromate (KBrO3), which selectively
causes oxidative damage in the DNA, essentially the formation
of 8-oxodeoxyguanosine (8-oxodG) lesions (Kasai et al., 1987;
Sai et al., 1991; Sai et al., 1992; Ballmaier and Epe, 1995; Par-
son and Chipman, 2000), show unexpectedly, immediate high
levels of DNA breakage as measured with the comet assay, sim-
ilar to those observed following UVB and UVC irradiation in
cells from patients with combined features of XP-D and CS
(Berneburg et al., 2000). In contrast, X-ray irradiation does not
induce differential DNA breakage. The possible implications
for these findings are discussed.

Materials and methods

Cell culture, cell synchronization, UV and X-ray irradiation and KBrO3

treatment
Human primary fibroblasts, normal (WT-789), xeroderma pigmentosum

group C (XP-C) and Cockayne syndrome group B (CSB-CS8PV) were
obtained from Dr. Miria Stefanini (C.N.R. Pavia, Italy). All fibroblasts were
grown at 37 °C in Eagle’s MEM medium supplemented with 15% foetal
bovine serum, L-glutamine and antibiotics. 

Synchronization of cells in the G1 phase of cell cycle was achieved by
keeping confluent cultures for 24 h in the presence of low levels of serum
(2%). Before UV or X-ray treatments, cultures were washed with PBS and
finally exposed to UV or X-rays in the absence of any PBS. 

UV irradiation was performed using a germicidal lamp emitting predom-
inantly 254-nm UV light at a dose-rate of 1 J/(m2/s). X-irradiation was per-
formed using a Gilardoni X-ray generator (Como, Italy), operating at 250 kV
and 6 mA at a dose-rate of 0.75 Gy/min.

Treatment with KBrO3 for 15 min was performed in PBS after two pre-
vious washes. Immediately after irradiation or treatment with KBrO3, cells
were submitted to a single cell gel electrophoresis “comet” assay in order to
evaluate the extent of initial DNA breakage, which essentially results from
accumulation of incision repair intermediates, among the different cell lines
employed. A time course evaluation of this accumulation was also performed
at 0.5, 1, 2 and 24 h after the end of treatment. 

Fig. 1.  Evaluation of the spontaneous extent of DNA breakage as mea-
sured by the comet assay and expressed as mean tail moment in synchronised
human primary fibroblasts, normal (WT-789), xeroderma pigmentosum
group C (XP-C) and Cockayne syndrome group B (CS B). Results represent
the mean (B SD) of four independent experiments performed. Statistical
significance was evaluated by Student’s t test.
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The alkaline comet assay
Four independently reproduced experiments using the protocol for the

alkaline “comet assay” of Singh et al. (1988) were performed. Briefly, 10 Ìl of
cell suspension were mixed with 65 Ìl of 0.7% (w/v) low-melting point aga-
rose (Bio-Rad) and sandwiched between a lower layer of 1% (w/v) normal-
melting point agarose (Bio-Rad) and an upper layer of 0.7% (w/v) low-melt-
ing point agarose on microscope slides (Carlo Erba). Two slides were pre-
pared from each individual treatment. The slides were then immersed in a
lysing solution (2.5 M NaCl, 100 mM Na2EDTA, 10 mM Tris, pH 10) con-
taining 10% DMSO and 1 % Triton X-100 (ICN Biomedicals), overnight at
4 °C. On completion of lysis, the slides were placed in a horizontal gel electro-
phoresis tank with fresh alkaline electrophoresis buffer (300 mM NaOH,
1 mM Na2EDTA, pH 613) and left in the solution for 25 min at 4 °C to
allow the DNA to unwind and to express the alkali-labile sites. Electrophore-
sis was carried out at 4 °C for 25 min, 30 V (1 V/cm) and 300 mA, using a
Bio-Rad power supply. After electrophoresis, the slides were immersed in
0.3 M sodium acetate in ethanol for 30 min. Microgels were then dehydrated
in absolute ethanol for 2 h and immersed for 5 min in 70% ethanol. Slides
were air-dried at room temperature. Immediately before scoring, slides were
stained with 12 Ìg/ml ethidium bromide (Boehringer Mannheim) and exam-
ined at 400× magnification with an automatic image analyzer (Comet Assay
III; Perceptive Instruments, UK) connected to a fluorescence microscope
(Eclipse E400; Nikon). To evaluate the amount of DNA damage, computer
generated tail moment values and percentage of migrated DNA were used.
One hundred cells were scored for each individual treatment from two differ-
ent slides. 

Results

DNA breakage, which refers to accumulation of incision
repair intermediates, is expressed as mean tail moment value in
the comet assay. Results represent the mean (B SD) of the four
experiments performed. Results obtained for the untreated CS-
B, XP-C and WT-789 normal fibroblasts are shown in Fig. 1.
The mean tail moment values in the comet assay for the CS-B,
XP-C and WT-789 normal fibroblasts following UV irradiation
at 20 J/m2, X-ray exposure at 1 Gy and KBrO3 at 2 mM imme-
diately after treatment (0 h) and after 0.5, 1, 2 and 24 h are
shown in Figs. 2, 3 and 4 respectively. 

Immediately or shortly after treatment, marked significant
increases in the mean tail moment were only observed in the
CS-B fibroblasts following treatments with UV or KBrO3 com-
pared to the parallel treatments performed with the WT-789
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Fig. 2. Human primary fibroblasts, normal (WT-789), xeroderma pig-
mentosum group C (XP-C) and Cockayne syndrome group B (CS B) were
irradiated with UVC at 20 J/m2 and analyzed with the comet assay to evalu-
ate the extent of DNA breakage expressed as mean tail moment after differ-
ent recovery times (0, 0.5, 1, 2 and 24 h). Results represent the mean (B SD)
of four independent experiments performed. Statistical significance was
evaluated by Student’s t test.
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Fig. 3. Human primary fibroblasts, normal (WT-789), xeroderma pig-
mentosum group C (XP-C) and Cockayne syndrome group B (CS B) were
irradiated with 1 Gy X-rays and analyzed with the comet assay to evaluate
the extent of DNA breakage expressed as mean tail moment after different
recovery times (0, 0.5, 1, 2 and 24 h). Results represent the mean (B SD) of
four independent experiments performed. Statistical significance was evalu-
ated by Student’s t test.
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Fig. 4. Human primary fibroblasts, normal (WT-789), xeroderma pig-
mentosum group C (XP-C) and Cockayne syndrome group B (CS B) were
treated for 15 min with KBrO3 (2 mM) and analyzed with the comet assay to
evaluate the extent of DNA breakage expressed as mean tail moment after
different recovery times (0, 0.5, 1, 2 and 24 h). Results represent the mean
(B SD) of four independent experiments performed. Statistical significance
was evaluated by Student’s t test.
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normal fibroblasts (Figs. 2 and 4). In the XP-C fibroblasts this
effect was not observed. Increases in the tail moment values
observed in CS-B fibroblasts compared to the corresponding
values in the WT-789 normal fibroblasts ranged from 2.3 to
4.75 for UV treatment (Fig. 2) and from 2 to 2.8 for the treat-
ment with KBrO3. Tail moment values returned to WT-789
normal fibroblast values after 24 hours (Figs. 2 and 4). X-ray
treatment did not show any significant differential DNA break-
age among the different cell lines used (Fig. 3).

Discussion

It has been reported by Berneburg et al. (2000) that cells
from patients with combined features of XP-D and CS (XP-
D/CS), following UV irradiation accumulate DNA repair inter-
mediates even in the absence of the DNA repair synthesis

inhibitors 1-ß-D-arabinofuranosylcytosine (ara-C) or hydroxy-
urea (HU), which are required in normal cells in order to accu-
mulate and detect the intermediates with the comet assay. In
normal cells, the incision steps of NER are rate limiting and
synchronized with the repair synthesis steps so that incised
repair intermediates cannot be easily observed following UV
irradiation unless DNA repair synthesis inhibitors such ara-C
are present during DNA repair. Berneburg et al. (2000) indicate
that XP-D/CS cells are able to incise DNA following UV-
induced DNA damage and therefore initiate NER but might be
unable to complete the process and show that the elevated accu-
mulation of repair incision intermediates in XP-D/CS fibro-
blasts following UV treatment occurs by a sort of an “uncon-
trolled” incision of undamaged genomic DNA and that this
unique response could account for the extreme sensitivity of
these cells to UV light.

We confirmed this unexpected immediate DNA breakage
following UV irradiation for CS-B fibroblasts too (2.3 to 4.75
times the corresponding value observed in the WT-789 normal
fibroblasts). We extend these findings to different lesions other
than CPD and 6-4 PP, such as 8-oxodG selectively induced by
KBrO3. 

The results shown in Fig. 4 clearly indicate marked and sig-
nificant increases in the extent of DNA breakage in the CS-B
fibroblasts (2 to 2.8 times the values observed in the WT-789
normal fibroblasts) following treatment with KBrO3. The re-
sults with KBrO3 are similar to those observed following irra-
diation with UV light.

In conclusion it can be stated that our results extend the
findings of Berneburg et al. (2000) about “uncontrolled” DNA
breakage induced by UV light in XP-D/CS fibroblasts also to
CS-B fibroblasts. Furthermore, additional lesions other than
the UV-induced photoproducts CPD and 6-4 PP, such as 8-
oxodG, specifically induced by KBrO3, are likely to trigger “un-
controlled” DNA breakage in undamaged genomic DNA in CS
B fibroblasts and this may account for some of the clinical fea-
tures of these patients.
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Abstract. SORB (selected observed residual breakpoints)
induced by ionizing radiation or endonucleases are often non-
randomly distributed in mammalian chromosomes. However,
the role played by chromatin structure in the localization of
chromosome SORB is not well understood. Anti-topoisomer-
ase drugs such as etoposide are potent clastogens and unlike
endonucleases or ionizing radiation, induce DNA double-
strand breaks (DSB) by an indirect mechanism. Topoisomerase
II (Topo II) is a main component of the nuclear matrix and the
chromosome scaffold. Since etoposide leads to DSB by in-
fluencing the activity of Topo II, this compound may be a use-
ful tool to study the influence of the chromatin organization on
the distribution of induced SORB in mammalian chromo-
somes. In the present work, we compared the distribution of

SORB induced during S-phase by etoposide or X-rays in the
short euchromatic and long heterochromatic arms of the CHO9
X chromosome. The S-phase stage (early, mid or late) at which
CHO9 cells were exposed to etoposide or X-rays was marked by
incorporation of BrdU during treatments and later determined
by immunolabeling of metaphase chromosomes with an anti-
BrdU FITC-coupled antibody. The majority of treated cells
were in late S-phase during treatment either with etoposide or
X-rays. SORB induced by etoposide mapped preferentially to
Xq but random localization was observed for SORB produced
by X-rays. Possible explanations for the uneven distribution of
etoposide-induced breakpoints along Xq are discussed.

Copyright © 2003 S. Karger AG, Basel

Chromosomal aberrations (CA) are induced by ionizing
radiation (IR), radiomimetic agents such as restriction endonu-
cleases (RE) and chemicals which react with chromosomal
DNA (Obe et al., 1992). Ultimate DNA lesions leading to CA
are double-strand breaks (DSB) (Bryant, 1984; Natarajan and
Obe, 1984; Obe et al., 1992, 2002; Pfeiffer et al., 2000).

It has been postulated that initial DNA lesions are randomly
distributed along mammalian chromosomes but their pro-
cessed forms, namely breakpoints and exchanges observed at
the light microscopic level, may be non-randomly distributed
(Savage, 1993). As it is still uncertain that breakpoints repre-
sent an unbiased sample with respect to positioning and proba-
bly constitute the residue of original lesions fixed in visible
aberrations, Savage (1991) coined the term “selected observed
residual breakpoints” or SORB for aberration derived break-
points. Several factors such as DNA repair, intra-nuclear archi-
tecture, chromatin structure, and the distribution of transcrip-
tionally active genes may influence the localization of induced
SORB (Friedberg et al., 1995; Bassi et al., 1998; Folle et al.,
1998; Martı́nez-López et al., 2001; Proietti De Santis et al.,
2001; Pfeiffer et al., 2000).

Clustering of SORB induced by RE and IR in the Giemsa
light bands of human and hamster chromosomes has been
reported by several authors (Holmberg and Jonasson, 1973;
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Barrios et al., 1989; Slijepcevic and Natarajan, 1994a, b; Folle
and Obe, 1995, 1996; Folle et al., 1997, 1998; Martı́nez-López
et al., 1998). Giemsa light bands and their subset, the T-bands,
are early replicating GC rich transcriptionally active euchro-
matic regions where constitutional chromosome breakpoints,
cancer-associated exchange sites and oncogenes preferentially
localize (Holmquist, 1992; Saccone et al., 1992).

Considerable evidence exists that histone H4 hyperacetyla-
tion (H4+a) in metaphase chromosomes defines active chromo-
some regions (euchromatin) whereas hypoacetylation of his-
tone H4 is associated with facultative or constitutive hetero-
chromatic chromosome segments (Jeppesen, 1997). Thus, H4+a

seems to be a cytogenetic marker for potential transcriptional
activity.

To unravel a possible link between transcriptional activity
and chromosome damage, Martı́nez-López et al. (2001) com-
pared the H4+a pattern along CHO chromosomes with break-
point patterns induced by endonucleases (AluI, BamHI and
DNase I) and IR (neutrons and Á-rays). The H4+a pattern
revealed by an anti-H4+a antibody is similar to the pattern of
Giemsa light bands. Sites of H4+a co-localized with endonu-
clease- and IR-induced breakpoint clusters indicating that CA
induced by these agents occur more frequently in active than in
inactive chromatin. The long heterochromatic arm of the CHO
X chromosome is typically underacetylated (inactive chroma-
tin) while H4+a concentrates in the short euchromatic arm
(Martı́nez-López et al., 2001).

Anti-topoisomerase drugs are potent inducers of CA (Kihl-
man, 1971; Degrassi et al., 1989; Palitti et al., 1990; Palitti, 1993;
Bassi et al., 1998). DNA topoisomerases play an essential role in
maintaining the integrity of DNA molecules since they resolve
topological constraints during DNA replication, transcription,
recombination and chromatin remodeling by temporarily intro-
ducing single-strand breaks (type I and II topoisomerases) or
DSB (type II topoisomerases) (Wang, 1985; Liu, 1989).

Type II topoisomerases (Topo II) are major components of
the nuclear matrix and the chromosome scaffold. It has been
suggested that Topo II molecules form clusters with other pro-
teins, such as Sc2 and histone H1 around the AT-rich scaffold-
associated regions (SARs) which attach the chromatin loops to
the scaffold (Adachi et al., 1989; Käs et al., 1993; Saitoh and
Laemmli, 1994). An association of Topo II with mammalian
centromeres as well as its localization at the periphery of het-
erochromatic regions has also been shown (Petrov et al., 1993;
Rattner et al., 1996).

There are two main classes of antitopoisomerases: (1)
“cleavable complex” poisons and (2) catalytic inhibitors. The
first class acts by trapping the covalent intermediate, the so-
called “cleavable complex” of Topo I and II, and thus prevents
the resealing of DNA breaks introduced by these enzymes
(Hsiang et al., 1985; Ross, 1985; Tewey et al., 1985). Anti-
topoisomerase II agents are potent producers of CA in all
phases of the cell cycle. Presumably they induce DSB through
an indirect mechanism of action. Among Topo II “cleavable
complex” poisons are several intercalative drugs such as acrid-
ines, anthracyclines, anthracenediones, and ellipticines as well
as non-intercalative ones including epipodophyllotoxins (i. e.
etoposide) and coumarine (D’Arpa and Liu, 1989).

The second class, catalytic inhibitors such as bis-piperazine-
diones and anthracenyl peptides do not trap the “cleavable
complex” but prevent the catalytic activity of the enzyme (Ta-
nabe et al., 1991). These drugs are cytotoxic, but do not pro-
duce CA.

Anti-topoisomerase II trappers induce chromosome-type
aberrations or chromatid-type aberrations depending on the
phase of the cell cycle in which treatments are performed (Palit-
ti et al., 1990, 1994). Moreover, these compounds produce sis-
ter chromatid exchanges (SCE) if the treatment is performed
during the S-phase of the cell cycle (Dillehay et al., 1983; Pom-
mier et al., 1985; Degrassi et al., 1989; Palitti et al., 1990).

The overall distribution of Topo II in the chromosomes and
the possibility of inducing DSB by anti-topoisomerase drugs
allow us to analyze the influence of chromatin organization on
the distribution of chromosome lesions in the mammalian
genome. In the present study, the distribution of SORB in-
duced by etoposide and X-rays in the short (euchromatic) and
long (heterochromatic) arms of the X chromosome during S-
phase of Chinese hamster ovary (CHO9) cells was studied.

Materials and methods

CHO karyotype
A subclone of Chinese hamster ovary cells (CHO9 from A.T. Natarajan,

Leiden) derived from a Chinese hamster ovary fibroblast culture established
by Puck et al. (1958) was used. The modal chromosome number of CHO9 is
21, with 9 seemingly normal Chinese hamster chromosomes (1, 2, 5, 7, 9, 10,
the X and pair 8) and 12 rearranged Z-chromosomes (Z1 to Z10, Z12 and
Z13) (Deaven and Petersen, 1973; Siciliano et al., 1985). The long arm of the
X chromosome is nearly entirely heterochromatic with the exception of a
conspicuous intercalary secondary constriction (Ray and Mohandas, 1976).

Cell culture and treatments
Cells were grown as monolayers in Ham F10 medium (Gibco) supple-

mented with 10% fetal calf serum (Gibco), 200 mM glutamine and antibiot-
ics (100 U/ml penicillin and 125 Ìg/ml dihydrostreptomycin sulfate) at 37 ° C
in a 5% CO2 incubator.

Eight hours before harvesting, exponentially growing CHO9 cells (2 ×
106) were treated for 30 min with 30 ÌM 5-bromo-2)deoxyuridine (BrdU)
and either etoposide (10 or 20 ÌM) or X-rays (1.5 or 3.0 Gy) using a 250-kV
X-ray machine. Controls were processed in the same way excluding etopo-
side or X-ray treatment.

Following 2 h of exposure to 0.08 Ìg/ml colcemid, mitotic cells were har-
vested by shake-off, hypotonically treated with 1% sodium citrate for 10 min
at 37 °C and fixed twice in methanol-acetic acid (3:1). Cells were dropped
onto clean ice-cold slides and air dried. G-banding was carried out as
described previously (Folle and Obe, 1995).

Immunodetection of incorporated BrdU
In order to estimate the frequency of treated cells in early, mid, or late

S-phase of the cell cycle, slides were immunostained using mouse anti-BrdU
antibody conjugated with the fluorochrome FITC. Slides were denatured
with 10 mM NaOH in 70% ethanol (1 min), dehydrated in 70, 90 and 100 %
ethanol and air-dried. Slides were then incubated with 100 Ìl of 1:100 anti-
BrdU antibody (Boehringer) in immunological buffer (PBS, 10% BSA, 0.5 %
Tween 20) for 30 min at 37 °C in a moist chamber. Slides were washed with
PBS (3×) and incubated in the dark with 100 Ìl of goat anti-mouse IgG-FITC
(Boehringer) for 30 min (37 °C) in a moist chamber. Finally, slides were
washed with PBS (3×), dehydrated in 70, 90 and 100% ethanol and incu-
bated for 30 min in the dark with DAPI (2.5 % in Mc Ilvaine’s buffer; pH
7.0), washed in deionized water, mounted in McIlvaine’s buffer (pH 7.0) and
covered with a coverslip.
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Table 1. Frequencies of CA induced by
etoposide and X-rays in CHO9 cells; the number
of SORB was estimated according to Obe and
Winkel (1985)

Aberrations per 100 metaphasesa Treatment Concentration/ 
Dose 

Damaged 
metaphases 
(%) 

DIC RB’ RB’B” B’ B” ID DD IC 

No. of 
CAb 

No. of 
SORBc 

0 M (control) 8 – – – 7 1 1 – – 9 11 
10 M 43 – 26 1 6 20 – 2 – 55 107 

Etoposide 

20 M 65 3 51 8 17 29 1 7 4 120 238 

0 Gy (control) 3 – 1 – – 2 – – – 3 6 
1.5 Gy 47 2 8 3 9 34 4 2 – 62 120 

X-rays 

3.0 Gy 76 4 27 14 13 39 13 – 10 120 241 

a DIC: dicentrics = 2; RB’: chromatid interchanges = 2; RB’B”: chromatid-isochromatid interchanges = 3; B’: 
chromatid breaks = 1; B”: isochromatid breaks = 2; ID: interstitial deletions = 2; DD: duplication deletions = 3; 
IC: chromatid rings =2. 
b CA: chromosome aberrations. 
c SORB: selected observed residual breakpoints. 

Scoring of CA, SORB mapping on the CHO9 X chromosome and
classification of BrdU labeled cells
Aberration yields induced by etoposide or X-rays were determined in

control and treated metaphases (n = 100) with 18–22 centromeres. The fol-
lowing aberrations were recorded: chromatid interchanges, isochromatid-
chromatid interchanges, chromatid and isochromatid breaks, interstitial and
duplication deletions, intrachanges, dicentrics, translocations and rings (Sa-
vage, 1976).

A total of 200 BrdU labeled metaphases were scored per treatment to
determine the percentage of damaged or undamaged cells in early, mid or
late S-phase.

The distribution of 400 SORB (100 per treatment) in the short euchro-
matic (Xp) and long heterochromatic (Xq) arms of the X chromosome were
analyzed for etoposide or X-ray treatments. A total of 320 SORB (n = 80 per
treatment) could be assigned to specific bands on a G-band idiogram of the X
chromosome according to Martı́nez-López et al. (1998).

Chromosome SORB mapping on G-banded metaphases was carried out
using an Axioplan microscope (Zeiss) with a 100× Neofluar phase contrast
objective. Immunolabeled metaphases were analyzed on a Photo II epifluo-
rescence microscope (Zeiss) with appropriate filter sets for FITC and DAPI.

Statistical analysis
Expected SORB frequencies for each X chromosome arm were estimated

according to arm length. In order to test for random or non-random occur-
rence of SORB produced by etoposide or X-rays in the CHO X chromosome
arms, a ̄ 2 test was used.

Results

Results obtained by scoring 100 metaphases from CHO9
cells treated with etoposide or X-rays are presented in Table 1.
Mainly chromatid type aberrations were found. The percent-
ages of damaged cells were 43 and 65% for etoposide treat-
ments (10 and 20 ÌM) and 47 and 76% for X-rays (1.5 and 3.0
Gy) with only 8 and 3% in controls, respectively. Comparable
frequencies of CA and SORB were observed following exposure
to 1.5 Gy X-rays or 10 ÌM etoposide as well as with 3.0 Gy
X-rays or 20 ÌM etoposide treatment.

In order to ascertain which cells were exposed at early, mid
or late S-phase CHO9 cells were pulse labeled with BrdU dur-
ing etoposide and X-ray treatments. Immunodetection of BrdU
incorporation on CHO9 X chromosomes enabled treated cells
to be assigned precisely to early, mid or final stages of the S-
phase. Early S-phase cells showed BrdU immunolabeling in the
short euchromatic arm. Cells were classified as late S-phase
when immunostaining was limited to the long heterochromatic

Table 2. Frequencies of damaged and undamaged BrdU-labeled CHO9
metaphases in early, mid, late S-phase and unlabeled metaphases from cells
treated either with etoposide or X-rays

Number of metaphasesa 

ES (%)  MS (%)  LS (%)  UL (%) 

Treatment Concen- 
tration/ 
Dose 

D U  D U  D U  D U 

10  M 7 (8) 23  15 (17) 45  54 (63) 45  10 (12) 1 Etoposide 
20  M 6 (4) 3  23 (16) 20  96 (69) 34  15 (11) 3 

1.5 Gy 13 (14) 29  32 (36) 49  35 (39) 30  10 (11) 2 X-rays 
3.0 Gy 8 (5) 10  22 (14) 14  85 (55) 19  40 (26) 2 

a Percentages of damaged metaphases are denoted in brackets. Recovery time: 8 
hours (200 metaphases per treatment).  
ES: early S-phase; MS: mid S-phase; LS: late S-phase; UL: unlabeled metaphases; 
D: damaged; U: undamaged. 

Table 3. Distribution of 400 SORB induced by etoposide or X-rays in the
short (Xp) and long arms (Xq) of the CHO9 X chromosome; expected SORB
were calculated according to arm length

Treatment Concentration Chromosome arm Observed Expected  2 

Etoposide 10   M  Xp 30 41  2.90 
Etoposide 10   M  Xq 70 59  2.00 
   100 100  4.90a 

Etoposide 20   M  Xp 21 41  9.70 
Etoposide 20   M  Xq 79 59  6.80 
   100 100 16.50b 

X-rays 1.5 Gy  Xp 36 41  0.60 
X-rays 1.5 Gy  Xq 64 59  0.40 
   100 100  1.00 

X-rays 3.0 Gy  Xp 48 41  1.20 
X-rays 3.0 Gy  Xq 52 59  0.80 
   100 100  2.00 

a P < 0.05. 
b P < 0.001. 
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Fig. 1. BrdU immunolabeling of CHO9 X
chromosomes. Green signals indicate BrdU incor-
poration. Chromosomes were counterstained
with DAPI (blue). (a) Early-S metaphase with the
short euchromatic arm labeled; (b) late-S meta-
phase with the long heterochromatic arm labeled;
(c) mid-S metaphase with labeling of both arms;
(d) same metaphase as in (c) in DAPI mode. X
chromosomes are denoted by X. Arrows indicate
the secondary constrictions in the long arms of X
chromosomes. RB’, chromatid interchange.

arm. The presence of fluorescent labeling along both arms of
the X chromosome indicated that the cell was in mid S-phase
during treatment with etoposide or X-rays (Fig. 1a–c).

As shown in Table 2, BrdU-labeled damaged metaphases
observed at 8 h recovery time mainly corresponded to late S-
phase cells for 10 and 20 ÌM etoposide as well as for 3.0 Gy
X-rays. However, cells exposed to 1.5 Gy X-rays showed simi-
lar frequencies of mid-S and late-S damaged cells (36 and 39%,
respectively). Therefore, a clear difference in the cell cycle
delay effect with 1.5 Gy X-rays in comparison with 3.0 Gy X-
rays and etoposide treatment was observed. Table 2 also shows
the distribution of undamaged early-, mid- and late-S cells as
well as G2 cells which are unlabeled.

The analysis of the distribution of 400 SORB in G-banded
X chromosomes from damaged cells showed that most SORB
induced by etoposide mapped preferentially to Xq (10 ÌM, P !
0.05; 20 ÌM, P ! 0.001), those produced by X-rays were ran-
domly distributed (Table 3, Fig. 2). The pericentric region of
the X chromosome seems especially sensitive to SORB induc-
tion by etoposide (Fig. 2a, b). SORB produced by etoposide
localize preferentially in Giemsa light bands with respect to X-
rays induced breakpoints (Figs. 2 and 3).

Discussion

We found a random distribution of SORB produced by X-
rays but most of the etoposide-induced SORB mapped to Xq
(Tables 1 and 3, Fig. 2). It was demonstrated that a similar cell
population was analyzed either with etoposide or X-rays, since
most damaged cells were at late S-phase during treatment (Ta-
ble 2).

Fig. 2. Localization in G-dark and G-light bands of SORB induced in
CHO9 X chromosomes during S-phase by 10 ÌM (a) and 20 ÌM (b) etopo-
side, 1.5 Gy (c) and 3.0 Gy (d) X rays (symbols on the right side of the G-
band idiograms). Symbols on the left side represent SORB located at band
junctions. Shaded areas in idiograms correspond to the X chromosome long
arm secondary constriction.

A non-random distribution of SORB along Chinese hamster
chromosomes was found by several authors. Additionally, a
preferential induction of SORB in specific chromosome re-
gions was also described (Slijepcevic and Natarajan, 1994a, b;
Dominguez et al., 1996; Grigorova et al., 1998; Xiao and Nata-
rajan, 1999a, b, c; Martı́nez-López et al., 2000).
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Fig. 3. Distribution of 320 SORB induced by
etoposide or X-rays in Giemsa light and Giemsa
dark bands as well as in band junctions in the
CHO9 X chromosome.

Xiao and Natarajan (1999a) studied the frequencies and
distribution of X-ray-induced CA in Chinese hamster primary
fibroblasts by fluorescence in situ hybridization (FISH) during
the G1 phase of the cell cycle. They found that the long arms of
the X chromosomes had more breaks than the short arms.
However, dicentrics and translocations were distributed ac-
cording to arm length. Slijepcevic and Natarajan (1994b)
reported an excess of terminal deletions in the long arms of Chi-
nese hamster X chromosomes after G1 X-irradiation. The pres-
ence in heterochromatin of less efficient repair for breakage
rejoining rather than damage susceptibility was proposed as an
explanation for their results. Interestingly, a significantly high-
er number of exchanges in the X chromosome long arms of Chi-
nese hamster splenocytes after X-ray and neutron irradiation
using FISH was reported by Grigorova et al. (1998).

Notwithstanding, Mühlmann-Diaz and Bedford (1994), us-
ing X chromosome-specific DNA probes to study the frequen-
cies of Á-ray-induced aberrations in human cell lines with an
increased number of X chromosomes, found a similar frequen-
cy of aberrations in the X chromosomes independently of their
number, indicating that heterochromatin is less prone to be
damaged. Moreover, only few SORB were detected in the long
arm of the Chinese hamster X chromosome after treatment
with RE, DNase I, neutrons and Á-rays (Folle et al., 1997; Mar-
tı́nez-López et al., 1998).

These apparently contradictory results cannot be explained
satisfactorily. Uneven sensitivities of different cell cycle stages,
DNA replication, repair efficiency and chromatin conforma-

tion may strongly influence the fate of induced initial lesions in
DNA (Obe et al., 2002).

Clustering of SORB in Giemsa light bands has been reported
repeatedly (Folle and Obe, 1995, 1996; Folle et al., 1998; Martı́-
nez-López et al., 1998). Interestingly, only SORB produced by
etoposide mapped preferentially to light Giemsa bands (Figs. 2
and 3). This finding could reflect an increased accessibility of
etoposide to its target in these chromosome regions as has been
proposed for RE and DNase I (Folle et al., 1997).

The fact that topoisomerase II was found associated with
heterochromatin in Chinese hamster fibroblasts (Petrov et al.,
1993) could explain the preferential distribution of etoposide-
induced breakpoints in Xq. Additionally, clustering of break-
points induced by etoposide in the centromeric region of the X
chromosome could also be the result of topoisomerase associa-
tion to centromeres (Rattner et al., 1996).

Nevertheless, since in our study damaged cells induced by
radiation or etoposide were in late S-phase of the cell cycle at
the time of treatment, it can be assumed that Xq heterochroma-
tin was involved in DNA replication during treatment. DNA
topoisomerases play a major role in a variety of biological pro-
cesses such as DNA replication, transcription and repair.
Therefore, trapping of active Topo II during Xq replication by
etoposide could also account for SORB clustering in the long
arm of the X chromosome. However, more experimental evi-
dence is still needed to clarify the mechanism of induction of
CA by topoisomerase II trappers in different phases of the cell
cycle and especially during DNA replication.
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Abstract. G0 human blood lymphocytes were irradiated
with 2.0 Gy Á-rays and cultured to metaphase whilst held in a
50-Hz power frequency magnetic field of 0.23, 0.47 or 0.7 mT.
No differences were found in the frequencies of Á-induced chro-
mosome aberrations observed in cells held in the EM fields
compared with replicates held in a sham coil. Similar field con-

ditions have been reported to increase the frequency of Á-
induced HPRT mutations, leading to a suggestion that the EM
fields alter the fidelity of repair of genomic lesions. This was
not confirmed by the chromosome aberration assay described
here.

Copyright © 2003 S. Karger AG, Basel

Electric or magnetic fields at 50/60 Hz at levels of intensity
likely to be encountered by members of the public or in most
occupational settings are widely accepted as being non-muta-
genic (Murphy et al., 1993). However the question remains
open as to whether they might nevertheless carry some risk by
enhancing the effect of known mutagens. A suggested mode of
action is that the field in some way reduces the fidelity of repair
of DNA damage caused by the established mutagen (Walleczek
et al., 1999). The present paper examines this possibility using
the in vitro assay of chromosomal aberrations induced in
human lymphocytes by gamma radiation (IAEA, 2001).

Materials and methods

The electromagnetic field (EMF) system was a facility installed in Brunel
University and has been fully described by Wolff et al. (1999). It was
designed to enable cell biology experiments to be conducted with extraneous
variables reduced to an absolute minimum. In essence the apparatus com-
prises two identical solenoid coils each contained in a mumetal drum so that
when in use they only differ by whether the field-producing current is flowing
or not. In use, both coils have the earth’s magnetic field restored and each is
supplied from a common source with a recycled stream of temperature-,
humidity- and CO2-controlled air. The variations in flux density between
replicate specimens within a coil was within 1 %. The experimental flux den-
sity was produced within one coil whilst the other acted as a sham control. On
each occasion the choice of which coil was the positive or sham was made
randomly by a control computer and this information remained coded until
the study was completed.

Three flux densities (0.23, 0.47 and 0.7 mT at 50 Hz) of 12 h duration
were used and each was repeated. Thus there were six runs on the apparatus
and these spanned nine weeks. During each run each coil was loaded with six
replicate cultures of cells previously irradiated with 2.0 Gy Á-rays and two
replicates with unirradiated cells. In addition four replicate cultures of Á-
irradiated cells were set up in identical conditions but retained at the NRPB
laboratory and incubated in parallel with the material at Brunel.

Heparinized peripheral blood from one healthy, non-smoker, 46-year
female donor was used throughout. The objective of the work was to explore
whether an effect existed from the combination of the ionising and non-
ionising radiations. Thus an extensive series of exposures with matched con-
trols and shams was undertaken with the blood from a single donor. Absolute
values of aberration frequencies for any particular exposure regimen would
of course have varied had blood from several donors been used. However the
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Table 1. Aberrations scored in lymphocytes exposed to combinations of 2.0 Gy Á-rays and three EM fields

Chromatid Run 2 Gy  EM Field No cells 
scored 

Dicentrics 2 on 5DF Centric 
rings 

Excess 
acentrics 

2 on 5DF 

Gaps Breaks Exchanges 

1.  0.23 mT    400 1  0 0  0 0 0 
   1200 90 1.7 1 71 2.8 3 2 0 
   400 0  0 0  0 0 0 
   1200 123 3.1 2 73 5.0 3 5 0 
 NRPB control 

 
  200 16  0 15  3 0 0 

2.  0.23 mT    400 1  0 0  2 0 0 
   1200 141 7.1 1 98 3.2 3 4 0 
   400 0  0 1  1 1 0 
   1200 146 2.6 4 102 8.7 8 3 1 
 NRPB control 

 
  200 19  0 12  1 0 0 

1.  0.47 mT    400 0  0 4  2 0 0 
   1200 183 17.5 2 107 5.1 3 2 0 
   400 0  0 5  0 0 0 
   1200 160 8.3 6 102 5.2 6 7 0 
 NRPB control 

 
  200 34  0 17  1 0 0 

2.  0.47 mT    400 0  0 1  0 2 0 
   1200 151 5.5 0 97 10.6 6 1 0 
   400 0  0 0  1 0 0 
   1200 184 3.0 3 97 5.8 8 2 2 
 NRPB control 

 
  200 29  2 22  2 2 0 

1.  0.7 mT    400 1  0 4  3 1 0 
   1200 155 10.9 7 92 7.7 7 8 0 
   400 0  0 1  0 1 0 
   1200 153 4.8 2 111 3.2 10 2 0 
 NRPB control 

 
  200 17  0 16  1 1 0 

2.  0.7 mT    400 0  0 1  5 1 0 
   1200 142 3.8 5 109 10.4 6 2 0 
   400 0  0 0  1 0 1 
   1200 138 4.0 5 94 14.5 7 5 0 
 NRPB control   200 25  1 16  0 0 0 

objective was not to explore inter-individual genetic variability, but rather
whether an effect occurred per se.

Blood sampling was with informed consent and according to the institu-
tional standing ethical approval. “Vacutainer” tubes of freshly taken blood
were cooled over 1 h to 1–5 °C in crushed ice. Some tubes were irradiated at
ice temperature to 2.0 Gy with cobalt-60 Á-rays at a dose rate of 1.0 Gy/min,
while identical tubes remained unirradiated. Reproducibility of the Á dose on
the six occasions was within 2%.

After irradiation the subsequent handling of cells continued under cold
conditions. Replicate whole blood cultures were set up with 0.3 ml of blood
added to 4.5 ml of cooled Eagle’s minimum essential culture medium supple-
mented with 10% foetal calf serum, 1% L-glutamine, 100 IU/ml penicillin,
100 Ìg/ml streptomycin, 1% heparin and 1% 5-bromodeoxyuridine. The
same batch numbers for all culture constituents were used throughout the
study. The culture vessels were 10-ml capacity plastic screw-top tubes.

The vessels were then transported from the NRPB laboratory on ice to
Brunel University; a travelling time of approximately 1.5 h. Two hours after
Á irradiation 0.1 ml of phytohaemagglutinin (PHA) was added to each cold
culture and they were then installed in the EMF apparatus and exposed to a
chosen flux density or sham. Only then did the cell cultures warm to 37 °C.
The magnetic field/sham was maintained for only the first 12 h and then the
cultures remained in the same apparatus for a further 36 h, making a total
culture time of 48 h, which is the standard protocol for obtaining first divi-
sion metaphases. At 45 h 0.1 ml of colcemid (final conc 0.25 Ìg/ml ) was
added to each culture.

On removal of the cultures from the apparatus they were transported at
ambient temperature back to the NRPB laboratory where metaphases were
harvested by the standard procedure of hypotonic treatment in potassium
chloride solution and fixation in methanol:acetic acid (IAEA, 2001). Fixed
cell suspensions were coded and stored at –20 °C until required for preparing
microscope slides.

An aliquot of cells from each coded culture was checked by fluorescence
plus Giemsa staining to confirm that 195% of metaphases were in their first
in vitro division. With this confirmation further slides were block-stained
with Giemsa for aberration scoring. Two hundred cells from each culture
were scored by one experienced person recording the presence of dicentric,
centric ring and excess acentric chromosome aberrations and chromatid
gaps, breaks and exchanges. The criteria for identification and recording the
aberrations followed the internationally recommended protocol (IAEA,
2001).

The chi-squared test, based on Poisson assumptions for dicentrics and a
Poisson variance increased by a factor 1.1 for acentrics, was used to confirm
homogeneity of aberration yields from the replicate samples from each coil.
The standard error on difference between the EMF exposed and sham
exposed samples in the same run was computed from the sum of the individ-
ual variances.

Results

When all microscope scoring was completed the slide and
coil codes were broken. The aberration frequencies in 200 cells
scored from each of the six Á-irradiated and two unirradiated
replicate blood cultures from each coil (individual data not
shown) were compared and found to be homogenous using the
¯2 test. Only two of the 24 values of ¯2 were greater than 11.1
which is the ¯2 value corresponding to a 5% probability on 5
degrees of freedom. Table 1 shows the results from the pooled
replicates for each of the six experimental runs and the corre-
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Fig. 1. The differences (B 1 SE) in aberration frequencies (field minus
sham) for lymphocytes exposed to 2.0 Gy Á-rays and held in electromagnetic
fields. 
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sponding ¯2 values for the 2.0 Gy replicates. The aberration
frequencies shown for the NRPB controls, i.e., the Á-irradiated
blood that was retained and cultured at NRPB, are combined
results from 50 cells scored from each of the four replicates.

Discussion

This work was prompted by a recent study of Walleczek et
al. (1999) which showed that in CHO cells the frequency of
gene mutations at the Hprt locus induced by Á-rays was modi-
fied by subsequent incubation of the cells for 12 h in a power
frequency (60 Hz) magnetic field of 0.7 mT. The magnetic field
exposure induced an approximate 1.8-fold increase in Hprt
mutations. Exposures at 0.23 and 0.47 mT also showed an
enhancement of the mutation frequency but it was less marked.
The field itself did not induce mutations but it was suggested
that in some way it reduced the fidelity of repair of the Á-ray
induced DNA damage. It was also noted that a similar finding
was reported by Miyakoshi et al. (1997, 1999) using, respective-
ly human melanoma and CHO cells but exposed at much high-
er flux densities of 5 and 400 mT. In view of the positive effect
reported by Walleczek et al. (1999), the present study design
used the same Á dose, flux densities and exposure duration. It

was considered more important to replicate these EM fields
since, whilst also high, they are nevertheless much closer to
what might be experienced by humans. The study is not a total
replication since a different cell type (primary human lympho-
cytes) and a different assay endpoint (chromosomal aberra-
tions) have been used. It is believed that the majority of radia-
tion-induced gene mutations and chromosome aberrations
have their origins in mis-repair of DNA double strand breaks
via non-homologous end joining processes (Chu, 1997; Jeggo,
1998). Therefore the present study was undertaken to test the
hypothesis of Walleczek et al. (1999) that EM field exposure
can interfere in some way with the repair of a critical form of
ionising radiation-induced genomic damage.

The experimental work had to be split between two centres
and, to ensure that no DNA repair occurred between Á-irradia-
tion and exposure to the magnetic field, processing and trans-
port was performed with the cells held on ice. The cells were
placed into culture and eventually raised to 37°C inside the
field or sham coils. The magnetic field apparatus therefore also
served as an incubator from which the cells were harvested at
48 h which is the standard time for obtaining first in vitro divi-
sion metaphases with human blood lymphocytes. To control
for possible effects of transporting cells and incubating in an
atypical incubator, replicate cultures from aliquots of the Á-
irradiated blood were incubated in parallel in the NRPB labo-
ratory. In Table 1 the chromosome aberration yields scored
from these “NRPB controls” are not significantly different
from either of the two transported Á-irradiated samples. The
total number of dicentrics from cultures held in the EMF incu-
bator and the NRPB controls are 1,766 and 140. The ratio is
12.6 compared with the expected 12.0 based on the numbers of
cells scored.

The lymphocytes were Á irradiated in the non-cycling G0

stage when induced damage leads to aberrations of the chromo-
some type: dicentrics, rings and excess fragments. After mito-
genic stimulation with PHA and bringing the cultures to 37°C
the cells commenced cycling and were in the G1 stage during
the 12 h of EM field exposure. Damage incurred in G1 also
leads to chromosome-type aberrations. The study was thus
designed to measure possible changes caused by the field expo-
sure in the frequencies of these aberrations although, for com-
pleteness, chromatid-type aberrations (gaps, breaks and ex-
changes) were also noted. Table 1 shows the numbers of cells
and aberrations scored from each exposure run (two runs per
flux density) with data pooled from replicate cultures within
each run.

Examination of the data in Table 1 shows, firstly, that few
aberrations were scored in cells that had received no Á exposure
and for these cells there are no differences between incubating
in the field or sham coils. The aberration frequencies are con-
sistent with normal background (IAEA, 2001) and this there-
fore serves to confirm that the magnetic field alone does not
measurably induce chromosomal aberrations.

In considering the results from cells exposed to 2 Gy Á-rays,
the differences B 1 SE in aberration frequencies, i.e., those
observed in the field coil minus those in the sham, are plotted
in Fig. 1. Data are shown for dicentrics, acentrics and com-
bined chromatid-type aberrations. Centric rings have been
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ignored as few were observed. In Fig. 1 only one data point
departs significantly (2 SE) from equal frequencies indicated by
the horizontal line. This is the positive value for dicentrics in
the first run at 0.23 mT but it was not replicated in the second
run at that flux density. It is notable that the Á alone (EMF
sham) element of this first run at 0.23 mT gave an unexpectedly
low yield of dicentrics and this may explain the positive result
obtained. Overall, for dicentrics and acentrics there is a more-
or-less even spread of points falling above and below the hori-
zontal. There is no suggestion of a dose response relationship,
as was reported for Hprt mutations, by Walleczek et al. (1999)
where a more marked elevation (× 1.8) was found at 0.7 mT.
The distributions of dicentrics and excess acentrics among the
cells were tested for conformity with the Poisson distribution.
Dicentrics were distributed as the Poisson whilst acentrics were
overdispersed with a ratio of variance to mean of 1.1. This
agrees with our previous experience (Lloyd et al., 1986). The
mean difference in dicentric yields between the Á-ray plus field
exposures and Á plus sham is 7 in 1,200 cells with an SE of 9 in
1,200. The distribution of the differences is slightly greater than
that expected on the Poisson assumption, mainly caused by the
data from run 1 at 0.23 mT, and this has been included in the
calculation of SE. For acentrics the mean difference is 1 with an
SE of 6 in 1,200 cells. The variation of the differences was less
than that expected from the Poisson assumption but the calcu-
lation of SE took into account the factor 1.1 above. For dicen-
trics and acentrics the upper 95% confidence limits were 17%
and 13% of their mean respective yields of 147 and 96 in 1,200
cells. Therefore using two standard errors as a criterion for
detectability and allowing for inter-experiment variability, a
12% difference between field and sham exposure would have
been the borderline of significance for both dicentrics and acen-
trics.

It is unclear why the gene mutation study of Walleczek et al.
(1999) gave a positive result for EMF while the statistically
more robust study reported here for dicentric chromosome
aberrations did not. One explanation is that the somewhat fluc-
tuating replicates reported by Walleczek et al. provide evidence
of the considerable quantitative uncertainty inherent in this
gene mutation assay (see Thacker, 1992 for discussion). On this
basis we would place more weight on the essentially consistent
dicentric data presented here which are inherently more reli-
able for the quantification of the consequences of genomic
damage after ionising radiation.

However it remains possible that biological factors deter-
mine the differences seen. For example cell types and cell cycle
parameters were different in the two studies and it is also possi-
ble that chromosomal exchange processes associated with di-
centric formation are subject to less EMF perturbation than
those that drive radiation-induced gene mutation (largely
DNA/chromosomal deletions) (Thacker, 1992). Although we
recognise the above biological factors as being potentially
important, on balance we suggest that quantitative reliability is
likely to be the most important issue.

Hintenlang (1993) has also reported an interaction (near
tetraploidy) when X-irradiated lymphocytes were cultured in
the presence of a 60-Hz 1.4-mT magnetic field. Cells exposed
only to X-rays or to the field did not exhibit this phenomenon.

It was suggested that the field was able to influence the proper
functioning of the mitotic spindle, somehow potentiating dam-
age induced by the X-rays. Such an effect would not have been
observed in the present study which was concerned with
induced aberrations in M1 metaphases. Hintenlang was ob-
serving metaphases in 48-hour cultures that were past their first
in vitro division but BrdU/harlequin staining was not used to
discern division status. With longer-duration cultures near
tetraploidy is a commonly observed effect from X-rays alone,
but Hintenlang did not find this at 48 h where predominantly
M1 cells would have been present. It is therefore possible that
the magnetic field was not influencing mutagenesis or repair
but instead increasing the speed of cell cycling and thus permit-
ting ploidy change to be expressed.

Chromatid-type aberrations were also scored in the present
study and Fig. 1 shows again that in each run the difference
between yields in the field and sham lies close to the horizontal
line. However a possible tendency could be construed in that in
five of the six points, the yield in the Á-irradiated cells held in
an EMF was higher, albeit in no case significantly, than that in
its sham. By summing the values in Table 1 it may be inferred
that from 7,200 cells the chromatid aberration frequency (B 1
SE) in the shams is 0.0065 B 0.0010 per cell. The correspond-
ing frequency, from 7,200 cells for Á-rays followed by EM field
is 0.0096 B 0.0012. The difference is 0.0031 B 0.0016. By
pooling the data in this way there appears to be a trend that 2.0
Gy Á plus EM field has resulted in an elevated chromatid aber-
ration frequency. However as the absolute number of these
aberrations scored is small, compared with the chromosome
type, this difference is of borderline significance.

It has to be stressed that by giving the Á radiation to freshly
taken blood, where lymphocytes are in G0, this study was
designed to explore the possibility of magnetic field effects on
the frequencies of induced chromosome type aberrations. It is
axiomatic that aberrations of the chromatid type are induced
by ionising radiation only when cycling cells are exposed in S
and G2 (IAEA, 2001). On this basis there is good reason to con-
sider a follow-up study that includes Á irradiation of human
lymphocytes in the S/G2 phases of the cell cycle.

It is interesting to note that in a few surveys of persons occu-
pationally exposed to EM fields (Khalil and Qassem, 1991; Val-
jus et al., 1993) where aberrations have been reported to be
elevated, they have been of the chromatid-type. In vitro, Cho
and Chung (2003) reported that frequencies of SCE and micro-
nuclei induced by benzo(a)pyrene were elevated when lympho-
cytes were exposed concurrently with an ELF-EMF of 0.8 mT.
This implies that the field could act as an enhancer of the initia-
tion process of chemical clastogenesis. The present study by
contrast concentrated on post Á-ray repair processes which are
known (Purrott and Reeder, 1976) to occur over a period of a
few hours. Clearly it would be interesting to examine cells
exposed concurrently to ELF and ionising radiation.
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Conclusion

Taken overall the results for chromosome type aberrations
in the present study indicate no enhancement of aberration
yields in cells held in the magnetic fields. Thus, by implication,
the presence of these fields does not compromise directly or
indirectly the repair of the Á-ray induced lesions, DNA double

strand breaks, that are principally responsible for aberrations.
The statistical strength of these data is such that a difference of
12% or more would have been deemed significant. For chroma-
tid type aberrations, for which the study was not primarily
designed, no firm conclusion can be drawn. A possible trend in
the data requires a more focussed study.
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Abstract. Using fluorescence in situ hybridization with
human band-specific DNA probes we examined the effect of
ionizing radiation on the intra-nuclear localization of the het-
erochromatic region 9q12→q13 and the euchromatic region
8p11.2 of similar sized chromosomes 9 and 8 respectively in
confluent (G1) primary human fibroblasts. Microscopic analy-
sis of the interphase nuclei revealed colocalization of the
homologous heterochromatic regions from chromosome 9 in a
proportion of cells directly after exposure to 4 Gy X-rays. The
percentage of cells with paired chromosomes 9 gradually de-
creased to control levels during a period of one hour. No signifi-
cant changes in localization were observed for chromosome 8.
Using 2-D image analysis, radial and inter-homologue dis-
tances were measured for both chromosome bands. In unex-
posed cells, a random distribution of the chromosomes over the
interphase nucleus was found. Directly after irradiation, the
average inter-homologue distance decreased for chromosome 9

without alterations in radial distribution. The percentage of
cells with inter-homologue distance !3 Ìm increased from 11%
in control cells to 25% in irradiated cells. In contrast, irradia-
tion did not result in significant changes in the inter-homologue
distance for chromosome 8. Colocalization of the heterochro-
matic regions of homologous chromosomes 9 was not observed
in cells irradiated on ice. This observation, together with the
time dependency of the colocalization, suggests an underlying
active cellular process. The biological relevance of the observed
homologous pairing remains unclear. It might be related to a
homology dependent repair process of ionizing radiation in-
duced DNA damage that is specific for heterochromatin. How-
ever, also other more general cellular responses to radiation-
induced stress or change in chromatin organization might be
responsible for the observed pairing of heterochromatic re-
gions.

Copyright © 2003 S. Karger AG, Basel

With the introduction of fluorescence in situ hybridization
(FISH) it became possible to detect specific DNA sequences in
single cells. Utilization of chromosome-specific DNA probes
on interphase nuclei has unequivocally confirmed circumstan-
tial evidence from earlier studies, that chromosomes occupy

discrete territories in the cell nucleus. Recently, the architec-
ture of the cell nucleus has become a subject of great interest
and it is now widely accepted that interphase nuclei possess a
high degree of spatial organization (for review see Cremer and
Cremer, 2001). Whether reproducible arrangements of chro-
mosome territories (CTs) exist in cells has been the subject of
various studies. The conclusions of these studies are conflicting
and range from highly ordered arrangements of CTs (Nagele et
al., 1995) to barely any order (Allison and Nestor, 1999). The
discrepancy in the obtained results might be related to differ-
ences in cell type, cell cycle or species concerning the degree of
order in the arrangement of CTs. However, the consistent
observations that CTs occupy distinct radial nuclear positions
depending on their gene density reveal the existence of at least
some degree of order (Croft et al., 1999; Boyle et al., 2001).
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One way to study the chromatin organization in interphase
nuclei is to examine the distances between homologous chro-
mosomes. In general, the large variation in inter-homologue
distances suggests a random arrangement of homologous CTs.
However, pairing of homologous chromosomes has been clear-
ly documented in several cases such as in yeast (Burgess et al.,
1999), Drosophila (Fung et al., 1998), and plants (Bender,
1998). Also in human cells, several studies have indicated a
transient and/or locus-specific pairing of homologous chromo-
somes. For example, homologous pairing has been observed for
the centromeric region of chromosome 1 in human cerebellar
cells (Arnoldus et al., 1989). Brown et al. (1994) studied cells
from benign and malignant prostates using centromere specific
probes for different chromosomes and found that chromosome
17 showed a significant incidence of apparent monosomy in
these cells. Image analysis demonstrated that the monosomic
(single) signals contained twice the signal intensity of those in
cells not showing monosomy, suggesting that the former repre-
sented pairing of the centromeres of the homologous chromo-
somes 17. Using chromosome 7 and 10 centromeric probes on
a follicular lymphoma, Atkin and Jackson (1996) observed a
similar phenomenon, i.e. the frequent presence of single hy-
bridization signals in interphase cells despite the presence of
both homologues. Moreover, association of homologous cen-
tromeres of chromosomes 9 and 17 was evident in cells from
prostate cancer (Williams et al., 1995). It has been suggested
that the association of homologous chromosomes is of func-
tional significance reflecting specific nuclear organization in
relation to gene expression, malignant- or disease-state (Tartof
and Henikoff, 1991; Henikoff, 1997; Stout et al., 1999).

Preferred pairing of homologous chromosomes might also
be the consequence of the specific properties of the DNA in the
centromeric regions. The degree of homology of the highly
repetitive DNA sequences abundantly present near the cen-
tromeres of some chromosomes might facilitate the pairing of
these regions (Haaf et al., 1986). The observed clustering and
association of centromeric heterochromatin into so-called chro-
mocenters (Hsu et al., 1971; Schmid et al., 1975) are examples
of preferred association of highly repetitive sequences.

In a recent study by Dolling et al. (1997) the rearrangement
of homologous territories for chromosomes 7 and 21 was inves-
tigated in response to ionizing radiation. In human skin fibro-
blasts and lung endothelial cells the distance between the
homologous chromosome territories was measured in control
cells and at several time intervals in cells exposed to 4 Gy gam-
ma rays. At 1–2 h after exposure the inter-homologue distance
was significantly reduced when compared with the unexposed
control cells. The authors proposed that the observed rear-
rangement of chromosome territories is an active cellular pro-
cess to permit repair of induced damage by a homology-depen-
dent recombinational repair process.

In this study we addressed the question as to whether ioniz-
ing radiation induces alteration in the positioning of homolo-
gous chromosomes within the interphase nucleus. Dual-color
fluorescence in situ hybridization (FISH) using the band-spe-
cific probes 8p11.2 and 9q12→q13 was applied on confluent
(G1) human fibroblasts. The probe 9q12→q13 covers the het-
erochromatic region flanking the centromere of chromosome 9,

where as 8p11.2 covers a euchromatic band near the centro-
mere of the similar sized chromosome 8. Using 2-D image anal-
ysis, the relative position of homologous chromosome regions
was examined. In control cells, both chromosomes 8 and 9
seem to be randomly positioned in the interphase nucleus with
a wide range of inter-homologue distances. Directly after expo-
sure to 4 Gy X-rays, we observed a transient pairing between
the heterochromatic regions of chromosomes 9 in a proportion
of G1 fibroblasts. The proportion of cells with paired hetero-
chromatin gradually decreased to control levels within one
hour after exposure. No rearrangements were observed for the
euchromatic regions of chromosomes 8, suggesting a critical
role of heterochromatin in the instant pairing of homologous
chromosomes after exposure to ionizing radiation.

Materials and methods

Cell culture and irradiation
Primary human skin fibroblasts derived from a healthy individual

(VH25) were grown in Ham’s F10 medium, supplemented with 15 % fetal
bovine serum and antibiotics and incubated at 37 °C in 2.5% CO2 atmo-
sphere. The cells were seeded with a high density (F3.0 × 104 cells/cm2) on
glass slides and grown to confluency (F6.7 × 104 cells/cm2) during seven
subsequent days. Confluent cells were X-irradiated with 4 Gy at 37 °C (using
an Andrex SMART 255 X-ray machine, operating at 200 kV and 4 mA with
a dose rate of 2 Gy/min). Cells were fixed either immediately after exposure
or after different incubation time intervals at 37 °C. Non-irradiated control
cultures were processed in parallel. Cycling cells were monitored by incubat-
ing parallel slides for 24 h in the presence of 5-bromo-2)-deoxyuridine (BrdU,
Sigma) at a final concentration of 5.0 ÌM.

Fixation
Control and irradiated slides with confluent cells were washed twice with

ice-cold phosphate buffered saline (PBS) prior to a 5-min fixation step with
ice-cold PBS containing 2% paraformaldehyde. In order to permeabilize the
nuclear membrane the cells were incubated with methanol (–20 °C) for
10 min after which the slides were air-dried prior to in situ hybridization or
BrdU detection.

Fluorescence in situ hybridization (FISH) and BrdU detection
Fluorescence in situ hybridization (FISH) was performed using human

band-specific DNA probes for the bands 8p11.2 and 9q12→q13 (Research
Genetics). The probes were labeled with FITC-12-dUTP (Perkin Elmer) or
biotin-16-dUTP (Boehringer Mannheim) during a PCR reaction using a pro-
tocol supplied by the manufacturers. The PCR product was purified using a
QIAquick kit (Qiagen). The probes were mixed and precipitated together
with human Cot1 DNA (Roche) and dissolved in hybridization mixture
(50 % deionized formamide, 2× SSC, 50 mM phosphate buffer pH 7.0, and
10 % dextran sulfate). Denaturation was performed by incubation for 7 min
at 80 °C followed by probe competition for 1 h at 37 ° C.

Prior to in situ hybridization, slides were treated with RNase, pepsin,
MgCl2 and formaldehyde as previously described (Boei et al., 1996) followed
by denaturation in 60% deionized formamide, 2× SSC and 50 mM phos-
phate buffer (pH 7.0) for 2.5 min at 80 ° C. Finally the probes were added to
the slides and hybridized overnight at 37 °C.

Post-hybridization, slides were washed with 50% formamide in 2× SSC
(pH 7.0) at 42 °C and treated with 10% blocking protein (Cambio). For
immunofluorescent detection of FITC-labeled probes, rabbit anti-FITC and
fluorescein-conjugated goat anti-rabbit IgG were used (Cambio), whereas
Texas-Red avidin and biotinylated goat anti-avidin (Cambio) were used to
detect biotin-labeled probes.

To visualize incorporated BrdU, slides were pretreated and denatured as
described above for the FISH procedure. Immunofluorescent detection was
performed using a mouse IgG monoclonal anti-bromodeoxyuridine antibody
(Boehringer Mannheim) and a secondary goat anti-mouse antibody conju-
gated with Alexa Fluor 488 (Molecular Probes).
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Fig. 1. (a) Diagrammatic representation of G-banded human chromo-
somes 8 and 9. The position and size of the bands covered by band probes
8p11.2 and 9q12→q13 is shown. (b) Metaphase spread of a human lympho-
cyte hybridized with band probe 8p11.2 (green) and 9q12→q13 (red).
(c) Example of a class 1 cell, an interphase human fibroblast with two sepa-
rated hybridization signals for both band-specific probes. (d) Example of a
class 2 cell, the red hybridization signals (of homologous bands 9q12→q13)
are overlapping giving one, slightly larger hybridization signal. (e) Example
of a cell with two touching red hybridization signals. Also this situation was
classified as a class 2 cell during the manual analysis. 

Fig. 2. Kinetics of pairing of homologous chromosome bands 8p11.2 and
9q12→q13 in irradiated and control G1 human fibroblasts. The dashed lines
show the percentage of control cells with paired homologous bands 8p11.2
(bottom) and 9q12→q13 (top). The error bars represent the SD of the mean
of three different experiments. At 0, 15 and 30 min after exposure to radia-
tion, statistically significant differences (P ! 0.05) were observed between the
colocalization of chromosome 9 in irradiated and control cells.

Fig. 3. Diagrammatic representation of a fibroblast nucleus with two
homologous hybridization sites (round circles). R1 and R2 are the radial dis-
tances for hybridization sites 1 and 2 respectively. The radial angles ‰1 and ‰2
are the angle of R1 and R2 respectively with the major axis with values
between 0 and 90°. These parameters were used to convert hybridization
sites to one quadrant of the nucleus (dotted line and circle R)2). H represents
the distance between the two homologous hybridization sites.

Minor axis

Major axis

R1

Center
∂1

∂2

R2

H

R’2

After counterstaining with 10 ng/ml DAPI/PBS solution for 10 min, the
slides were embedded with Citifluor mounting medium (Agar Scientific).

Microscopy and scoring criteria
Fluorescence microscopy was performed with a Zeiss Axioplan micro-

scope equipped with filters for observation of DAPI, FITC and TRITC.
Interphase nuclei were analyzed manually or by means of a computerized
image analysis system consisting of a Nu200 CCD camera, an Apple Macin-
tosh PowerPC and IPlab software (Scanalytics Inc.).

In the manual scoring, a distinction was made between cells which dis-
played entirely separated hybridization signals (class 1 cells, Fig. 1c), and
cells in which signals were so close together that only a single (usually larger)
hybridization signal or two touching signals were observed (class 2 cells,
Fig. 1 d, e).

Image analysis was performed on 200 randomly selected images of flat
(2-D) fibroblast nuclei both for control and irradiated cells (fixed immediate-
ly after exposure). From a single nucleus, the center was determined as a
midpoint on the major axis that passes through the longest axis of the ellip-
soid nucleus (Fig. 3). The length of both major and minor axis (making a 90°
angle with the major axis at the center of the nucleus) was determined and
taken as a measure of nuclear size. The position of each chromosome band
(8p11.2 and 9q12→q13) was determined by the weighted center of the fluo-
rescent intensity of the hybridization signal. Subsequently the radial distance
was measured for each chromosome band. Furthermore, the radial angles
with the major axis were calculated and used, along with the radial distances,
to plot all hybridization signals in one quadrant of the nucleus (according to

Sun et al., 2000; Fig. 4). Finally, the distance between the homologous chro-
mosome bands was measured, sorted and plotted against ascending nucleus
numbers (Fig. 5).

Statistical analysis
The Student t test was used to analyze the difference between control and

irradiated groups of cells. Chi-square test was used to analyze the difference
in the distance spectra and to compare the number of cells displaying differ-
ent distance ranges in control and irradiated groups.
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Fig. 4. Cumulative plots of hybridization sites for the bands 8p11.2 (left) and 9q12→q13 (right) analyzed in 200 control and 4
Gy X-irradiated G1 human fibroblasts (fixed directly after exposure). All hybridization sites were plotted in one quadrant of the
nucleus, the x- and y-axis representing the major and minor axis respectively. The contour of the average size of the nuclear
membrane is represented by the outer curve. The inner curve corresponds to the mean radial distances, thus 50 % of hybridization
sites are located inside this curve. The black circles represent the position of two fully overlapping hybridization signals.

Fig. 5. Inter-homologue distance distribution of chromosome bands 8p11.2 (left) and 9q12→q13 (right) in control (white
circles) and X-irradiated (4 Gy; black circles) confluent human fibroblasts. Cells with ascending inter-homologue distances are
plotted against the inter-homologue distances.
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Results

In order to investigate the positioning of homologous chro-
mosomes in interphase cells, we analyzed G1 phase primary
human fibroblasts by FISH employing the band-specific probe
9q12→q13 (covering the paracentromeric heterochromatic re-
gion of chromosome 9), and for comparison, the band-specific
probe 8p11.2 (staining a paracentromeric euchromatic band of
chromosome 8). The specificity of each probe was established
by hybridization to metaphase spreads as shown in Fig. 1b. The
hybridization signals using these probes in interphase cells were
bright and compact, which allowed reliable analysis (Fig. 1c–e).
The advantage of fibroblasts is that these cells are sufficiently
flat to allow simple 2-D analysis and that the cells can be syn-
chronized in G1 by contact inhibition. The applied culture con-
ditions allowed the formation of a true confluent monolayer.
Immuno-fluorescent staining of BrdU in parallel cultures re-
vealed that less than 5% of cells in the monolayer had incorpo-
rated BrdU during a period of 24 h. Thus the great majority of
cells were in the G1 phase of the cell cycle at the moment of
exposure to radiation and fixation.

Manual analysis
To assess the influence of ionizing radiation on the localiza-

tion of homologous chromosomes, confluent fibroblasts were
exposed to 4 Gy X-rays and fixed immediately or incubated at
37°C for different time intervals before fixation. Per data
point 500 cells were scored manually. As shown in Fig. 1c–e,
for each chromosome pair the cells were classed among two
groups i.e., cells displaying two distinct hybridization signals
(class 1) and cells with one or two closely adjacent hybridiza-
tion signals (class 2). The outcome of three independent experi-
ments is presented in Fig. 2. In control cells we noticed a differ-
ence in the percentage of class 2 cells when stained for chromo-
somes 8 and 9 (1.9 B 0.6% and 5.6 B 1.2% represented by the
lower and upper dashed lines respectively in Fig. 2). This dif-
ference can be explained by the different band size covered by
the applied probes (Fig. 1). The larger average size of the inter-
phase hybridization signals for probe 9q12→q13 (2.15 Ìm2)
compared to probe 8p11.2 (0.90 Ìm2) results in an estimated
probability of about 5% and 2% respectively to co-localize in
case of random positioning in the 2-D area of an average sized
ellipsoid interphase nucleus (surface F209 Ìm2; Fig. 4). The
estimates are based on the simplifying assumption of circular
hybridization signals, in which the center of colocalizing sig-
nals should fall within an area with twice the radius of the
hybridization signal.

Exposure of cells to 4 Gy X-rays resulted in an instant
increase in the percentage of class 2 cells for chromosome 9.
Directly after exposure the percentage of class 2 cells was
approximately two-fold (12.3 B 2.1%) higher than the control
level. At later time intervals, a gradual reduction in the percent-
age of class 2 cells was observed reaching control levels at about
1 h after exposure. In contrast to chromosome 9, irradiation did
not affect the percentage of class 2 cells for chromosome 8, only
at 15 min after exposure a non-significant increase of class 2
cells was observed. Irradiation of cells on ice, followed by
immediate fixation led to a colocalization frequency for the

homologues of chromosome 9 not different from that of the
control cells (5.6% B 1.2).

Image analysis
In the manual analysis we only distinguished between cells

with 2 or 1 (or two adjacent) hybridization signals. To gain
more detailed insight in the localization of homologous chro-
mosomes we applied interphase image analysis on 200 random-
ly selected control and irradiated cells fixed directly after expo-
sure.

Firstly, the length of both major and minor axis as well as
the nuclear area were measured as parameters for nuclear size.
Exposed nuclei were slightly, but not significantly, larger than
unexposed nuclei. The average length of the major axis in-
creased from 11.2 to 11.4 Ìm, the minor axis from 6.0 to
6.1 Ìm as represented by the outer contour lines of Fig. 4. The
average nuclear area increased after exposure about 3% from
206 to 212 Ìm2. Since this increase in nuclear size was margin-
al, no normalization was performed for other parameters mea-
sured.

Secondly, the position of hybridization signals was deter-
mined relative to the center of the nucleus. This relative distri-
bution was visualized by plotting all hybridization signals in
one quadrant of the nuclear area (Fig. 4). The hybridization
signals for both chromosome 8 and 9 bands were apparently
randomly distributed throughout the unirradiated nucleus.
Half of the hybridization signals were found within circles (in-
ner curve of Fig. 4) with radii of 5.3 and 5.0 Ìm for chromo-
some 8 and 9 respectively. Thus chromosome 9 occupies a
slightly more central position in the interphase nucleus when
compared with chromosome 8. After irradiation, the median
radial distance increased from 5.3 to 5.6 Ìm for the position of
chromosome 8, but remained the same (5.0 Ìm) in case of
chromosome 9.

Finally, the effect of 4 Gy X-irradiation on the relative posi-
tion of homologous chromosomes 8 and 9 was assessed by mea-
surement of the distance between the homologues in each cell.
Irradiation did not change the average distance between the
homologues of chromosome 8 significantly (7.9 B 1.1 Ìm in
the control cells and 7.8 B 1.1 Ìm in the irradiated cells). For
chromosome 9 the reduction in the average distance after irra-
diation was more pronounced, i.e., 7.2 B 1.0 versus 6.5 B
0.9 Ìm, but also not statistically significant. In some cells the
position of the hybridization signals of two homologues was so
close together (overlapping) that two centers of weighted signal
intensities could not be determined. In these cells the distance
between the homologues was considered 0 Ìm. Fully overlap-
ping hybridization signals (the black circles in Fig. 4) were
found in 1% of control cells for chromosome 8 and in 0.5% for
chromosome 9. Directly after exposure, cells with overlapping
signals were found in 2.5% of cells for chromosome 8 and in
8% of cells for chromosome 9.

In Fig. 5, the number of cells with ascending distances
between the homologues is plotted against the absolute dis-
tances between the homologues. Statistical analysis revealed no
significant changes in the spectrum of distances between the
homologues of chromosome 8 as a direct response to the expo-
sure to ionizing radiation. In contrast, for chromosome 9 the
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distance distribution is significantly different (P ! 0.001) in
irradiated cells compared to the control. In 11% of the unex-
posed cells the distance between the homologues of chromo-
some 9 was less than 3 Ìm while after irradiation a significant
increase of cells to 25% in this category was found. The per-
centage of cells in the category 3–6 Ìm decreased from 33.5%
in control cells to 24% in irradiated cells. No significant
changes were observed in cells with inter-homologue distances
16 Ìm. These measurements confirm the manual observations
and indicate a specific movement of the paracentromeric het-
erochromatin of chromosome 9 towards each other.

Discussion

The present study gives information on the effect of ionizing
radiation on the organization of interphase nuclei regarding the
association of homologous chromosomes 8 and 9. Using band
specific DNA probes in combination with fluorescence micros-
copy and 2-D image analysis, we demonstrated that in con-
fluent (G1) primary human fibroblasts, the homologous bands
8p11.2 and 9q12→q13 are randomly distributed with a large
variation in distances between the homologous regions.

Directly after exposure of cells to 4 Gy X-rays we observed a
reduction in the average distances between the heterochromat-
ic bands 9q12→q13 of chromosome 9 homologues but not for
the euchromatic bands 8p11.2 of chromosome 8 homologues.
Irradiation did not alter significantly the shape and size of the
cell nucleus, ruling out that the observed changes are due to
gross alterations in nuclear structure. In the exponentially
growing human leukemia cells the reduced inter-homologue
distances observed after ionizing radiation could be explained
by a more central position of chromosomes (including chromo-
somes 8 and 9) in the nucleus (Jirsova et al., 2001). In the
present study however, irradiation did not change the average
radial distances for chromosomes 9 and pairing of homologous
chromosomes seems to occur at random positions throughout
the entire nucleus (Fig. 4).

Although the homologous chromosomes 9 seem to move
over relatively large distances, induced pairing of 9q12→q13 is
observed in only a small proportion (about 7%) of analyzed
nuclei. In Drosophila the limited pairing was explained by the
3-D nuclear architecture (Marshall et al., 1997; Fung et al.,
1998) in which a given chromatin segment undergoes con-
strained diffusion motion which is confined to a sub-region of
the nucleus. It was suggested that the search for homology criti-
cally depends on both the initial distance between the loci and
the size of the region in which the search takes place (Marshall
et al., 1996). Also in human fibroblasts the position of the
homologous chromosomes within the highly organized nucleus
might be of crucial importance. Perhaps only those cells where
homologous chromosomes are located in neighboring territo-
ries are able to bring the homologous bands together. Another
explanation for the low percentage of cells showing pairing of
homologous chromosomes might relate to the transient charac-
ter of the induced pairing. Pairing is a fast process that is
observed with the highest frequency within minutes after expo-
sure to X-rays. If the dissociation of the two homologous chro-

mosomes is also a fast process, the chance to fix (analyze) cells
during this short period of association is expected to be low.

The fact that pairing was observed only for the homologous
chromosomes 9 and not for the similar sized chromosomes 8,
strongly suggests a possible role of heterochromatin in the asso-
ciation process. The heterochromatic block of chromosome 9
(9q12) has been shown to contain a mixture of various tandem
repeat sequences such as classical satellite DNA III (Gosden et
al., 1975; Tagarro et al., 1994) and DNA sequence repeats
which are rich (68%) in GC sequences (Meneveri et al., 1993).
In meiosis GC rich sequences were suggested to promote pair-
ing of homologous chromosomes (Chandley, 1989). Perhaps
the large size of the GC rich heterochromatic region of chromo-
some 9 can also promote pairing in somatic cells. Therefore, it
would be interesting to compare the response of other chromo-
somes with large heterochromatic bands such as chromosome 1
and 16 with chromosomes lacking these bands.

The observed transient character of the pairing of homolo-
gous chromosomes 9 suggests an underlying active cellular pro-
cess. Also the absence of pairing in cells X-irradiated on ice
implies the involvement of an active process. The similarity in
kinetics of homologous pairing and the repair of radiation
induced lesions, supports the speculations made by Dolling et
al. (1997) about a possible role of a homology dependent repair
process. Although recent studies have demonstrated a role for
homologous recombination in the repair of DNA double strand
breaks (DSBs) in mammalian cells (reviewed by Thompson
and Schild, 2001), the activity is generally restricted to the S
and G2 phase of the cell cycle. If the observed instant pairing of
homologous chromosomes 9 in G1 human fibroblasts is relat-
ed to repair by homologous recombination, this should be a
unique feature for the heterochromatic regions of the genome.

In conclusion, the present study has demonstrated that the
homologous chromosomes 9 are in closer proximity after expo-
sure to ionizing radiation than they were before. Complete pair-
ing was observed in only a proportion of cells and was most
frequently observed directly after irradiation. During a period
of about one hour after exposure the pairing frequency de-
creased to control levels. This transient character and tempera-
ture dependency of pairing suggests an underlying active cellu-
lar process. Furthermore, since chromosome 8 did not show
significant rearrangements it is tempting to subscribe a unique
role for heterochromatin (abundantly present in chromosome
band 9q12 but not in chromosome band 8p11.2) in the pairing
process. At this moment we can only speculate about the possi-
ble reasons for the ionizing radiation induced association of
homologous chromosomes. Perhaps repair by homologous re-
combination plays a specific role in the removal of lesions
induced by ionizing radiation in heterochromatin. However,
other more general cellular responses to radiation induced
stress might result in specific changes in the nuclear topology of
heterochromatic regions.
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Abstract. The analysis of chromosomal aberrations in pe-
ripheral blood of radiation accident victims is an established
method of biological dosimetry. The dose estimate on the basis
of an in vitro calibration curve is straightforward when the
radiation exposure is homogeneous and the analysis not de-
layed. In recent years three radiation accidents occurred, where
the irradiation or sampling conditions precluded a simple esti-
mation of the dose. During the Georgian accident soldiers car-
ried in their pockets small sources of 137Cs leading to partial
and protracted body exposures. During the Tokai-mura acci-

dent, three employees involved in the process of 235U enrich-
ment were exposed to very high doses of gamma rays and neu-
trons. During the Bialystok accident, five patients with breast
cancer undergoing radiotherapy were exposed to a single dose
of electrons which reached about 100 Gy. In the present paper
the approaches chosen to estimate, by cytogenetic methods, the
doses absorbed by the people involved in the accidents are
described. 

Copyright © 2003 S. Karger AG, Basel

The health consequences of an overexposure to ionising
radiation are proportional to the absorbed dose. Therefore, in
order to predict the consequences of an accidental overexpo-
sure and to choose the right medical treatment, it is necessary to
estimate the dose and patient’s response (Ricks et al., 2002).
When the circumstances of the exposure and the characteristics
of the radiation source are well known, it is possible to calculate
or measure the dose by physical methods. However, such a pos-
sibility often does not exist. In such situations the absorbed
dose must be estimated on the basis of the biological effect
induced by radiation (Müller and Streffer, 1991). Today, the
most specific and most sensitive technique of biological dosim-

etry relies on estimating the frequency of chromosomal aberra-
tions in peripheral blood lymphocytes of the exposed person
(IAEA, 2001; Voisin et al., 2002). Numerous studies, per-
formed both on animals and humans, have demonstrated a
close correspondence between aberrations induced in peripher-
al blood lymphocytes under in vitro and in vivo conditions.
This allows a radiation dose absorbed during an accident to be
estimated by reference to an in vitro calibration curve. Because
the aberration frequency varies with the type of radiation and
the dose rate, knowledge of exposure conditions improves the
precision of dose estimation.

The specificity of dose estimate is given by the low sponta-
neous dicentric rate which, in a normal population, is around
one per 1000 lymphocytes (IAEA, 2001). The precision thus
depends on the number of cells scored and allows the assess-
ment of very low dose levels, in the order of 0.01–0.02 Gy. The
upper limits substantially exceed the threshold lethal dose to
humans. 

The highest precision of the dose estimate is achieved in
cases of acute, whole body exposures, when the dose does not
exceed about 3–4 Gy. Higher doses will inhibit the capacity of
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Table 1. Numbers and, in brackets, frequencies per cell, of unstable chromosomal aberrations in
lymphocytes of four Georgian frontier guards. The u test was applied to estimate the homogeneity of
exposure (significant overdispersion with u 1 1.96 and underdispersion with u ! 1.96). The names of the
hospitals where patients were treated in France are given in brackets.

Patient  Dica Rca Acea Dicentric distribution u-test 

 

Scored 
cells    0 1 2 3 4  

AN (Curie) 502 55 (0.11) 4 (0.008) 24 (0.048) 456 39 5 2 0 4.68 
EP (Curie) 518 80 (0.15) 4 (0.008) 25 (0.048) 453 50 15 0 0 3.61 
CG (Percy) 500 19 (0.04) 1 (0.002) 15 (0.030) 481 19 0 0 0 -0.59 
TK (Percy) 500 14 (0.03) 0 (0.000) 11 (0.022) 486 14 0 0 0 -0.43 

a Dic: dicentrics, Ace: acentric fragments, Rc: centric rings. 

lymphocytes to divide, which may lead to an underestimation
of the yield of aberrations and, consequently, of the dose assess-
ment. In cases of partial body exposure a certain fraction of the
analysed lymphocytes will have been outside the irradiated
field. During cytogenetic analysis these undamaged cells will
“dilute” the yield of aberrations, leading to an underestimation
of dose. A further factor confounding the precision of dose esti-
mation is a delay between exposure and blood sampling. Due to
repopulation processes, the number of exposed peripheral
blood lymphocytes will decline with time, resulting in a
reduced aberration frequency. Although several methods have
been developed which account for the mentioned confounders
and allow correction of the aberration frequency (Sasaki, 1983;
IAEA, 2001), their application must still be validated.

In recent years three radiation accidents occurred, where the
irradiation or sampling conditions precluded an estimation of
the dose simply by referring to an in vitro calibration curve.
During the Georgian accident, unaware soldiers carried in their
pockets small sources of 137Cs leading to partial and protracted
body exposures. During the Tokai-mura accident, three em-
ployees involved in the process of 235U enrichment were
exposed to doses of gamma rays and neutrons reaching over
20 GyEq (equivalent to 1.9 MeV X-rays) of average whole body
dose. Finally, during the Bialystok accident, five patients with
breast cancer undergoing radiotherapy were exposed to a sin-
gle, localised dose of electrons which reached about 100 Gy. 

The aim of the present paper is to summarise the ap-
proaches chosen to estimate, by cytogenetic methods of biologi-
cal dosimetry, the doses absorbed by the people involved in the
accidents. 

The Georgian accident

Circumstances of the accident
Eleven young frontier guards were exposed to one or several

sources of 137Cs not exceeding 150 GBq at the Lilo military
training center 20 km to the east of Tbilisi. The sources were
intended for training and for calibration purposes. They are
normally mounted on a source holder and stored in containers.
Nine of the eleven sources were found outside the containers.
The victims were irradiated for approximately one year, from
mid 1996 to April 1997. A recruit showed first symptoms of

fever and reactions on the skin of his abdomen on 2 July 1996.
The diagnosis was completed at the end of August, 1997 (IAEA,
2000).

From the eleven victims involved in this accident, seven
were sent to the Armed Forced Hospital at Ulm (Germany) and
the four most exposed people were sent to France: two were
treated at the Burns Treatment Centre at the Percy Hospital
and two at the Curie Institute. The circumstances of exposure
were reconstructed with some uncertainties. First, a container
seemed to have been opened by patient AN, but the source
remained in the sourceholder for some time. Then the source
was found by another guard and placed in the pocket of EP’s
coat. The coat was borrowed regularly leading to irradiation of
other persons. TK and CG shared the same room with AN and
EP and used the coat to cover their beds during the night. 

All four patients treated in France suffered from lymphope-
nia and nausea. AN suffered from contractures affecting the
hands and lesions on the abdomen. TK displayed a deep lesion
on the right thigh. EP displayed 33 patches on the trunk and the
thighs. CG showed lesions on the hands and thighs (IAEA,
2000).

Results of dicentric observation 
For the four guards hospitalized in France, blood samples

were collected in November, 1997. The results of cytogenetic
analysis are shown in Table 1.

For the patients with more damaged cells (AN and EP),
there is a strong proportion (13 and 14%) of cells with dicen-
trics without an accompanying acentric. This percentage is
abnormally high for acute irradiation and may be explained by
the fact that during cellular division, dicentrics have a 50%
chance of passing from the mother cell to one of the two daught-
er cells. The accompanying acentric fragments, on the other
hand, may be lost during the division. This suggests that an
exposure of relatively low intensity took place, either contin-
uously or at repeated intervals for several days, weeks, or
months, during which partial replenishment occurred.

Acute dose estimate
Dicentrics plus rings were referred to an in vitro calibration

curve produced with 60Co at a dose rate of 0.5 Gy Wmin–1. The
first level of dose estimate was based on the assumption that the
patients underwent a homogeneous total body irradiation (Ta-
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Table 2. Comparison of dose estimates assuming an acute, homogeneous exposure (acute dose), a
heterogeneous exposure (Dolphin and Qdr) and a protracted, homogeneous exposure (Function G). In
cases of the heterogeneous exposures the doses are given for the exposed fraction of lymphocytes. The
acute doses and protracted doses are given with 95 % confidence intervals.

Patient Acute dose  
(Gy) 

Dolphin  
(Gy) 

Percent of 
lymphocytes 
irradiated 

Qdr (Gy) Function G (Gy) 

AN 1.2 ± 0.2 2.3 0.40 2.8 3.1 ± 0.8 

EP 1.6 ± 0.3 2.5 0.50 3.4 4.3 ± 1.0 

CG 0.7 ± 0.2 – – – 1.0 ± 0.5 

TK 0.5 ± 0.2 – – – 0.7 ± 0.4 

ble 2). When irradiation is homogeneous, the distribution of
chromosomal aberrations is Poisson (Edwards, 1994; IAEA,
2001). For CG and TK, the physical dose reconstruction sug-
gested a strongly localized irradiation. Surprisingly, however,
the distribution of dicentrics per cell did not deviate from Pois-
son (u ! 1.96, Table 1). It is possible that highly damaged cells
were lost and only lymphocytes containing a single aberration
remained. Alternatively, the exposure dose rates could have
been low, simulating a homogenous whole body exposure due
to lymphocyte circulation. Therefore, the doses calculated con-
sidering an acute homogeneous exposure are far below the dose
estimate of AN and EP (Table 2). In AN and EP the aberration
distributions were overdispersed (u 1 1.96) suggesting a partial-
body exposure (Table 1). This is consistent with the circum-
stances of exposure as reconstructed by physical dosimetry: the
source remained in close contact with their bodies leading to
high dose-rate exposures.

All four patients probably suffered from lymphopenia be-
fore their arrival in France. Consequently, the integrated
whole-body dose equivalent may be an underestimation of the
received dose. 

For these two people, the source remained many minutes/
hours in close contact with their body. Therefore dose heteroge-
neity was detected and is probably the main contribution to the
total dose received.

Heterogeneous dose estimate
For cases of heterogeneous irradiation, two mathematical

methods have been developed to better assess the initial dose
received by the irradiated body part (IAEA, 2001). Both meth-
ods rely on Poisson statistics. The method proposed by Dol-
phin allows one to calculate not only the dose but also the irra-
diated fraction of the body. It requires a sufficiently high local
dose so that there are enough cells with two or more dicentric
chromosomes. The second method was proposed by Sasaki
(1983) and is known as Qdr. It is based on the analysis of cells
containing dicentric chromosomes, rings and excess acentric
fragments. Therefore, the presence of cells with many dicen-
trics is not necessary. However, it provides no information
about the percentage of the body exposed.

Neither method can be used when there are no cells with
more than one aberration. Therefore, it was only possible to
apply them to patients AN and EP. 

Dose estimate by Dolphin’s method. AN: Based on 55 dicen-
trics found in 502 cells it was calculated that the absorbed dose
for the irradiated fraction of the body was 2.3 Gy. Assuming
that 30% of lymphocytes survive or can reach mitosis at 4 Gy,
it was assessed that 40% of the body was exposed (see IAEA,
2001 for details of calculation).

EP: Based on 80 dicentrics for 518 cells examined, it was
determined that the absorbed dose for the irradiated fraction of
the body was 2.5 Gy. Again the assumption was made that 30%
of the lymphocytes could reach mitosis after 4 Gy. It was esti-
mated that 50% of the body was irradiated.

Dose estimate by the Qdr method. AN: Considering 55
dicentrics for 65 cells that contained dicentrics, centric rings or
acentrics, the absorbed dose for the irradiated part of the body
was 2.8 Gy.

EP: Considering 80 dicentrics for 80 cells that contained
dicentrics, centric rings or fragments, the absorbed dose for the
irradiated part of the body was 3.4 Gy.

The dose estimates using these mathematical methods re-
flect the doses received by the exposed lymphocytes of the
patients. The dose estimate by Qdr is twice the dose estimate
assuming an acute exposure, the Dolphin approach being in-
between the two others (Table 2). The calculations reveal that a
high percentage of lymphocytes were exposed. This is in agree-
ment with the symptoms of AN who had 33 burn patches all
over his body suggesting a high percentage of exposed lympho-
cytes. 

Protracted dose estimate
The exposures probably lasted from mid 1996 to April

1997. In cases of such protracted exposures the dose estimate
can be corrected with the help of the G function (IAEA, 2001).

The calibration curve usually used to define the absorbed
dose as a function of the frequency of unstable chromosomal
aberrations is described by the equation Y = ·D + ßD2, where
Y = the frequency of dicentrics, D the dose, and · and ß the
fitted yield coefficients. The · coefficient represents lesions
created by a single hit event of ionizing radiation and the ß
coefficient is related to lesions from two (or additive) hits. In
cases of chronic irradiation the ß coefficient is strongly reduced
due to DNA repair. This results in a chromosomal aberration
number below the expected number for an acute irradiation.
To simulate this fact experimentally, a new ß coefficient G is
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added to the parameter, reducing it to 0 when the DNA repair
time exceeds the irradiation time (66 h). The dose-effect curve
becomes Y = ·D + (Gx)ßD2, where x = t/t0 with t being the time
over which the radiation occurred and t0 the mean lifetime of
breaks (see IAEA, 2001 for the exact definition of G).

By applying this approach the dose estimates were calcu-
lated and the results are presented in Table 2. The G function
dose estimate is higher than the Qdr dose estimate for AN and
EP. For these two patients, the increase between the acute dose
estimate and the chronic one is more pronounced than for the
two other patients. This could reflect the biological effect of the
chronic exposure. 

For some of the victims the dose was also estimated by elec-
tron paramagnetic resonance (IAEA, 2000). The doses esti-
mated by the G function were closest to the EPR estimates.
This indicates that the protracted effect of exposure in this acci-
dent was more pronounced than that of partial-body exposure.

The Tokai-mura accident

Overview of the criticality accident and acute radiation
syndrome 
It was in the morning of September 30, 1999, that the criti-

cality accident occurred at the uranium conversion test plant of
JCO Co. Ltd. in Tokai-mura located 115 km northeast from the
center of Tokyo. Three workers (A, B and C, according to the
order of the dose received) were severely exposed to neutrons
and gamma rays. The criticality chain reaction started when B
was pouring uranyl nitrate solution into a tank through a peep-
hole, while A who was standing beside the tank supported the
funnel that was inserted into that hole. C, the supervisor, was in
the next room. They witnessed a blue flash of light caused by
the reaction and in response to an alarm siren for the detection
of gamma rays, they immediately left the area. Five to eight
minutes later, A developed nausea and vomiting and lost con-
sciousness with cramping for 10 to 20 seconds (Akashi et al.,
2001). He had diarrhoea within 10 minutes. His body tempera-
ture became high (38.5°C) on the day of accident. B felt a tin-
gling in the neck, chest, arms and hands and numbness in the
fingers at the time of accident. He also developed nausea and
vomiting within one hour. C became nauseated a few hours
after the accident but did not vomit. The three men were first
taken to the National Mito Hospital in that region and then
transferred by a helicopter and ambulance cars to the National
Institute of Radiological Sciences at about 15:30, five hours
after the accident. 

Technical breakthrough in biodosimetry for the
unprecedented high-dose exposures
Blood for dose estimation by chromosome analyses was tak-

en from the three victims three times; 9, 23, and 48 h after the
accident. Peripheral lymphocyte numbers in A, B and C were
already very low, 1.9, 2.1 and 15% (normal value: 25–48%)
when the 9-hour samples were taken. The fall continued and in
A and B reached zero on the third and seventh day respectively.
In addition, because of the cell cycle arrest caused by high dose
radiation exposure, it was difficult to obtain enough mitotic

cells for scoring chromosome aberrations by the ordinary meth-
od. Therefore, chromosome preparations were made according
to two modified methods developed by the biodosimetry labo-
ratory of NIRS, that is, a high yield chromosome preparation
method (Hayata et al., 1992) and a phosphate inhibitor
(Okadaic acid) induced prematurely condensed ring chromo-
some (PCC-ring) scoring method which had been developed
one year before the accident (Kanda et al., 1999). The former
processing method made it possible to recover enough lympho-
cytes even from the 48-hour sample of A. The latter scoring
method provided more cells for scoring and made it possible to
estimate approximate doses for all three victims with just one
hour of microscopic work, proving that the method is good for
providing a rapid initial dose estimation. 

Dose estimation by PCC-ring scoring was done by reference
to the observed yields of PCC-rings induced by in vitro 200 kV
X-rays in the Kanda et al. (1999) experiment. The estimation
based on dicentrics and rings in C, who had been least irra-
diated, was made according to the standard method outlined in
IAEA Technical Reports Series No. 405 (2001), based on the
equation for calculating 60Co gamma rays: Y = (2.31 B 0.88) ×
10–2 D + (6.33 B 0.25) × 10–2 D2. For cases A and B the doses
were higher than can be estimated with this formula, which is
applicable in the dose range below 6 Gy. Therefore, estimates
were made by a direct comparison of the observed frequencies
with those obtained in a study of 1.9 MeV X-rays (Norman and
Sasaki, 1966). 

The results are summarized in Table 3. In each case there
was no statistically significant difference in the frequencies of
chromosome aberrations between the samples obtained at the
three times after the accident. The precise dose estimation by
dicentrics and rings was made from the combined data from
the three samples in each case. As shown in Table 1, the rapidly
obtained dose estimation with the samples obtained at 9 h
using PCC-rings were in good agreement with those made using
dicentrics or dicentrics plus rings. 

Physically estimated doses for A, B and C were obtained
from measurements of 24Na (sodium) and stable Na and a com-
puter simulation analysis of the ratios between neutrons and
gamma rays. They were 17–24, 8.7–13 and 2.5–3.6 GyEq with
the assumption that the RBE for the neutron is 1.5–2.0 (Ishi-
gure et al., 2001). Those values agreed reasonably with the bio-
logically estimated doses.

Low-dose exposure off the site
In addition to the three workers mentioned above, chromo-

somes of 43 people comprising seven nearby residents having
unusually low lymphocyte counts, three firemen, seven em-
ployees working at a nearby company, and 26 employees of
JCO Co. Ltd. were examined. Physically estimated doses were
available except for those of the seven local residents. In total
67,879 cells (an average of 1,579 cells per case) were analyzed
in a collaboration of five laboratories in Japan (Sasaki et al.,
2001). After subtracting the age-dependent background fre-
quencies for the Japanese and that for the patients with aplastic
anemia it was possible to detect the increase of chromosomal
aberrations in 18 people. In 14 cases among them, physically
estimated dose was less than 20 mSv. 
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Fig. 1. Frequencies of dicentrics (A) and micronuclei (B) plotted against the equivalent whole body doses (EWBD) received by
the patients during regular radiotherapy. White symbols represent the accident patients. The values observed in control patients
(black symbols) were fitted linearly (solid line). Dashed lines represent the 95% confidence intervals. The doses shown for
patients A3, A4 and A5 are the accident doses as estimated by EPR. The accident doses received by patients A1 and A2 are not
known but, judged on the basis of late skin reactions, were lower than for the other patients. Data from Wojcik et al. (2003).

Table 3. Frequencies of chromosome
aberrations in lymphocytes and estimated doses
in the three patients after the Tokai-mura
accident (data from Hayata et al., 2001)

Worker Aberrationsa 9-hour 23-hour 48-hour Total Dose in GyEqb 

A PCC-ring 150/100 – – 150/100 >20 
 Dic 445/50 197/20 73/8  715/78 22.6 (15.0–>30)  
 Dic+R 563/50 250/20 90/8 903/78 24.5 (16.0–>30) 
B PCC-ring 77/100 – – 77/100 7.4 (6.5–8.2) 
 Dic 199/75 127/50 153/50 479/175 8.3 (6.9–9.8) 
 Dic+Rc 224/75 147/50 166/50 537/175 8.3 (6.9–10.0) 
C PCC-ring 24/100 – – 24/100 2.3 (1.8–2.8) 
 Dic+Rc 63/100 64/100 64/100 191/300 3.0 (2.8–3.2) 

a   PCC-ring: prematurely condensed ring chromosome, Dic: dicentrics,  R: centric and acentric rings, Rc: centric
rings.
b GyEq: Dose in Gy equivalent to X or gamma ray dose. 

The Bialystok accident

In February 2001 a radiation accident occurred in a radio-
therapy unit of an oncology hospital in Bialystok, Poland. Due
to a malfunction of an accelerator, five breast cancer patients
received a single, high dose of 8-MeV electrons. The patients
were at different stages of therapy and had already received dif-
ferent tumor doses of both electrons and 60Co gamma radiation.
The exact doses received during the accident are not known.
However, based on the early and late skin reactions and a mea-
surement performed by a medical physicist immediately after
the accident, the exposures were heterogeneous and may have
reached 100 Gy. In three patients (A3, A4 and A5; see Fig. 1) the
doses received by the rib bones could be assessed by electron
paramagnetic resonance (EPR) analysis and the dose estimated
by the medical physicist was confirmed (IAEA, 2004).

In order to assess whether such exposure would be detect-
able in peripheral blood lymphocytes, chromosomal aberra-
tions and micronuclei were analysed in lymphocytes of the
accident patients (Wojcik et al., 2003). It was shown previously
that the dose-response curve of aberrations in lymphocytes of
patients undergoing radiotherapy has different characteristics

than an in vitro calibration curve (Urbanik et al., 2003). Due to
this and to the fact that the exposed parts of the patient bodies
were very small (between 77 and 221 cm2) an estimation of the
accident doses on the basis of a standard, in vitro calibration
curve was not possible. Therefore, it was decided to compare
the aberration and micronucleus frequencies observed in lym-
phocytes of the accident patients to those in breast cancer
patients not involved in the accident, but who had received
similar radiotherapy treatments. The frequencies of aberra-
tions and micronuclei were plotted against the equivalent
whole body doses (EWBD) received during radiotherapy. The
EWBD is the integral dose (total energy in joules) absorbed by
the patients divided by their body mass. In the case of the acci-
dent patients, the EWBD values reflected the doses received
prior to the accident. It could be expected that an excess of
aberration and micronucleus frequencies in lymphocytes of the
accident patients over the plotted dose-response curve of the
control patients would be due to the accident dose. 

Although a good agreement between the frequencies of aber-
rations (dicentrics) and micronuclei was observed, there was a
better cut-off between the accident and control patients for
dicentrics than for micronuclei (Fig. 1). The dicentric frequen-
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cies of patients A2, A3 and A4 are significantly higher than of
the control patients (with one exception). In the case of A3 and
A4 this result is in accordance with the expectation, since both
patients received high accident doses. However, this is not so
for A2, who had the highest frequency of dicentrics but
received a lower accident dose than A3 (as judged by the extent
of late skin reactions). Also the frequency of dicentrics in lym-
phocytes of A5 did not match with the accident dose. We have
reanalysed the frequencies of micronuclei in lymphocytes of A2
and A5 collected a second time in order to exclude the possibili-
ty that the blood specimens had been mixed up. The second
analysis revealed that no mistake had occurred during the prep-
aration of slides for the initial analysis. 

At present, we have no clear explanation for the lack of cor-
relation between the accident dose and the frequency of dicen-
trics and micronuclei in lymphocytes of A2 and A5. A factor
which could be responsible for the low frequency of damage in
lymphocytes of A5 could be that she had a relatively large body
mass (data not shown). 8-MeV electrons do not penetrate deep-
ly into tissue (dmax = 1.9 cm), hence fat tissue could have acted
as an absorber, shielding the blood flowing through the heart
and lungs. The high frequency of damage in lymphocytes of A2
is difficult to explain. We have recently compared the in vitro
sensitivity of lymphocytes of A2 and A5 to a dose of 2 Gy.
Twice as many aberrations were observed in lymphocytes of A2
than A5. It should be mentioned, that A2 was at the end of her
therapy and received, among all accident patients, the highest
cumulative dose of photons. It is, therefore, possible that the
high level of cytogenetic damage is a result of a very high radio-
sensitivity of her lymphocytes. A higher than expected frequen-
cy of dicentrics and micronuclei was also observed in lympho-
cytes of one of the control patients. It has been observed by
different authors that the frequencies of aberrations and micro-
nuclei in lymphocytes of patients undergoing radiotherapy are

strongly variable between individuals (Obe et al., 1981; Diener
et al., 1988). The reasons for this variability are not well under-
stood. Apart from differences in individual, intrinsic radiosen-
sitivity, they may result from differences in the proportion of
lymphoid tissue in the exposed site, the kinetics of lymphocyte
repopulation and the speed of blood flow through blood capil-
laries. Which of the factors might be responsible for the high
level of cytogenetic damage in lymphocytes of A2 and the con-
trol patient is unclear. This variability precludes the unambi-
guous identification of the accident patients and may present a
major problem in the application of biological dosimetry to
accidents during radiotherapy.

Conclusions

Biological dosimetry based on the analysis of chromosomal
aberrations has been used for many years. In cases of whole
body exposures, and when the time between exposure and anal-
ysis does not exceed several weeks, a precise dose estimation is
possible. Frequently however, the exposure conditions are
complicated or not exactly defined. As demonstrated by the
results of the Georgian accident, protracted and partial body
exposures can be accounted for by mathematical methods. In
case of the Tokai-mura accident, the assessment of high doses
which inhibited cell proliferation required the use of premature
chromosome condensation. The Bialystok accident showed
that the usefulness of biological dosimetry for assessment of
absorbed doses in accidents during radiotherapy must still be
validated. 

Although the dose estimate is not always exact, biological
dosimetry is frequently the only method applicable for dose
reconstruction. Therefore, it will remain an extremely impor-
tant tool in the management of radiation accidents.
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Abstract. We describe a peculiar and relatively rare type of
chromosomal rearrangement induced in human peripheral
lymphocytes that were ostensibly irradiated in G0 phase of the
cell cycle by accelerated heavy ions, and which, to the best of
our knowledge, have not been previously described. The novel
rearrangements which were detected using mFISH following
exposure to 500 MeV/nucleon and 5 GeV/n 56Fe particles, but

were not induced by either 137Cs gamma rays or 238Pu alpha
particles, can alternatively be described as either complex chro-
matid-isochromatid or complex chromatid-chromosome ex-
changes. Different mechanisms potentially responsible for their
formation are discussed.

Copyright © 2003 S. Karger AG, Basel

When normal repair-proficient mammalian cells are ex-
posed to ionizing radiation (IR) in the G1 or G0 phases of the
cell cycle, aberrations seen at the first postirradiation mitosis
are exclusively of the chromosome type. Conversely, IR pro-
duces chromatid-type aberrations at the first mitosis following
exposure during S or G2 (Lea, 1946; Savage, 1976). This classic
“nondelayed” or “S-independent” action is noteworthy, as it is
shared by only a handful of clastogenic agents. The vast majori-
ty of clastogens instead operate by “delayed” or “S-dependent”
action, producing chromatid-type damage in cells exposed in
G1 (Evans and Scott, 1969; Cornforth and Bedford, 1993). A
notable exception to this rule occurs in various repair-deficient,
radiosensive cells, such as those from patients with mutations
in the ATM gene, which cause the rare autosomal recessive dis-
order Ataxia Telangiectasia (AT) (Savitsky et al., 1995). Along
with the usual assortment of chromosome-type aberrations,
exposure of AT cells to IR during G1 phase produces some
chromatid damage as well (Taylor, 1978). Other examples

include the radiosensitive hamster mutants XRS-5 and XRS-6
(Darroudi and Natarajan, 1987), which harbor defects in the
Ku-80 and Ku-70 subunits of the DNA-PK holoenzyme,
respectively (Jeggo, 1998).

During DNA synthesis, chromosomes contain both unrepli-
cated and replicated regions, so one might expect to frequently
observe cells containing a mixture of chromosome- and chro-
matid-type aberrations resulting from IR exposure in, for
example, mid S. In actuality, the transition from chromosome-
to chromatid-type damage is substantially more abrupt than
one might predict, and cells with such mixed damage are not
common. However, within a duplicated chromosomal region,
IR exposure during S or G2 can also produce breakage across
both sister chromatids at approximately the same locus, pre-
sumably by the passage of a single charged particle track. In
traditional Giemsa-stained preparations, such isochromatid
damage is observed as sister unions, involving proximal and/or
distal rejoining of breaks between sister chromatids. Less com-
monly observed in S- or G2-irradiated cells are interchromoso-
mal interactions (rejoinings) between chromatid and isochro-
matid breakage which express themselves as “triradial” ex-
changes (Savage, 1989).

Prior to the advent of whole chromosome painting by fluo-
rescence in situ hybridization (FISH) (Pinkel et al., 1986,
1988), most of all radiation-induced exchanges were thought to
be simple, involving the rejoining of broken chromosome ends
produced by a pair of radiogenic lesions. It was subsequently
shown that a substantial number of exchanges that appeared to
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be simple by standard histological staining, were instead com-
plex, requiring three or more breaks distributed among multi-
ple chromosomes (Brown and Kovacs, 1993). But because such
FISH techniques typically involved the painting of only a few
homologous chromosome pairs – with the remainder of the
genome being counterstained a single contrasting color – they
still often produced staining patterns among rearranged chro-
mosomes of a complex exchange that were indistinguishable
from that produced by a simple exchange (pseudosimple ex-
changes) (Savage and Simpson, 1994a, b). Moreover, even
when complex aberrations could be unambiguously identified
as such, these approaches tended to underestimate the number
of exchange breakpoints that had actually occurred. To a large
extent such problems are circumvented through the use of new-
er combinatorial painting techniques such as mFISH (Speicher
et al., 1996), which allows each homologous chromosome pair
to be rendered a unique color.

Various studies have shown that high LET radiations are far
more effective per unit dose in producing complex aberrations
than are X- or gamma rays, an observation that has led to their
proposed use as a biomarker of past exposure to densely ionizing
radiations (Griffin et al., 1995; Grigorova et al., 1998; Anderson
et al., 2000). We set out to determine whether marked differ-
ences in track structure between two types of high LET radia-
tions – accelerated HZE ions from 56Fe versus alpha-particles
from 238Pu – would manifest themselves in the spectra of aberra-
tions observed in normal human cells, as analyzed by 24-color
mFISH. During these ongoing studies we occasionally observed
a peculiar class of chromosomal rearrangement in cells exposed
to 56Fe ions, but which we have never seen following exposure to
gamma rays or alpha particles. The purpose of this paper is to
characterize these unusual rearrangements, and to discuss possi-
ble mechanisms underlying their formation.

Materials and methods

Peripheral blood was obtained from healthy donors by venous puncture,
and the lymphocytes contained therein were cultured in 25-cm2 tissue culture
flasks containing 5 ml RPMI 1640 medium supplemented with 20 % fetal
bovine serum. Cultures were irradiated with graded doses of 500 MeV/n
(200 keV/Ìm, Chiba), 1 GeV/n (147 keV/Ìm, Brookhaven) or 5 GeV/n
(145 keV/Ìm, Brookhaven) 56Fe ions. After irradiation, cultures were stimu-
lated with PHA (2% final concentration) and allowed to grow for 46 h before
Colcemid (0.2 Ìg/ml final concentration) was added 2 h prior to the harvest of
mitotic cells. In some cases Calyculin (50 mM final concentration) was added
to colcemid-blocked cultures 45 min before harvest in order to induce prema-
turely condensed G2 phase chromosomes (PCC) (Durante et al., 2002). Conse-
quently, chromosome spreads that resulted from such a treatment represent a
mixture of G2 PCC and mitotic chromosomes. At harvest cells were fixed in
3:1 methanol to acetic acid by standard cytogenetic procedures.

Fixed cells were transported to the University of Texas at Galveston
where they were spread onto glass slides for subsequent processing and analy-
sis by multiplex fluorescence in situ hybridization (mFISH) following proce-
dures standardized in our laboratory (Loucas and Cornforth, 2001). Briefly,
slides were prepared by treatments with acetone, RNase A, proteinase K,
before fixation in 3.7 % formaldehyde. Following dehydration in ethanol,
chromosomes were denatured in 70% formamide in 2× SSC at 72 °C for
2 min. Following dehydration again in ethanol, 10 Ìl of denatured Spectra
Vision (Vysis) 24-Color mFISH Assay probe mixture was applied to each
slide and covered with a 22 × 22-mm glass coverslip which was then sealed in
place with rubber cement. The slides were placed in a 37 °C incubator where
hybridization was allowed to proceed for about 48 h. Following hybridiza-

Table 1. Chromosome-type and complex chromatid-isochromatid-type
exchanges in human peripheral lymphocytes exposed to 56Fe ions.

Particle 
energy 

Type of 
analysis 

Donor 
code 

Dose 
(Gy) 

Number 
of cells 

Chromosome 
exchanges 

Chromatid-
isochromatid 

0.5 GeV/n Calyculin A 0.0 98 2 0 
 Calyculin B 0.8 262 231 0 
 Calyculin A 1.0 145 91 1 

 Colcemid B 0.4 210 27 0 
 Colcemid A 0.8 100 36 0 
 Colcemid A 1.0 145 63 4 

1 GeV/n Calyculin C 0.2 191 32 0 
 Calyculin C 1.0 190 154 0 

5 GeV/n Calyculin X 1.0 96 119 0 

 Colcemid X 0.75 93 53 1 

tion, slides were washed in IGEPAL (0.3%; Rhone-Poulenc Inc.) in 0.4× SSC
at 72 °C for 2 min, followed by a second wash in 0.1 % IGEPAL in 2× SSC for
30 s at room temperature.

Mitotic spreads were analyzed and mFISH karyotypes were constructed
using a Zeiss Axiophot microscope equipped for epifluorescence and fitted
with a special slider holding excitor-barrier filters set combinations appro-
priate for the fluorochromes of the SpectraVision probe cocktail (Vysis). Dig-
ital images were collected using a SensSys A2S black and white CCD camera
(Photometrics). PowerGene image analysis software (Applied Imaging Inc.)
was used to assemble pseudocolored constructs from the black and white
images, giving a specific color to each homologous chromosome pair from
which karyotypes could then be constructed.

Results and discussion

Table 1 gives an overview of aberration types found in HPL
at the first postirradiation mitosis after being exposed to var-
ious energies of accelerated 56Fe ions. As expected for unstimu-
lated cultures that were exposed to IR during G0 phase, the vast
majority of aberrations were of the chromosome type. These
included both simple and complex exchanges which, for the
purpose of this report, are not broken down. Also listed are the
aforementioned novel rearrangements that are the focus of this
paper, and which are provisionally described as complex “chro-
matid-isochromatid” exchanges. Considered with respect to all
donors, particle energies and doses, these aberrations are rather
rare, contributing less than one percent to the total aberrations
observed. The highest frequency occurred in a particular donor
exposed to 1 Gy of 500 MeV/n particles, representing 6% of the
exchange aberrations, and about 10% of the damaged cells. Fig-
ure 1 shows a particularly vivid example of such an exchange
that involves several chromosomes, which can be most easily
appreciated in the accompanying schematic. Typical of chro-
matid-type exchanges in general, there is a relatively high
degree of apparent incompleteness. Note that the rearrange-
ment contains elements of chromatid-type breakage and rejoin-
ing, as well as “isolocus” breakage and rejoining affecting both
sister chromatids. Perhaps the most interesting feature of the
rearrangement is that types of damage are seen to interact with
one another. As evident from the schematic, this particular
exchange involves both homologues of chromosomes 5 and 14.
The significance of this observation, if any, is not clear. Since
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Fig. 1. An example of complex chromatid-
isochromatid damage in a human lymphocyte fol-
lowing exposure to 1 Gy of 500 MeV/n 56Fe ions.
(Left panel) Black and white DAPI image of a
metaphase spread. (Right panel) 24-color mFISH
rendition of the same cell. Elements of the ex-
change (colored arrows) are not easily discernable
largely because the image capture software limits
resolution to 72 dpi. (Bottom panel) schematic
representation of exchange elements found within
the cell. Colored arrows correspond to those in the
right panel. Because two pairs of homologues are
affected in this particular spread, it becomes diffi-
cult to determine whether all seven chromosomes
are part of one large complex exchange, or wheth-
er the rejoinings represent two smaller complex
exchanges instead. The rightmost chromosome
showing isolocus breakage is apparently not in-
volved. Grey arrows indicate instances where
there is uncertainty as to whether complete rejoin-
ing has occurred. Diagram is not to scale and
chromosome colors do not necessarily correspond
to those of the actual mFISH image.

none of the other cells with these types of rearrangements
showed any homologue involvement, we are inclined to consid-
er this merely a statistical oddity.

Instances of these novel chromatid-isochromatid complex
exchanges were largely limited to a single dose (1 Gy), energy
(500 MeV/n) and donor (both Colcemid- and Calyculin-
blocked cultures). For that reason we cannot formally rule out
the possibility that the effect was somehow peculiar to the
donor(s) in question, for example, as regards the aforemen-
tioned possibility of some cells being in either S or G2 at the
time of irradiation. It is conceivable that an individual may, for
one reason or another, harbor a large cohort of cycling cells in
the peripheral blood compartment, although explanations that
come easily to mind – lymphocytic preblast crisis or systemic
infection? – seem inconsistent with the overall health of the
subjects used in this study. As to why 500 MeV/n particles look
to be more effective than higher energy ions at inducing this
type of exchange, we can only say the track structure of this
particular radiation is apparently optimal for producing them.
We were somewhat surprised that the aberrations in question

were less frequently found in Calyculin-blocked cultures – as
compared to those blocked, more conventionally, with colce-
mid – especially since Calyculin-induced G2/M preparations
have been shown to reveal additional chromosome damage from
high LET radiations in cells that do not reach mitosis (Durante et
al., 1999). A distinct possibility is that unequivocal detection is
made more difficult by the compromised morphology that the
chromosomes of Calyculin-treated cultures often show.

At issue, as regards the mechanism underlying the forma-
tion of such abberrations, is the source of the isolocus breakage
and rejoining. When found in a cell also containing chromatid-
type damage, it might normally be considered isochromatid in
nature, wherein a single charged particle track is assumed to
have broken, at approximately the same locus, both sister chro-
matids of a G2 chromosome, or of an S-phase chromosome
within a region that has already duplicated. True chromatid-
isochromatid break interactions such as triradials, while less
common than the chromatid-chromatid interchanges that lead
to the formation of quadriradials, are nevertheless well docu-
mented. This interpretation, if correct, extends chromatid-
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isochromatid rejoinings to include multiple chromosomes, as
exemplified by the ostensible rejoinings among the acentric
fragment of chromosome 14 and the centric fragments of both
chromosomes 15 and 5. Note also the copious isochromatid-
isochromatid interchanges that such a mechanism would imp-
ly, as for example in Fig. 1: between chromosomes (2)–5),
between (5)–14)), and between (5–21) (mPAINT nomenclature;
Cornforth, 2001). Classical cytogenetic theory would not neces-
sarily disallow such rejoinings. A half century ago Catcheside et
al. (1946) reported instances of isochromatid-isochromatid in-
teractions in pollen tube cells of Tradescantia that were irra-
diated in G2 phase of the cell cycle. Whereas these (rare)
exchanges produced dicentric elements, invariably the accom-
panying acentric fragments – rather than rejoining with one
another – each showed sister union, which is certainly not the
situation for exchanges reported here. Moreover, the isolocus
interactions in question here seem remarkably prevalent within
an affected cell, reminiscent of chromosome-type interchanges
formed following a G1 phase exposure. We will return to this
point later.

It should be mentioned that we intentionally irradiated lym-
phocyte cultures with 137Cs gamma rays during S phase, in an
attempt to produce complex chromatid-isochromatid ex-
changes. While this led to the production of chromatid gaps,
breaks and common quadriradials, the novel exchanges were
not observed; nor were they observed in either cycling or non-
cycling human fibroblasts exposed to gamma rays, or in noncy-
cling human fibroblasts exposed to 238Pu alpha particles (data
not shown). Thus, irrespective of the issue of cell cycle status at
the time of irradiation, it would appear that HZE particles are
unique in their ability to produce in mammalian cells complex
exchanges of the type under discussion. Let us assume, for
example, that the exchanges in question are formed from an
S/G2 exposure, and thus are truly chromatid-isochromatid in
nature. It seems intuitively obvious (though perhaps naively so)
that individual HZE particle tracks stand a better chance of
making isolocus breaks in both sister chromatids than virtually
any experimentally relevant dose of low LET radiation.

As stated, cells containing both chromatid- and chromo-
some-type damage are occasionally found in the same cells
when they are irradiated in early S phase (Savage and Bhunya,
1980), a consequence of the genome being composed of both
replicated and unreplicated portions of chromosomes. Thus,
the potential for chromatid-chromosome interactions exists in
cells with such “mixed damage”, a mechanism some have
argued is responsible for triradial formation (traditionally con-
sidered to be a chromatid-isochromatid exchange). While this
would appear to provide an adequate explanation for the for-
mation of aberrations like that of Fig. 1, it would require that a
relatively high percentage of circulating lymphocytes be located
precisely at that stage of the cell cycle. (Recall that 10% of the
damaged cells from Donor A contained complex “chromatid-
chromosome” exchanges following 1 Gy.)

In fact, there are reasons to be skeptical of the assumption
that cells harboring aberrations of the type shown in Fig. 1 were
in S phase at the time of irradiation. Granted, human cells are
probably not the best experimental material in which to
observe sister union, and this situation is made worse by the

lower resolution and compromised morphology that accom-
panies FISH, as opposed to routine brightfield microscopy on
Giemsa-stained preparations. Still, with the high degree of (pre-
sumptive) isochromatid damage observed, it seems odd that no
evidence of sister union formation was observed. Nor were any
quadriradials found, typically the most common of chromatid
interchanges. In addition, chromatid-isochromatid exchanges
were essentially the only type of damage observed in the six
cells under discussion. With the exception of the small isolocus
lesion shown in the rightmost chromosome of Fig. 1, no collat-
eral aberrations of either the chromatid or chromosome type
were found. Finally, the experimental approach itself – expo-
sure of unstimulated lymphocytes before addition of PHA – is,
of course, specifically designed to insure that cells are in G0 at
the time of irradiation.

It seems at least plausible to us that cells harboring the
exchanges in question might well, as experimentally intended,
have been in G0 at the time of irradiation. In this case the term
“chromatid-chromosome” exchanges (rather than chromatid-
isochromatid exchanges) would also apply. In order to explain
the chromatid-type component of the rearrangement we make
an analogy to the chromatid-type damage routinely found in
IR-sensitive cells, such as AT, following G1 or G0 exposure.
Whatever the biochemical nature of the initial lesion responsi-
ble for such damage, it is clearly not a DNA double strand
break (dsb), since such damage would manifest itself as a chro-
mosome-type aberration at mitosis. Instead, the initial lesion
must affect one strand of DNA as, for example, an unrepaired
single-strand break or, perhaps more likely, some type of base
damage. IR produces these lesions in yields that outnumber dsb
induction by an order of magnitude, and some investigators
have long considered base damage as important in aberration
formation (Preston, 1982). Such damage must be repaired with
remarkable efficiency in normal cells – otherwise chromatid
damage following a G0/G1 exposure would be the norm –
whereas some small subset of these persist in AT cells, later
being converted to chromatid-type damage following the pas-
sage of S phase. We imagine that HZE radiation, owing to its
unique type of track structure, is capable of producing some
sort of “single-stranded” DNA lesion that the cell has difficulty
in repairing, and which occasionally manifests itself as chroma-
tid damage following a pre-replicative exposure, even in nor-
mal repair-proficient cells. Within the exchange, the chromo-
some-type component of damage would manifest itself in the
usual way, exchanges being formed in G1. While most ex-
changes will be complete, some broken chromosome ends will
fail to rejoin, leading to either terminal deletions or incomplete
exchanges, a situation that may occur more frequently with
HZE radiations that with either gamma rays or alpha particles.
The broken ends remain throughout G1 and into S phase, where
they are duplicated as reactive chromosome breaks. These
rejoin with the nascent chromatid damage that manifest them-
selves as breaks upon passage of the replication fork. That we
have observed exchange aberrations of the type shown in Fig. 1
in cycling AT cells ostensibly irradiated in G1 with gamma rays
(unpublished data) offers some support for the idea.

Along a line of reasoning similar to the mechanism de-
scribed above, we also considered the possibility that Donor A
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may have previously been inadvertently exposed to any num-
ber of chemical clastogens that could later cause chromatid-
type breakage in lymphocytes following PHA-induced entry in
S phase. The rearrangements in question might then be formed
as the result of this chromatid breakage interacting, during S,
with unrejoined chromosome-type breaks that were previously
induced in G0 by radiation. However, we think this explanation
can be rejected, as no chromatid-type damage was observed in
unirradiated controls for Donor A.

In principle, it should be possible to determine whether cells
harboring these rearrangements are in S at the time of exposure
by pulse-labeling them with DNA deoxyribonucleoside ana-
logues, such as BrdU, shortly before or after irradiation. Alter-
natively, one might simply irradiate cultures enriched with S
phase cells to see whether the frequency of these rearrange-

ments increases. The main obstacle remains the relative rarity
of these events in relation to the expenditure of resources
required of mFISH analysis and in conducting HZE particle
exposures. Obviously from a numerical standpoint, the ex-
change aberrations discussed in this paper are rather trivial,
more of a cytogenetic curiosity. Nevertheless, their study stands
to provide additional clues about IR-induced chromosome
damage and the recombinogenic machinery that processes it.
If, for example, they really are formed through chromatid-
isochromatid interactions, we must conclude that isochroma-
tid-isochromatid interchanges are not only possible, but that
they can occur with previously unimagined frequency. In either
case, it appears that HZE particles are capable of producing in
normal cells a qualitatively different type of damage from that
produced by either photons or alpha particles.
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Abstract. Radiation-induced chromosome damage can be
measured in interphase using the Premature Chromosome
Condensation (PCC) technique. With the introduction of a new
PCC technique using the potent phosphatase inhibitor calycu-
lin-A, chromosomes can be condensed within five minutes, and
it is now possible to examine the early damage induced by
radiation. Using this method, it has been shown that high-LET
radiation induces a higher frequency of chromatid breaks and a
much higher frequency of isochromatid breaks than low-LET

radiation. The kinetics of chromatid break rejoining consists of
two exponential components representing a rapid and a slow
time constant, which appears to be similar for low- and high-
LET radiations. However, after high-LET radiation exposures,
the rejoining process for isochromatid breaks influences the
repair kinetics of chromatid-type breaks, and this plays an
important role in the assessment of chromatid break rejoining
in the G2 phase of the cell cycle. 

Copyright © 2003 S. Karger AG, Basel

A number of experiments have been performed to quantify
the biological effects of high-LET radiation exposure and
results prove that this type of radiation is more lethal to cells
than equivalent doses of sparsely ionizing radiation such as Á-
or X-rays (Suzuki et al., 1989; Raju et al., 1991; Napolitano et
al., 1992). High-LET radiation exposures produce more chro-
mosome breakage and more complex chromosome rearrange-
ments, which usually leads to cell death. However, some types
of damage may confer a proliferative advantage on cells leading
to oncogenic cell transformation and carcinogenesis. Indeed,
the frequencies of transformation and mutations induced by
high-LET radiation have been shown to be greater than those

induced by similar doses of low-LET radiation (Thacker et al.,
1979; Yang et al., 1985; Suzuki et al., 1989; Tsuboi et al., 1992),
suggesting that carcinogenesis is the most important biological
effect caused by exposure to high-LET radiation. 

Chromosome aberration analysis is one of the most reliable
and sensitive methods of measuring radiation-induced dam-
age. Although cytogenetic damage is typically evaluated in the
mitotic phase of the cell cycle, this raises problems because
many cells experience severe cell cycle delays and interphase
cell death (Suzuki et al., 1990; Ritter et al., 1992, 1996;
Edwards et al., 1994, 1996; George et al., 2001), especially after
high-LET radiation exposure. Assessing damage in interphase
chromosomes can reduce some of these problems and produce
a more accurate determination of cytogenetic effects following
high-LET exposure. The premature chromosome condensation
(PCC) technique, first described by Johnson and Rao (Johnson
and Rao, 1970), condenses interphase chromosomes by fusion
to mitotic inducer cells, and this method contributed greatly to
the study of early effects of radiation damage and chromosome
break rejoining. However, this fusion PCC method is technical-
ly difficult to perform and laborious; the PCC index is low, and
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Fig. 1. An example of G2 PCC immediately after exposure to 2 Gy of
80 keV/Ìm carbon particles. Arrows show chromatid-type breaks and arrow
heads show isochromatid breaks.

chromosomes are not well condensed. The fusion PCC tech-
nique also requires a considerable manipulation time and is
therefore not amendable to studying chromosomal breaks in-
duced immediately after irradiation. 

With the recent introduction of a technique using the pro-
tein phosphatase inhibitor calyculin-A to induce condensation
in interphase cells (Gotoh et al., 1995; Durante et al., 1998a),
PCC collection is now technically much simpler and a higher
index of well-condensed chromosomes can be obtained. Caly-
culin-A can induce PCC in many types of cells and in different
phases of the cell cycle, especially in G2-phase cells and con-
densation is induced within five minutes of application. Using
this technique, Durante and colleagues (Durante et al., 1999)
found similar frequencies of aberrations in G2 chromosomes
condensed using calyculin-A and in chromosomes condensed
in G1 using the fusion PCC technique. However, lower fre-
quencies were observed in chromosomes collected at meta-
phase, apparently due to the effect of cell cycle delay or cell
cycle block. In this report, high-LET radiation-induced chro-
mosome aberrations in G2-phase normal human fibroblast
cells are discussed. 

Initial chromatid breaks
Gotoh et al., (1999) studied radiation-induced G2 chroma-

tid breaks using calyculin-A-induced PCC from human fibro-
blast cells (AG01522) after Á-ray exposure during exponential
growth phase, and initial chromatid breaks were found to
increase linearly with dose. Using a similar method, Kawata et
al. (2000, 2001a, 2001b) studied high-LET radiation-induced
G2 chromosome aberrations in AG01522 cells. An example of

chromatid damage observed immediately after exposure to
2 Gy of 80 keV/Ìm carbon ions is shown in Fig. 1, where more
than 20 isochromatid breaks (G2 fragments) and a number of
chromatid breaks are observed. 

The dose-response curves for chromatid-type breaks, iso-
chromatid breaks, and total break yield (chromatid-type plus
isochromatid-type) after exposure to radiation of different LET
values are summarized in Fig. 2. The LET values for the radia-
tion used here range from 0.6 to 440 keV/Ìm. A linear increase
in chromatid breaks and total break yield was discovered,
which was independent of the radiation type. On the other
hand, isochromatid breaks increased linearly after exposure to
high-LET radiation, and a linear quadratic increase was ob-
served after Á-ray and 13 keV/Ìm carbon exposure. Interesting-
ly, as the LET value increased, the initial percentage of chroma-
tid-type breaks decreased and the percentage of isochromatid
breaks increased, until finally isochromatid breaks predomi-
nated over chromatid-type breaks after the 440 keV/Ìm iron
irradiation. More than 50% of the initial breaks are isochroma-
tid-type after 440 keV/Ìm iron particle exposure, while more
than 90% are chromatid-type breaks after Á-ray exposure. 

The differences in break patterns for low- and high-LET
radiations may be attributed to the structure of G2 chromo-
somes and densely ionizing clusters produced by high-LET
radiation. In the G2 phase of the cell cycle, sister chromatids
are tightly attached to one another (Murray and Hunt, 1993)
and the two chromatid breaks that lead to an isochromatid
break would be in close proximity. The probability of a single
track of low-LET radiation producing two breaks on sister chro-
matids is low because ionizations are generally spaced farther
apart than the distance between sister chromatids, and there-
fore chromatid-type breaks would predominate after low-LET
exposure. However, the probability of an isochromatid break
occurring from a single track of high-LET radiation is propor-
tional to the LET of the charged particles because the distance
between the ionization clusters decreases with increasing LET.
An increased yield of isochromatid breaks after ·-particles or
neutron exposure has also been reported (Durante et al., 1994;
Griffin et al., 1994; Vral et al., 2000) using mitotic collection
and the G2-assay. A high percentage of isochromatid breaks
can, therefore, be a signature of high-LET radiation exposure of
G2 phase cells.

When the distribution of isochromatid breaks is assessed
within the cell, an overdispersion is observed for high-LET
exposure when compared with similar doses of low-LET radia-
tion. Kawata et al. (2002) calculated the relative variance (s2/y)
from the measured value of the mean value (y) and the variance
(s2), which was around 1.3 for 1.2 Gy of Á-rays, 2.0 for 1.5 Gy of
185 keV/Ìm iron, and around 3.1 for 1.5 Gy of 440 keV/Ìm
iron particles, respectively. Because energy deposition is fo-
cused along the high-LET particle tracks, some cells will be very
heavily damaged, while cells hit by ‰-rays alone will suffer mod-
est damage, and other cells with no hits will be normal (Cuci-
notta et al., 1998). This is in contrast to low-LET radiation
exposure, such as Á-rays, where a more even distribution of
damage will induce a uniform distribution of isochromatid
breaks.
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Fig. 2. Dose-response curves for the induction of chro-
matid-type breaks (p), isochromatid-type breaks (P) and
total chromatid breaks ()) after exposure to each type of
radiation.

Fig. 3. Kinetics of rejoining of chromatid breaks following irradiation as
a function of incubation time. Bars represent standard errors of the mean
(data from Kawata et al., 2000). 

Fig. 4. Kinetics of rejoining of isochromatid breaks as a function of incu-
bation times (Data from Kawata et al., 2001b).

Rejoining of chromatid breaks
The kinetics of total break (chromatid-type plus isochroma-

tid-type), isochromatid break, and chromatid break rejoining
were investigated after Á-rays, 13 keV/Ìm carbon, 55 keV/Ìm
silicon, or 440 keV/Ìm iron particles (Kawata et al., 2000). The
repair kinetics for total chromatid breaks showed a similar fast
and slow time constant for both high-LET and Á-ray exposure
(Fig. 3), and the half time for fast repair was about 4 min,

regardless of radiation type. Iliakis and colleagues (Iliakis et al.,
1993), using a combination of hypertonic treatment and fusion
PCC technique, reported a half time of 1.5 min for repair of
G1-phase CHO cells after exposure to X-rays. Durante and col-
leagues (Durante et al., 1998b), using the same technique with
fluorescence in situ hybridization (FISH) analysis, also showed
that Á-ray-induced chromosome breaks in G0 lymphocytes
rejoined very quickly (half time of 5–6 min). Using the G2
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Fig. 5.  Kinetics of rejoining of chromatid-type breaks
as a function of incubation times (Data from Kawata et al.,
2001b).

assay, Vral et al. (2002) demonstrated similar kinetics of disap-
pearance of chromatid breaks following Á-rays and high-LET
neutrons. These results suggest that the fast component of the
repair process may be common throughout the cell cycle and
independent of LET. 

The percentage of residual breaks induced by high-LET
exposure was from 4.2 to 6.2 times higher than Á-rays (Kawata
et al., 2000), revealing an LET-dependent trend toward higher
levels of residual chromatid breaks. Suzuki et al. (2001) also
reported a higher frequency of residual chromatid breaks in
human epithelial cells following high-LET iron particle expo-
sure. Goodwin et al. (1994) demonstrated a clear LET-depen-
dent trend in the percentage of excess residual fragments in
CHO cells after helium (0.56 keV/Ìm), carbon (13.7 keV/Ìm),
argon (115 keV/Ìm), and neon (183 keV/Ìm) particle exposure,
with the reported percentage of residual excess fragments being
49% after 183 keV/Ìm neon particle exposure, compared to
11% after X-ray exposure. The higher rate of residual breaks
induced by high-LET radiation may be due to the more clus-
tered DNA damages induced by this type of exposure. 

Kawata et al. (2001b) used calyculin-A-induced PCC meth-
od to examine the kinetics of isochromatid break rejoining, and
found that high-LET radiation-induced isochromatid breaks
rejoin quickly (Fig. 4). Since many more isochromatid breaks
are produced by high-LET radiation, chromatid rejoining or
exchange formation between isochromatid breaks is more like-
ly to occur in these samples. During the isochromatid break
rejoining or exchange formation process, a structural pattern
similar to a simple chromatid-type break can be produced,
which is therefore classified as residual chromatid-type break,
leading to an increase in the number of chromatid-type breaks.
This increase in chromatid breaks with repair time is not
observed after low-LET radiation, since the initial yield of

isochromatid breaks is much smaller. Therefore, the rejoining
process of isochromatid breaks probably leads to the appear-
ance of slower kinetics for chromatid-type break rejoining,
especially for 440 keV/Ìm iron particles (Fig. 5). 

Conclusion

High-LET radiation was found to be more effective at pro-
ducing isochromatid breaks in the G2 phase of the cell cycle,
and the repair process involved in the rejoining of these iso-
chromatid breaks could explain why chromatid break yields
remain higher after high-LET irradiation when compared with
low-LET irradiation. The PCC technique with calyculin A
proved very useful for analysis of the repair kinetics in G2 cells
following low- or high-LET irradiation.
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Abstract. The classical cytogenetic assay to estimate the
dose to which an individual has been exposed relies on the mea-
surement of chromosome aberrations in lymphocytes at the
first post-irradiation mitosis 48 h after in vitro stimulation.
However, evidence is accumulating that this protocol results in
an underestimation of the cytogenetic effects of high LET
radiation due to a selective delay of damaged cells. To address
this issue, human lymphocytes were irradiated with C-ions
(25-mm extended Bragg peak, LET: 60–85 keV/Ìm) and aber-
rations were measured in cells reaching the first mitosis after
48, 60, 72 and 84 h and in G2-phase cells collected after 48 h by
calyculin A induced premature chromosome condensation
(PCC). The results were compared with recently published data

on the effects of X-rays and 200 MeV/u Fe-ions (LET: 440 keV/
Ìm) on lymphocytes of the same donor (Ritter et al., 2002a).
The experiments show clearly that the aberration yield rises in
first-generation metaphase (M1) with culture time and that this
effect increases with LET. Obviously, severely damaged cells
suffer a prolonged arrest in G2. The mitotic delay has a pro-
found effect on the RBE: RBE values estimated from the PCC
data were about two times higher than those obtained by con-
ventional metaphase analysis at 48 h. Altogether, these obser-
vations argue against the use of single sampling times to quanti-
fy high LET induced chromosomal damage in metaphase cells.

Copyright © 2003 S. Karger AG, Basel

The analysis of chromosome aberrations in peripheral blood
lymphocytes is regarded as a sensitive method to quantify past
radiation exposures and to assess possible health risks (Ed-
wards, 1997; IAEA, 2001). Generally, to estimate the dose to
which an individual has been exposed, a venipuncture blood
sample is taken and the whole blood or separated lymphocytes
are cultured in vitro in the presence of phytohemagglutinin
(PHA), a mitogen, which preferentially stimulates T-lympho-
cytes to traverse the cell cycle. Cells are cultivated for about
48 h, since at that time a high frequency reaches the first mito-
sis in culture. Then, chromosome spreads are prepared and

aberrations are analysed after solid staining or chromosome
painting (for further details see IAEA, 2001).

There is, however, increasing evidence that this standard
metaphase assay is not reliable in the case of high LET expo-
sure. High LET radiation produces pronounced cell cycle
delays and, as indicated by different experimental approaches,
these delays are related to the aberration burden of cells (Ritter
et al., 1994, 1996; Durante et al., 1998a; Scholz et al., 1998;
George et al., 2003). For example, in recent studies where
human lymphocytes were exposed to heavy ions and aberra-
tions were measured in M1 cells collected at several sampling
times post-irradiation, a drastic increase in the aberration yield
with time was observed (Anderson et al., 2000; George et al.,
2001; Ritter et al., 2002a). In contrast, after exposure to Á-rays
or X-rays the frequencies of aberrations were the same (Scott
and Lyons, 1979; George et al., 2001) or increased slightly with
culture time (Boei et al., 1997; Anderson et al., 2000; Ritter et
al., 2002a). Thus, the routinely applied protocol to measure
chromosomal damage in metaphase cells at only one sampling
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time can lead to a pronounced underestimation of the cytogen-
etic effects of high LET particles as discussed in detail else-
where (Ritter et al., 2002b).

As an alternative to conventional metaphase analysis the
application of the PCC technique to biodosimetry was pro-
posed (Pantelias and Maillie, 1984; Durante et al., 1998b; Kan-
da et al., 1999). Originally, PCC was induced in G0 lympho-
cytes by the fusion with mitotic cells (Pantelias and Maillie,
1984). Since this method does not require cell growth, the per-
turbing influence of radiation-induced cell cycle delays can be
bypassed. However, the fusion technique suffers the disadvan-
tage that the number of cells that can be scored is low (Durante
et al., 1998b). More recently, a different approach has been
developed using inhibitors of type 1 and type 2A serine/threon-
ine protein phosphatases like okadaic acid or calyculin A (Go-
toh et al., 1995; Coco-Martin and Begg, 1997). Owing to the
fact that these drugs can induce PCC only in cycling cells (Du-
rante et al., 1998b), lymphocytes have to be stimulated as in the
conventional metaphase assay. Then, after a culture time of 42
to 47 h, PCCs are chemically induced (Durante et al., 1998b;
Kanda et al., 1999) and aberrations are analysed in G2 cells
(Ritter et al., 2002a) or in G2 and metaphase cells (George et al.,
2001, 2003) to account for the selective delay of damaged cells.
Since the latter PCC-method is simpler than the fusion tech-
nique and results in a much higher frequency of cells that can
be scored (Durante et al., 1998b; Kanda et al., 1999), it is pref-
erable for biological dosimetry.

The purpose of this study was to investigate in more detail
how particle induced cell cycle progression delays affect the
number of aberrations observable in human lymphocytes at
mitosis. In particular a better knowledge of the genetic effects
of particles is indispensable since they are increasingly used in
radiotherapy (Schulz-Ertner et al., 2002; Nishimura et al.,
2003) and pose a major risk in manned space explorations
(Kiefer, 1999). Lymphocytes were irradiated in vitro with C
ions and aberrations were measured in M1 cells harvested
between 48 and 84 h post-irradiation. Additionally, cytogenetic
damage was scored in G2 phase cells collected at 48 h by means
of calyculin A. The results are compared with recently pub-
lished data on the cytogenetic effects of X-rays and 200 MeV/u
Fe ions (LET: 440 keV/Ìm) on lymphocytes of the same donor
(Ritter et al., 2002a).

Materials and methods

In vitro exposure
For the in vitro experiments, peripheral blood from a healthy volunteer

(42-year-old female, non-smoker) was drawn into vacutainer cell preparation
tubes (Becton Dickinson, NJ, USA) containing sodium heparin (120 USP
units) as an anticoagulant. Immediately after collection the samples were
centrifuged, lymphocytes were isolated and resuspended in RPMI medium
at a concentration of 4 × 106 cells/ml as described by Durante et al. (1998b).
The cell suspension was loaded into 5-ml plastic centrifuge tubes with an
inside diameter of 10 mm, placed in a plastic holder and was irradiated at
room temperature with C ions at the SIS (Darmstadt, Germany) with the
intensity controlled raster scanning technique as described elsewhere (Haber-
er et al., 1993).

Irradiation was performed using a 25-mm extended Bragg peak obtained
by active energy variation of the beam in the range of 114–158 MeV/u. Sam-
ples were placed in the middle of the extended peak, which was designed to

deliver isodose distributions of 0.5, 1 and 2 Gy. Due to the mixture of differ-
ent beam energies in the extended Bragg peak the dose-average LET
increased within the sample from 60 keV/Ìm at the proximal position to
85 keV/Ìm at the distal position.

Culture conditions
Immediately after irradiation, the cells were seeded at a density of 3 ×

105/ml in RPMI medium containing 20% foetal calf serum, 2 mM L-gluta-
mine, 50 IU/ml penicillin, 50 Ìg/ml streptomycin and 1 % PHA. Additional-
ly, to distinguish between cells in the first or later cell generations 5-bromo-
2)-deoxyuridine (BrdU) was added for the entire culture period at a concen-
tration of 5 Ìg/ml. Samples were incubated at 37 ° C in the dark to avoid
photolysis of BrdU.

Preparation and cytogenetic analysis of metaphase cells
For the analysis of chromosomal damage metaphase cells were collected

at 48, 60, 72 and 84 h post-irradiation after a 3 h colcemid treatment
(400 ng/ml). Metaphase spreads were prepared according to standard tech-
niques and stained with the Fluorescence-plus-Giemsa (FPG) method devel-
oped by Perry and Wolff (1974) with minor modifications (Ritter et al.,
1996). For each dose and sampling time 100 M1 cells were scored and the
yield of terminal deletions, interstitial deletions, dicentrics, acentric and
centric rings was determined.

Preparation and cytogenetic analysis of G2 PCCs
In parallel to metaphase analysis, aberrations were measured in G2 cells

collected at 48 h by means of the PCC technique as described in detail by
Durante et al. (1998b). In brief, 24 h after irradiation and stimulation of the
lymphocytes, colcemid was added to the samples (40 ng/ml). Then, after a
further incubation for 23 h, the cultures were treated for 1 h with calyculin A
(50 nM) to induce PCC. Finally, PCC spreads were prepared and stained
with the FPG technique as described above. These samples contained S- and
G2-phase PCCs as well as metaphases and anaphases as shown in Fig. 1.
Aberrations were analysed in first cycle G2-phase cells, which were discrimi-
nated from metaphase cells by the lack of visible centromeres (see Fig. 1B,
C). A PPC spread was identified as damaged when the number of chromo-
some pieces exceeded 46. Errors on the aberration yield A were calculated by
VA assuming Poisson statistics.

Results and discussion

Analysis of chromosomal damage in metaphases and G2

PCCs 48 h after in vitro exposure
C ion-induced cytogenetic damage was measured in M1

cells collected after an in vitro cultivation of 48 h according to
the standard protocol (IAEA, 2001) and compared with data
obtained for lymphocytes of the same donor after X-ray and Fe
ion exposure (Ritter et al., 2002a). As shown in Fig. 2A, C ions
were found to be more effective than X-rays. For example, the
relative biological effectiveness (RBE) of C ions for the produc-
tion of 1 aberration per cell is about 2.4. Conversely, high LET
Fe ions are less effective than X-rays yielding for the same
effect an RBE close to zero consistent with other reports
applying the standard cytogenetic protocol (Edwards, 1997 and
references therein). The same trend is observed, when the anal-
ysis is based on dicentrics that are usually used for biological
dosimetry (Edwards, 1997; IAEA, 2001).

To gain insights into the effect of cell cycle progression
delays on the amount of chromosomal damage observable in
mitosis, the aberration yields measured in metaphase cells
(Fig. 2A) were compared with the frequencies found in cells
that were in G2 phase at 48 h. Because after solid staining less
aberration types can be visualised in PCCs than in metaphase
cells, this comparison was restricted to aberrations that result in
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Fig. 1. Examples of prematurely condensed
chromosomes of human lymphocytes at different
stages of the first post-irradiation cell cycle. Lym-
phocytes were isolated, exposed to C ions and
stimulated to grow by the addition of PHA. After
an incubation time of 47 h, calyculin A was added
to the samples and 1 h later PCC spreads were
prepared. (A) Two S-phase PCCs. The condensed
sections of the chromatin represent replicated
DNA. These cells cannot be scored for aberra-
tions. (B) G2-phase PCC with fully condensed
bivalent chromatids; centromeres are not visible.
This cell exhibits 14 radiation-induced excess
fragments. (C) Undamaged anaphase cell with
clearly visible centromeres. (D) Undamaged ana-
phase cell with separated chromatids. 

an excess of chromosome fragments (terminal and interstitial
deletions, acentric and centric rings) which are detectable with
both assays.

As shown in Fig. 2B, in M1 cells the number of excess frag-
ments is much lower than the total number of aberrations
(Fig. 2A), but the resulting dose-effect curves show the same
trend, C ions are more effective than X-rays, while Fe ions are
less effective. The RBE of C ions for the production of 1 excess
fragment per cell is about 1.7, while the RBE of Fe ions is close
to zero. However, when cytogenetic damage was analysed in
cells that were in G2 phase at 48 h a different picture emerged
(Fig. 2C). In all experiments higher aberration yields (excess
fragments) were detected in G2 cells than in metaphase cells
consistent with data reported by Durante et al. (1999) and
George et al. (2003). Obviously, damaged cells suffer a pro-
longed G2 arrest. Furthermore, Figs. 2B and C show that the
difference in the aberration yield found in G2 cells and M1 cells
is minimal after X irradiation, but becomes more significant
after particle exposure. Consequently, when the PCC data are
used for RBE calculation, higher values are obtained than with
the standard metaphase assay, for C ions and Fe ions RBEs of
4.5 and 2.6 were estimated, respectively. These data are in line
with a recent study of George et al. (2003), where metaphases
and PCCs were collected at 48–50 h and aberrations were
detected by fluorescence in situ hybridisation. The authors
report that the RBE values estimated for chemically induced

PCCs are up to three times higher than the RBEs obtained by
metaphase analysis. Further studies are in progress using more
dose points to allow a more precise estimate of the RBE of par-
ticles.

The pronounced difference between the PCC data (Fig. 2C)
and the metaphase results (Figs. 2A and B) suggests that cells
carrying a higher number of aberrations are unlikely to reach
the first post-irradiation mitosis or reach mitosis at a later time.
To gain further insight into the relationship between C ion-
induced cell cycle delays and the expression of aberrations in
metaphase cells, a time-course study was performed.

Time course of chromosomal damage in lymphocytes at the
first post-irradiation division following in vitro exposure
The frequencies of aberrations were measured in lympho-

cytes reaching the first mitosis at 48, 60, 72 and 84 h after expo-
sure to C ions. Analysis of the full spectrum of aberrations
detectable with Giemsa staining showed that cells arriving late
at the first mitosis carried twice as many aberrations than those
arriving at earlier times (data not shown). The same effect was
observed, when the analysis was restricted to aberration types
which result in the formation of excess fragments (Fig. 3).
Moreover, the data indicate that the major increase in the aber-
ration frequency occurred between 48 and 72 h after C ion
exposure. Thereafter, the aberration yield levelled off.
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Fig. 2. In vitro dose-response curves of the yield of aberrations induced in
human lymphocytes by C ions (25 mm extended Bragg peak, LET: 60–
85 keV/Ìm, this study), 200 MeV/u Fe ions (LET: 440 keV/Ìm) or X-rays
(data from Ritter et al., 2002a). Samples were collected 48 h after exposure,
stained with the FPG technique and chromosomal damage was analysed in
first cycle cells. (A) Aberration yield in M1 cells (terminal and interstitial
deletions, dicentrics, acentric and centric rings); (B) yield of excess fragments
in M1 cells (terminal and interstitial deletions, acentric and centric rings);
(C) yield of excess fragments in G2-PCCs (see B). Curves are drawn to guide
the eye.

Fig. 3. In vitro dose-response curves of the yield of excess fragments
induced in human lymphocytes by C ions (25 mm extended Bragg peak,
LET: 60–85 keV/Ìm). G2 PCCs were harvested at 48 h, while metaphase
cells were collected at 48, 60, 72 and 84 h post-irradiation. Aberrations were
scored in first cycle cells after FPG staining. Curves are drawn to guide the
eye.

Together with recent information on the time course of
radiation-induced chromosomal damage in human lympho-
cytes the following picture emerged. After exposure to Á-rays,
X-rays or particles with an LET of up to 30 keV/Ìm no or only a
minimal effect of sampling time can be seen (Scott and Lyons,
1979; Boei et al., 1997; Anderson et al., 2000; George et al.,
2001; Ritter et al., 2002a). In contrast, in cultures exposed to
particles with higher LET values a profound increase in the
aberration frequency occurs. This increase is about twofold
after exposure to C-ions with LET of 60–85 keV/Ìm (Fig. 3),
threefold after the exposure to ·-particles and Fe ions with LET
values of 121 and 140 keV/Ìm (Anderson et al., 2000; George
et al., 2001) and sevenfold when Fe ions with an LET of
440 keV/Ìm are applied (Ritter et al., 2002a). Similarly, in var-
ious Chinese hamster cell lines that represent another model
system for radiobiological research, a dramatic effect of LET on
the expression of aberrations in metaphase cells was observed
(Ritter et al., 1996, 2002b; Nasonova et al., 1998). The most

pronounced effect was detected in hamster cells exposed to low-
energy Ar ions with an LET of 1,840 keV/Ìm. After this treat-
ment an increase in the aberration yield by a factor of 20 was
measured in M1 cells (Ritter et al., 1996). Altogether these data
suggest that in several cell systems including human lympho-
cytes the standard metaphase assay that relies on scoring of
aberrations only at an early time point underestimates the cyto-
genetic effects of particles.

The above described difference in the time-course of high
and low LET-induced chromosomal damage can be related to
the spatial energy deposition of both radiation types as dis-
cussed in more detail elsewhere (Ritter et al., 2002a, b). In brief,
when cells are exposed to particles the dose is extremely inho-
mogeneously deposited both in terms of the energy deposition
inside a particle track and the number of particle traversals per
cell nucleus (Kraft et al., 1992). As a consequence, cells with
quite different numbers of aberrations and cell cycle transition
times are produced. In contrast, after exposure to sparsely ion-
ising radiation the ionisations are fairly uniformly deposited
between cells leading to a homogeneous distribution of aberra-
tions and delay times within the exposed cell population.

Moreover, comparison of the metaphase values with the
PCC values (Fig. 3) shows that the yield of excess fragments is
slightly lower in metaphases collected after a culture time of
84 h than in G2 PCCs collected at 48 h. Probably, this differ-
ence results from a reduced stimulation rate or interphase
death but not from mitotic delay, since after 84 h more than
93% of all metaphases from unirradiated and irradiated sam-
ples belong already to the second, third or fourth post-irradia-
tion cell generation (data not shown). However, at present,
detailed information on cell stimulation or apoptosis for hu-
man lymphocytes exposed in G0 and thereafter stimulated to
grow is not available. Development of refined experimental
approaches which would account for the complexity of the cel-
lular response of human lymphocytes to high LET radiation
remains an important challenge for future studies.

In summary, our experiments provide further evidence that
after particle exposure the progression of lymphocytes to mito-
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sis, which is a prerequisite for classical aberration scoring, is
influenced by a selective delay of damaged cells and this effect
depends on LET. Similarly, in other cell systems frequently
used in radiobiological research like Chinese hamster cells a
relationship between radiation-induced cell cycle delays and
the number of aberrations carried by a cell was observed (Ritter
et al., 1996, 2002b; Nasonova et al., 1998). These observations
argue against the use of a single sampling time to quantify
heavy ion-induced chromosomal damage in metaphase cells.
Instead, for a reliable estimate of the absorbed dose and the
genetic risks associated with high LET exposure, modified pro-

tocols should be used which account for the mitotic delay. This
can be achieved by means of a time-course study that covers the
complete time interval of the first mitosis along with a mathe-
matical analysis as suggested by Scholz et al. (1998). Alterna-
tively, the analysis of chromosomal damage in interphase cells
following chemically induced PCC is recommended (Durante
et al., 1998b; Kanda et al., 1999). However, apart from the
mitotic delay, additional factors such as a reduced stimulation
rate or apoptosis might affect the yield of aberrations observa-
ble in metaphase cells. Further studies to address this question
are in progress.
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Abstract. Chromosome aberration formation was analysed
in two human tumour cell lines displaying different radiosensi-
tivity. Aberrations involving chromosomes 2, 4, and 5 were
studied in one radioresistant cell line (WiDr) and in one radio-
sensitive cell line (MCF-7). Chromosome aberrations were
studied by application of single-colour FISH. We studied the
effects of monoenergetic 100 MeV/u carbon ions and carbon
ions from extended Bragg peak. Chromosome aberrations in-
duced by carbon ions were compared with aberrations induced
by standard 200 kV X-rays. In both tumour cell lines, carbon
ions induced aberrations more effectively than X-rays. The

radioresistance and radiosensitivity of the corresponding cell
lines, as observed for X-rays, were also found after carbon ion
irradiation. In both cell lines, the typical effects of ion irradia-
tion were an increased proportion of cells containing complex
aberrations, and an increased complexity of these complex
exchanges. However, comparable effects were induced in
MCF-7 cells by a much lower dose than in WiDr cells. Inser-
tions were also induced more efficiently in MCF-7 cells than in
WiDr cells. 

Copyright © 2003 S. Karger AG, Basel

High-LET radiation tracks induce in irradiated cells clus-
tered damage, i.e. multiple closely spaced DNA lesions (e.g.
Goodhead, 1991; Rydberg, 1996; Stenerlow et al., 2002). Ra-
diation-induced double-strand breaks (DSBs) are then induced
in close proximity, clustered to distances that are dependent
upon the chromatin geometry (e.g. Hoglund and Stenerlow,
2001). In multiple rejoining studies, DNA damage induced by
high-LET radiation has been found to be more difficult and
slower to repair (e.g. Rydberg et al., 1994; Stenerlow et al.,
1996, 2000; Taucher-Scholz et al., 1996; Pinto et al., 2002).

Complex chromosome aberrations are likely to arise from
interactions among the clustered lesions. In studies with nor-
mal cells irradiated with high-LET ·-particles (e.g. Griffin et
al., 1995; Anderson et al., 2000) or heavy ions (e.g. Testard et
al., 1997; Wu et al., 1997; Durante et al., 2000, 2002), the pro-
portion of cells containing complex aberrations was observed to
be strongly increased in comparison with cells irradiated with
X-rays. Due to their increased biological effectiveness and their
physical properties, high-LET ions are of special interest for
radiation therapy of radioresistant tumours. The causes of
tumour cell radioresistance are not yet clear. An increased
DNA repair ability, an increased tolerance to unrepaired dam-
age and to misrepair products and modified chromatin struc-
ture are just a few of the possible mechanisms. Studies of cyto-
genetic effects of high-LET radiations are thus helpful for ana-
lysing the mechanisms underlying tumour cell radioresistance,
since they reflect the specificity, capacity, and fidelity of repair
and misrepair processes taking place in irradiated cells. 

Rather few cytogenetic studies with high-energy ion beams
and human tumour cells have been accomplished insofar. In
these studies, mostly residual chromatin breaks detected by the
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premature chromosome condensation (PCC) technique were
measured (e.g. Goodwin et al., 1989; Suzuki et al., 1998, 2001;
Ofuchi et al., 1999). Increased ion efficiency, as reported for
cell killing, was confirmed for induction of chromatin breaks in
normal and tumour cells irradiated with various high-LET
ions.

In this paper, we present our study of chromosome aberra-
tion induction in one highly radioresistant cell line (WiDr) and
in one radiosensitive cell line (MCF-7) irradiated with carbon
ions or for comparison, with 200 kV X-rays. 

Methods and materials

Cells and culture conditions
The radioresistant human colon carcinoma cell line WiDr (modal chro-

mosome number = 72) was obtained from the American Type Culture Col-
lection (ATCC), ATCC No. 218. The radiosensitive human breast carcinoma
cell line MCF-7 (modal chromosome number = 71) was obtained from the
German Cancer Research Center in Heidelberg, Cat. No. 6100030. Radio-
sensitivity after 200 kV X-ray irradiation with respect to clonogenic survival
and chromosome aberration induction has been already reported (e.g.Virsik-
Peuckert et al., 1996). The surving fractions at D = 2 Gy are 0.74 and 0.48 in
WiDr and McF-7 cells, respectively. WiDr cells were grown in minimal
essential medium (MEM) supplemented with 10% foetal calf serum, 2% glu-
tamine, penicillin (50 IU/ml) and streptomycin (50 Ìg/ml). MCF-7 cells were
grown in a culture medium containing MEM (50 %) and Dulbecco’s MEM
(50 %) supplemented with 10 % fetal calf serum, 2% glutamine, penicillin
(50 IU/ml), and streptomycin (50 Ìg/ml). Cells were kept in 5% CO2 atmo-
sphere at 37 °C. Irradiation experiments were performed with plateau-phase
cells grown to confluence (90–95%) and kept for 24 h without medium
change. 

In vitro irradiation
Cell monolayers were irradiated with carbon ions or with 200 kV X-rays

(Siemens Stabilipan generator with 0.5-mm Cu filter) in plastic flasks of
25 cm2 area. Irradiation with carbon ions was performed at the GSI synchro-
tron SIS (Schwerionensynchrotron; GSI, Darmstadt, Germany) using the
raster-scan system as described by Haberer et al. (1993). Monoenergetic
100 MeV/u carbon ions (LET = 28 keV/Ìm) and ions from a 25-mm
extended Bragg peak designed to deliver isodose distributions of 0.5, 1 and
2 Gy were used. Due to the mixture of different beam energies in the
extended Bragg peak, the dose-mean LET increased within the irradiated
sample from 60 keV/Ìm at the proximal position to 85 keV/Ìm at the distal
position.

Metaphase preparation
Irradiated cells were seeded at 2.5 × 105 cells per T25 flask and cultured

for 24–32 h depending upon dose and radiation quality. During the last 2
incubation hours, 0.20 Ìg/ml colcemide was added. After treatment with
hypotonic solution (0.06 M KCl plus 0.6% sodium citrate 1:1) for 20 min at
37 °C, the cells were fixed in 3:1 methanol:glacial acetic acid to obtain meta-
phase chromosomes. Cell suspensions were stored at 4 °C.

Fluorescence in situ hybridization (FISH) 
Slides with spread cells were pretreated with 2× SSC plus 0.5% octyl-

phenoxy polyethoxyethanol solution and then dehydrated through ethanol
series. Whole-chromosome probes (APPLIGENE/ONCOR, Heidelberg,
Germany) for chromosomes 2, 4 and 5, conjugated with the fluorochrome
Texas red, were used for single-colour FISH (sFISH). The probes were dena-
tured for 5 min and preannealed 30 min at 37 ° C in the dark. Chromosome
preparations from WiDr or MCF-7 cells were denatured for 2 min at 72 °C or
65 °C for WiDr or MCF-7 cells, respectively, and dehydrated through etha-
nol series. The denatured ONCOR probes were applied to denatured meta-
phase chromosomes, and incubated about 16 h in a dark humid chamber at
37 °C. Slides were washed in 0.5× SSC solution and subsequently in phos-
phate-buffered saline. The entire chromosomal DNA was counterstained
with a 10-Ìl mix of DAPI and antifade solution (APPLIGENE/ONCOR).

Chromosome analysis
Metaphase chromosomes were analysed with a Zeiss fluorescence micro-

scope with filter sets for DAPI and Texas red, equipped with a CCD camera
(Visitron Systems GmbH, Puchheim, Germany). MetaMorphR (West Ches-
ter, USA) software was used for image analysis. Chromosomes 2, 4, and 5
were chosen for aberration analysis. In both studied cell lines, these chromo-
somes were present as either intact copies or they contained stable, clearly
detectable clonal terminal translocations or deletions. Yields of non-clonal
spontaneous translocations involving chromosomes 2, 4, and 5 were low,
namely 0.009 per cell in WiDr cells, and 0.02 per cell in MCF-7 cells. The
selected chromosomes were also numerically stable, i.e. three copies of chro-
mosome 2 and four copies of chromosomes 4 and 5 were present in about
95 % of the evaluated cells. The aberration data are given for these chromo-
some ploidy classes. Chromosomes 2, 4, and 5 were analysed in unirradiated
as well in irradiated cells. When a painted chromosome was involved in an
exchange (distinct from the clonal translocation), the painting patterns were
classified – as far as possible – according to the Savage and Simpson scheme
(Simpson and Savage, 1994). Complete (85–95 %) and incomplete (10–15 %)
apparently simple translocations were scored distinctly, but in the results the
pooled frequencies are given. Centromeres were visualised through DAPI
filter. They appeared as bright blue dots and thus monocentric and dicentric
chromosomes could be distinguished unequivocally. Visible complex ex-
changes could not always be exactly classified; the most frequent forms com-
prised a monocentric chromosome participating in a translocation plus a
dicentric chromosome (2G form according to Savage and Simpson classifica-
tion) and exchanges of three chromosomes with four breaks. 

Results

Partial yields of apparently simple dicentric chromosomes 
Using sFISH, radiation-induced aberrations were analysed

in the selected chromosomes 2, 4, and 5. Sums of partial yields
(based on the analysis of chromosomes 2, 4 and 5) of apparently
simple dicentrics induced by 100 MeV/u carbon ions or 200 kV
X-rays in MCF-7 and WiDr cells are plotted in Fig. 1 in depen-
dence upon dose. No dicentrics involving either chromosome
2, 4 or 5 were detected in unirradiated control samples with
sFISH. In the radioresistant WiDr cells, dicentric yields in-
creased nonlinearly with increasing radiation dose of carbon
ions or X-rays. In the radiosensitive MCF-7 cells, dicentric
yields increased linearly with increasing dose of X-rays, and the
yields were lower than in WiDr cells. After irradiation with car-
bon ions, the dicentric yields increased with increasing dose,
reached a maximum, and declined thereafter. Up to 3 Gy,
dicentric yields induced by carbon ions in MCF-7 and in WiDr
cells were similar. The strong decline in dicentric yield ob-
served in MCF-7 cells irradiated with 4 Gy reflects the parallel
strong increase of complex rearrangements involving many
dicentrics, as well (Hofman-Huether, 2002). 

Partial yields of apparently simple reciprocal translocations
Sums of partial yields of apparently simple reciprocal trans-

locations induced by 100 MeV/u carbon ions or 200 kV X-rays
in MCF-7 and WiDr cells are plotted in Fig. 2 in dependence
upon dose. Similarly as dicentric yields, translocation yields
increased nonlinearly with increasing X-ray or ion dose in
WiDr cells. In MCF-7 cells, the yields increased and reached a
maximum after ion irradiation, showing a decline thereafter.
For X-rays, the possible maximum was not yet achieved for
doses up to 4 Gy. For both radiation types, translocation yields
in MCF-7 cells were higher than in WiDr cells.
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Fig. 1. Sums of dose-dependent partial yields of apparently simple
dicentric chromosomes as detected by sFISH in chromosomes 2, 4 and 5.
Confluent MCF-7 and WiDr cells were irradiated with 100 MeV/u carbon
ions and, for comparison, with 200 kV X-rays as reference. For each point,
150–900 cells were analysed. For X-rays, the dose dependence was linear in
MCF-7 cells and linear-quadratic in WiDr cells. For carbon ions, the dose
dependence was non-linear in MCF-7 cells (fitted by a curve reaching a max-
imum and declining thereafter) and linear-quadratic in WiDr cells. Vertical
bars represent standard errors.
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Fig. 2. Sums of dose-dependent partial yields of apparently simple recip-
rocal translocations as detected by sFISH in chromosomes 2, 4 and 5. Yields
observed in unirradiated control cells were subtracted. Confluent MCF-7
and WiDr cells were irradiated with 100 MeV/u carbon ions and, for compar-
ison, with 200 kV X-rays as reference. For each point, 150–900 cells were
analysed. For X-rays, the dose dependence was supralinear in MCF-7 cells
and linear-quadratic in WiDr cells. For carbon ions, the dose dependence
was non-linear in MCF-7 cells (fitted by a curve reaching a maximum and
declining thereafter) and linear-quadratic in WiDr cells. Vertical bars repre-
sent standard errors.
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Complex aberrations 
Data on complex aberrations including insertions and other

complex exchanges (three or more chromosomes participating)
induced in MCF-7 and WiDr cells by 100 MeV/u carbon ions
or 200 kV X-rays are summarized in Table 1. Numbers of com-
plex aberrations detected in metaphase cells by sFISH are given
separately for each chromosome. Figure 3 shows an example of
a cell containing complex exchanges after irradiation with car-
bon ions. The numbers of complex aberrations increased with
dose and were generally higher after ion irradiation. In both cell
types, already after irradiation with D = 4 Gy of 200 kV X-rays,
up to 20% of cells were found to contain higher-order com-
plexes involving three or four chromosomes. After irradiation
with carbon ions, the proportion of higher-order complexes fur-
ther increased. For example, after irradiation with 100 MeV/u
ions and D = 4 Gy, the proportion of complex exchanges
involving four chromosomes was 40% in WiDr cells and 50%
in MCF-7 cells. Thus, the aberration spectrum in both tumour
cell lines irradiated with carbon ions was much more complex

than the spectrum observed after X-ray irradiation. The radio-
sensitive MCF-7 cells always contained more complex aberra-
tions than WiDr cells. 

Complex aberrations in cells irradiated with carbon ions
from extended Bragg peak
Since the WiDr cells proved to be quite resistant to irradia-

tion by 100 MeV/u carbon ions, we performed further experi-
ments with cells irradiated in extended Bragg peak. These ion
tracks have much higher ionisation density than 100 MeV/u
ions, i.e. the multiple clustered damage is more frequent and
more severe. In Fig. 4, relative numbers of cells containing
complex exchanges are compared for irradiation with X-rays
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Fig. 3. Example of a metaphase WiDr cell containing complex exchange
aberrations after irradiation with carbon ions. Chromosome 5 was painted
red. Arrows indicate complex aberrations.

Fig. 4. Relative proportions of cells containing complex exchanges after
irradiation with 200 kV X-rays and carbon ions (100 MeV/u and extended
Bragg peak). Data are shown for MCF-7 and WiDr cells irradiated with D = 1
Gy and D = 4 Gy. For each point, 100–900 cells were analysed.
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Table 1. Number of complex exchanges involving chromosomes 2, 4 and 5 in MCF-7 and WiDr cells
irradiated with graded doses of 200 kV X-rays or 100 MeV/u carbon ions. For each point, different
numbers of cells (150–900) were analysed. Therefore, for comparison, numbers of complex exchanges
corresponding to 100 cells are given in the Table.

Chromosome 2 Chromosome 4 Chromosome 5Dose (Gy)

X-rays carbon ions X-rays carbon ions X-rays carbon ions

MCF-7
1 10 48 7 16 5 50
2 18 50 16 14 14 140
3 16 48 8 36 6 191
4 86 72 20 58 90 139

WiDr
1 3 11 0 7 0 3
2 10 19 0 14 4 20
3 14 25 9 40 7 51
4 49 80 19 67 21 87

and carbon ions. In MCF-7 cells, after irradiation with D = 1
Gy, the proportion of these cells increases steeply after irradia-
tion in Bragg peak, reaching a value of about 50%. In contrast,
in WiDr cells, very low numbers were observed. In these resis-
tant cells, irradiation with D = 4 Gy in Bragg peak was neces-
sary in order to achieve such a high proportion of cells with
complex aberrations. Only then, the relative proportion of cells
with complexes reached about 50%, as detected by sFISH. In
MCF-7 cells irradiated with D = 4 Gy in Bragg peak, mitotic
index was very low and chromosomes and the few metaphases
still present were so severely damaged that no aberration analy-
sis was possible. After irradiation with D = 1 Gy in Bragg peak,

using sFISH we also detected complexes involving five chro-
mosomes: 7% of total complexes in WiDr cells and 15% in
MCF-7 cells.

Insertions
This aberration type is included in our complex aberrations

data. The relative proportion of insertions was very different in
MCF-7 and WiDr cells. In WiDr cells, insertions were not the
predominant complex type aberration. Nevertheless, their rela-
tive proportion increased strongly after irradiation with carbon
ions as compared with X-rays. In MCF-7 cells, insertions were
more frequent than in WiDr cells. The data are summarized in
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Table 2. Relative proportions of insertions observed in WiDr and MCF-7 cells irradiated with either
200 kV X-rays or carbon ions of different energies, with doses D = 1 Gy or D = 4 Gy. The percentage of
insertions was calculated as a relative proportion of cells containing insertions within the class of cells
containing any detectable complex exchanges.

Cell line Dose D = 1 Gy Proportion of 
insertions (%) 

Dose D = 4 Gy Proportion of 
insertions (%) 

200 kV X-rays 0 200 kV X-rays 3 
100 MeV/u carbon ions 0 100 MeV/u carbon ions 16 

WiDr 

Bragg peak carbon ions 9 Bragg peak carbon ions 17 
200 kV X-rays 19 200 kV X-rays 17 
100 MeV/u carbon ions 31 100 MeV/u carbon ions 24 

MCF-7 

Bragg peak carbon ions 22 Bragg peak carbon ions n.d. 

Table 2. In MCF-7 cells, similar relative proportions of inser-
tions were observed after irradiation with X-rays and carbon
ions. This proportion was practically dose independent. In
WiDr cells, after irradiation with D = 1 Gy of X-rays, only a
few insertions could be detected. For D = 4 Gy, the proportion
increased, but it was similar for carbon ions of either ionisation
density.

Discussion

Apparently simple dicentrics and translocations
The multiple damaged sites induced by carbon ions cannot

often be processed by repair enzymes or they are repaired
incorrectly (Heilmann et al., 1996; Stenerlow et al., 1996). Con-
sequently, a higher proportion of unrepaired and misrepaired
damage can be expected for high-LET particles such as alpha
particles, neutrons, or ions. However, as the density of DNA
lesions that are possible candidates for complex exchanges
increases, yields of simple dicentrics or translocations might
decrease due to a simultaneous increase in the proportion of
complex exchanges. This effect was observed in MCF-7 cells
with respect to dicentrics. The yields of apparently simple
dicentrics were lower in MCF-7 cells than in WiDr cells, in
spite of many more total dicentrics found after Giemsa staining
observed in MCF-7 cells as compared with WiDr cells (Hof-
man-Huether, 2002). As FISH analysis of dicentrics and com-
plexes has proven, most dicentrics actually belonged to com-
plex exchanges. A similar observation was reported by Durante
et al. (2002) for normal lymphocytes. In the dose range studied,
this effect was, however, not yet observed in WiDr cells.

Clustered damage and complex aberration formation
A high proportion of complex-type aberrations, including

rare forms such as simple and multiple insertions, can be
expected to be formed in cells irradiated with high-LET radia-
tions (Bauchinger and Schmid, 1998; Anderson et al., 2000;
Ritter et al., 2002). In normal cells, a high proportion of com-
plex aberrations including insertions has been reported (e.g.
Wu et al., 1997; Durante et al., 1998; Anderson et al., 2000).
For lymphocytes irradiated with 56Fe ions, Durante et al.
(2002) found under application of the sophisticated mFISH
method that most aberrations were actually complex. For

tumour cells, we applied sFISH and therefore, the observed
yields of complex aberrations are underestimated. Neverthe-
less, after irradiation with carbon ions in extended Bragg peak,
about 50% of the cells could be detected that contained at least
one complex exchange. However, in MCF-7 cells this effect was
observed after irradiation with D = 1 Gy, whereas in radioresis-
tant WiDr cells a dose D = 4 Gy was needed. After irradiation
with X-rays and D = 4 Gy, about 35% of MCF-7 cells and about
10% of WiDr cells contained at least one complex exchange as
detected with sFISH. Insertions were reported to predominate
after high-LET irradiation in human fibroblasts (Griffin et al.,
1995) and Chinese hamster splenocytes (Grigorova et al.,
1998). In contrast, insertions did not represent the major com-
plex-type exchange in human lymphocytes (Anderson et al.,
2000). Similar to lymphocytes, insertions were not the predom-
inant complex type aberration in WiDr and MCF-7 cells where
higher-order complexes were more frequent. Their relative pro-
portion increased strongly after irradiation with carbon ions as
compared with X-rays in WiDr cells, but it was quite constant
for both radiation types in MCF-7 cells. The residual, i.e. most-
ly unrepaired proportion of DNA DSBs amounts 20% and
10% in MCF-7 and WiDr cells, respectively (Olive et al., 1994).
This moderate difference in DSB rejoining cannot thus explain
the large differences in survival radiosensitivity and in radia-
tion-induced aberration spectra observed in these cell lines.
Exchanges resulting in misrepair products cannot, however, be
detected by a DSB rejoining assay. As our aberration data
show, misrepair takes place apparently more frequently in
MCF-7 cells than in WiDr cells. Nonhomologous end joining
seems to function in both cell lines normally since DNA-PKcs,
Ku70, and Ku80 foci could be detected after irradiation (Hof-
man-Huether, 2002). In MCF-7 cells, complex exchanges were
induced by far lower doses than in WiDr cells. The large differ-
ences in the yields and spectra of complex exchanges cannot be
easily explained. One possible reason for this could be a differ-
ent chromatin topology present in the studied cells. FISH stud-
ies have demonstrated that chromosomes in interphase nuclei
form individual territories that are irregularly shaped distinct
units containing chromosome subdomains that do not inter-
mingle (e.g. Zink et al., 1998; Visser and Aten, 1999). In this
context, our findings would imply an increased density of chro-
matin and/or larger distances among individual chromosome
domains in WiDr cells as compared with MCF-7 cells, as a pos-
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sible cause of the observed large differences between the corre-
sponding yields and spectra of complex exchanges. Thus, in
agreement with the conclusions of Anderson et al. (2000),
nuclear architecture could be an important factor, determining
the complexity of aberration spectra observed in a particular
cell type. 

In summary, increased relative biological effectivenes, i.e.
increased RBE values were observed for carbon ions in a resis-
tant tumour cell line for the induction of clonogenic cell death
and for chromosome aberrations as well. For both radiation
types studied, X-rays and carbon ions, the yields of apparently
simple translocations including chromosomes 2, 4, and 5 were
much higher than the corresponding yields of apparently sim-
ple dicentric chromosomes. Yields of complex exchanges in-
creased largely in both tumour cell lines irradiated with carbon
ions. This could be expected due to clustered damage induced

by ions since clustering of damaged sites within proximal chro-
mosomes leads more often to complex-type exchanges arising
from interactions among three and more chromosomes. Large
differences in aberration yields and spectra as observed in the
two studied cell lines point towards an important role of chro-
matin in the process of the formation of complex exchanges,
and thus different chromatin organisation in different tumour
cell lines. In this regard, it will be of interest to examine these
differences by more powerful microscopic methods.
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Abstract. Dense ionization tracks from high linear energy
transfer (LET) radiations form multiple damaged sites (MDS),
which involve several types of DNA lesions in close vicinity.
The primary DNA damage triggers sensor proteins that acti-
vate repair processes, cell cycle control or eventually apoptosis
in subsequent cellular responses. The question how homolo-
gous recombination (HR) and non-homologous end joining
(NHEJ) interact in the repair of radiation-induced DNA dam-
age of MDS type has been addressed in different model systems
but several questions remain to be answered. We have there-
fore challenged cells with treatments of ionizing radiation of
different qualities to investigate whether primary DNA dam-
ages of different complexity are reflected in the processes of
repair by HR as well as cell survival. We used the V79 derived
SPD8 cell line to determine the induction of HR in the hprt

exon 7 and clonogenic assay for survival in response to radia-
tion. SPD8 cells were irradiated with Á-rays (137Cs 0.5 keV/
Ìm), boron ions (40 and 80 keV/Ìm) and nitrogen ions
(140 keV/Ìm), with doses up to 5 Gy. Analysis of clonogenic
survival showed that B-ions (80 keV/Ìm) and N-ions were
more toxic than Á-rays, 4.1 and 5.0 times respectively, while
B-ions at 40 keV/Ìm were 2.0 times as toxic as Á-rays. Homolo-
gous recombination in the cells exposed to B-ions (80 keV/Ìm)
increased 2.9 times, a significant response as compared to cells
exposed to Á-rays, while for B-ions (40 keV/Ìm) and N-ions a
nonsignificant increase in HR of 1.2 and 1.4, respectively, was
observed. We hypothesize that the high-LET generated forma-
tion of MDS is responsible for the enhanced cytotoxicity as well
as for the mobilization of the HR machinery. 

Copyright © 2003 S. Karger AG, Basel

DNA damage induced by ionizing radiation (IR) may have
deleterious genotoxic consequences, such as genomic instabili-
ty caused by mutations and chromosomal changes, which may
lead to cell transformation and cancer development (Little,
2000; Pfeiffer et al., 2000; Van Gent et al., 2001). Ionizing

radiation deposits energy in tracks of moving charged particles
within the cell. While low linear energy transfer (low-LET)
radiations, such as X-rays or Á-rays, induce a relatively low den-
sity of ionizations along the track (F0.5 keV/Ìm), each track of
high-LET radiation is more dense in terms of many thousands
of ionizations (F50–150 keV/Ìm) (Goodhead, 1992; Singleton
et al., 2002). Also, the spatial distribution of energy differs; a
dose of 1 Gy of low-LET irradiation corresponds to F1000
sparsely ionizing tracks, while in the case of high-LET, 1 Gy
corresponds to F4 densely ionizing tracks (Goodhead, 1994). 

The spatial distribution of DNA damage will also be
influenced by chromatin structure and organisation, where
consequences of DNA damage along the ionization track will
depend on the functional and structural properties of the chro-
matin region exposed (Rydberg, 2001). DNA lesions generated
by IR include DNA single- and double-strand breaks and base
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damages, that are repaired by different repair pathways (Hoeij-
makers, 2001). DNA double-strand breaks (DSB), are the most
lethal DNA damages which might be repaired by two distinct
pathways, non-homologous end joining (NHEJ) and homolo-
gous recombination (HR) (Kanaar et al., 1998; Jackson, 2002).
HR in response to radiation-induced damage is suggested to be
an error-free repair pathway preferentially operating in the S-
phase of the cell cycle. HR may also process the damage by
utilizing the sister chromatid as template, resulting in gene con-
version (Johnson and Jasin, 2000, 2001). HR is also required to
resolve stalled replication forks encountering chemically in-
duced damage (Haber, 1999; Arnaudeau et al., 2001; Henry-
Mowatt et al., 2003). In contrast to HR, NHEJ utilizes little or
no homology to join DNA ends (Jeggo, 1998). NHEJ is the pri-
mary pathway of DSB repair in G1-/early S-phase of the cell
cycle, while both HR and NHEJ contribute to repair DSBs
introduced during late S-/G2-phase of the cell cycle (Roth-
kamm et al., 2003). 

Previous studies on the kinetics of DSB repair indicate the
existence of a fast and a slow phase (Ahnström et al., 2000;
Stenerlöw et al., 2000; Wang et al., 2001) suggesting that NHEJ
dominates the fast phase (Wang et al., 2001). The nature of
repair events during the slow phase is not yet fully understood.
It has been postulated that the repair processes of radiation-
induced DSBs are dependent upon radiation quality and the
structural complexity of DSBs (Pastwa et al., 2003). However,
according to Wang and colleagues the contribution to the slow
phase of DSB repair was not compatible with the capacity and
status of HR (Wang et al., 2001).

A better understanding of the mechanisms leading to mobi-
lization of a specific repair mechanism in response to radiation
quality, such as low doses, low dose rates and different LET will
also have implications for risk assessment regarding various
biological endpoints such as genomic instability, carcinogenesis
and aging. Moreover, a better knowledge of the mechanisms
may have important implications for a therapeutic use of radia-
tion. Hence, it is of interest to understand the interaction of the
repair pathways in the course of radiation-induced DNA dam-
age, in particular those of a more complex type. In this study we
focus on the role of HR for repair of DNA damage in Chinese
hamster cells induced by low- and high-LET ionizing radiation,
Á-rays, nitrogen ions or boron ions. The cell line used exhibits a
tandem duplication of exon 7 in its endogenous hprt gene, mak-
ing it useful for determination of intrachromosomal homolo-
gous recombination (Helleday et al., 1998).

Materials and methods

Cells
The SPD8 cell line derived from V79 Chinese hamster cells (Daré et al.,

1996) was used in all experiments. Cells were cultured in Dulbecco’s Modi-
fied Eagle Medium, 1000 mg/l D-glucose, sodium pyruvate (DMEM), sup-
plemented with 9% fetal bovine serum, penicillin (90 U/ml) and streptomy-
cin (90 Ìg/ml), in a 37 ° C humidified CO2 incubator. To prevent sponta-
neous reversion, 6-thioguanine (5 Ìg/ml) was used during maintenance of the
cell line but removed prior to experiments. Cells were seeded in 175-cm2

flasks two days before each experiment with 3.5–4.0 × 106 cells/flask, thus at
time of radiation cells were in log-phase, which was verified by cell cycle
analysis (Fig. 3).

Chemicals
DMEM, fetal bovine serum, penicillin-streptomycin, Hanks’ balanced

salt, and trypsin-EDTA were purchased from Invitrogen AB (Sweden). 6-
thioguanine (2-amino-6-purinethiol, 98%), hypoxanthine (6-hydroxypurine,
99 %), L-azaserine (o-Diazoacetyl-L-serine), and thymidine (1-[2-Deoxy-ß-
D-ribofuranosyl]-5-methyluracil, 99%) were obtained from Sigma-Aldrich
AB (Sweden). 

Exposure conditions
Cells in suspension were exposed to radiation. Adherent cells were

washed twice in Hanks’ balanced salt without Ca2+ and Mg2+, trypsinized
and resuspended as described below. Cells were centrifuged for 10 min at
200 g and resuspended in medium to the final volume of 135–300 Ìl depend-
ing on the chamber depth. The cell suspensions were placed into special
chambers for exposure to N- or B-ions. Chambers used for N-ion exposure
were 22 mm in diameter and had a depth of 1 mm; chambers used for B-ion
exposure had the same diameter but the depth was 0.5 mm. For exposure to
Á-rays the same chambers were used as for N-ions. A 0.2-mm-thick plastic
slip was used to cover the chamber well. Exposures of exponentially growing
cells (F60% S- and F30 % G1-phase) were performed at room temperature;
the cells were then reseeded into new flasks for 4–5 h of recovery in a 37 ° C
humidified CO2 incubator.

Nitrogen ion irradiation
The nitrogen ion irradiations were carried out at the Biomedical Unit at

the The Svedberg Laboratory in Uppsala, essentially as previously described
(Stenerlöw et al., 1996). In brief, 14N-ions were accelerated to energies of
45 MeV/u. The particle energy in the middle of the 1-mm-deep chamber was
18.5 MeV/u and the mean unrestricted LET was around 140 keV/Ìm
(B 20 keV/Ìm covering 68% of the cells).

Boron ion irradiation
The irradiations with boron ions were also carried out at the Biomedical

Unit at the The Svedberg Laboratory, Uppsala, mainly as previously
described (Persson et al., 2002). Briefly, cells in suspension were irradiated in
an 0.5-mm-deep chamber at a mean energy of 36 MeV/u corresponding to a
mean LET of 40 keV/Ìm (max LET variation = B2 keV/Ìm) or at a mean
energy of 16 MeV/u corresponding to a mean LET of 80 keV/Ìm (max LET
variation = B8 keV/Ìm). Details of beams and dosimetry are described by
Höglund and Stenerlöw (manuscript in preparation).

Á Irradiation
Irradiation with Á-rays was carried out at Stockholm University in a

137Cs source at a dose rate of 0.56 Gy/min.

Recombination assay and clonogenic survival
To observe early events of homologous recombination in S-phase we

used only 4–5 h of expression before selection of revertants. Four to five
hours after treatment, cells were rinsed twice with Hanks’ balanced salt with-
out Ca2+ and Mg2+, trypsinized and counted using a Coulter Cell Counter.
Cloning ability was determined by seeding 3 Petri dishes (100 mm) per dose
(500 cells/dish) and the number of clones was scored after 7–8 days incuba-
tion. Selection of revertants was performed by seeding 4 Petri dishes
(100 mm) per dose (3 × 106 cells/dish) in the presence of hypoxanthine-L-
azaserine-thymidine, HAsT (50 ÌM hypoxanthine, 10 ÌM L-azaserine, 5 ÌM
thymidine). The selection dishes were incubated for 10–12 days. Colonies
were fixed and stained with methylene blue/methanol (4 g/l). The reversion
frequency (RF) was calculated as the total number of revertants on the selec-
tion plates divided by the total number of cells cloned under the same experi-
mental condition. The cloning ability of this cell line is about 80% B 7
(SE).

Cell cycle analysis
Determination of the cell cycle distributions directly before irradiation

and 4–5 h post-irradiation were performed with a fluorescence-activated cell
sorter FACSCaliburTM System (Becton Dickinson). For FACS analysis,
500,000 cells were collected, fixed with 70% EtOH, washed in PBS, treated
with ribonuclease A (100 Ìg/ml) and stained with propidium iodide (5 Ìg/
ml). Data on 40,000 cells were then collected on a FACSCalibur according to
manufacturer’s procedures. The cell cycle analysis was done with WinMdi
2.8 and Cylchred.
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Fig. 1. Survival curves of SPD8 cells after
treatments with Á-rays (closed diamonds), B-ions
(40 keV/Ìm closed squares, 80 keV/Ìm closed
triangles), N-ions (open circles). Data are the
mean of 3–4 experiments. Standard errors (B) are
indicated as error bars.
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Fig. 2. Reversion to a functional hprt gene by
intrachromosomal homologous recombination as a
function of dose after exposure to Á-rays, B-ions
and N-ions. Regression lines are indicated. Data
are the mean of 3–4 experiments. Standard errors
(B) are indicated as error bars.
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Results

Cell survival and reversion by homologous recombination
Differences between high- and low-LET irradiated cells with

respect to survival (Fig. 1) and HR (Fig. 2) were observed.
Radiation with LET in the range of 0.5–140 keV/Ìm resulted in
marked changes in cell survival. The relative biological effec-
tiveness (RBE) for 50% survival for B-ions (80 keV/Ìm) was
4.1, for N-ions 5.0 and for B-ions (40 keV/Ìm) 2.0 (Table 1). A
linear and statistically significant dose response for HR was
found after treatments with all four radiation qualities. The
slope of the dose response for HR frequency in cells induced by
B-ions (80 keV/Ìm) was significantly higher as compared to
cells exposed to Á-rays. The RBE values for HR are summa-

Table 1. The relative biological effectiveness (RBE) of various LET quali-
ties for colony forming ability (survival) and homologous recombination.
Estimated from the slope of the dose-response relations. Dose-response
curves were analyzed statistically by linear regression. The slopes were tested
for significance versus b = 0 by t test.

 RBE at 50 % survival RBE for HR 

-rays 1.0 1.0 
B-ions (40 keV/ m) 2.0 1.2 
B-ions (80 keV/ m) 4.1 2.9a 
N-ions 5.0 1.4 

a P < 0.001.  
 When comparing B-ions 80 keV/ m and -rays, the difference in slopes was 
tested using t test.  
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Fig. 3. Changes in cell cycle distribution in SPD8 cells. Each column shows the cell cycle distribution 4 h post-irradiation
except for the column marked with a C. This column shows the distribution immediately before irradiation. Á-Ray and B-ion data
are the mean values of 3 experiments, N-ion data are the mean values of 4 experiments. Standard deviations (+) are indicated as
error bars.
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rized in Table 1. HR in cells exposed to B-ions (80 keV/Ìm)
was enhanced 2.9 times as compared to cells exposed to Á-rays.
N-ions enhanced HR 1.4 times and B-ions (40 keV/Ìm) 1.2
times.

Cell cycle distribution
Cells exposed to Á-rays responded with a dose-dependent

outflow from G1-phase that did not correlate with significant
changes in the S- and G2-population except for a weak increase
in the G2-population at the highest dose (Fig. 3). On the other
hand, cells exposed to high-LET radiations showed an outflow
from G1-phase with a simultaneous accumulation of cells in
S-phase that was both dose- and LET-dependent (Fig. 3).

Discussion

The fidelity of the mechanisms that mobilize appropriate
repair pathways in response to DNA damage produced by dif-
ferent radiation qualities may have an impact on various bio-
logical endpoints such as genomic instability, carcinogenesis
and aging (Little, 2000; Pfeiffer et al., 2000). The IR induced
lesions may arise either by direct interaction producing strand
breaks and base damages, or indirect, via radiolysis of water
forming reactive oxygen species such as OHW radicals pro-
ducing oxidized bases and SSBs. Two or more closely spaced
damages on opposing strands within one or a few helical
turns, defined as DNA damage clustering (Goodhead, 1994;
Ward, 1994, 1995) may compromise the repair machinery

(Goodhead, 1994; Dianov et al., 2001). Nikjoo and co-workers
have estimated that almost 30% of the DSBs are of the complex
type for low-LET radiation, increasing to about 70% for high-
LET. If base damages are considered in addition to strand
breaks these figures rise to 60% and 90% for low- and high-
LET, respectively (Nikjoo et al., 1999, 2001). Hence it is of
interest to understand the interaction of the repair pathways in
the course of radiation-induced DNA damage of different com-
plexity.

In the present study we focus on the involvement of HR in
DNA damage processing after exposure of cells to low- and
high-LET ionizing radiation, Á-rays and N-ions or B-ions,
respectively. For all radiation qualities there was an outflow
from G1-phase and this is probably caused by a defective G1-
phase checkpoint. This may be explained by the fact that the
cell line used is derived from V79 Chinese hamster cells which
were found to exhibit two base substitutions in the p53 gene
(Arnaudeau et al., 1999) and consequent loss of p53 function
(Chaung et al., 1997). In cells exposed to Á-rays, the G1 outflow
was followed by a weak increase in the G2-population at the
highest dose (Fig. 3), which might be explained by a transient
G2-arrest independent of p53 function (DeSimone et al.,
2003). On the other hand, cells exposed to high-LET radiation
showed a simultaneous accumulation of cells in S-phase that
was both dose- and LET-dependent (Fig. 3), suggesting an
involvement of a p53-independent intra S-phase arrest (Bartek
and Lukas, 2001). 

HR in cells exposed to low-LET radiation increases relative
to control by 2.7 events/Gy per 106 surviving cells (from Fig. 2).
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The target size for HR in the SPD8 model system is about 5 kb
(Helleday et al., 1998) thus the resolution to detect all HR
events, assuming they are randomly distributed over the whole
genome (3 × 106 kb), is approximately 1.7 × 10–6. On the single
cell this implies that 1 Gy of low-LET radiation correspond to 5
HR events/Gy. The yield of DSBs per Gy of low-LET radiation
has been proposed to be in the range of 25 (Radulescu et al.,
2004), a level that led us to the assumption that about 20% of
all DSBs in the surviving population is handled by HR, a calcu-
lation that is in agreement with the dominating role in DSB
repair suggested for NHEJ (Jeggo, 1998). 

In response to 1 Gy of high-LET the radiation induced HR
will be 13 HR events per Gy, as calculated from data presented
in this study, while the yield of DSBs/Gy of high-LET radiation
recently has been estimated to be approximately 40 (Radulescu
et al., 2004). Thus 33% of these DSBs might be associated with
repair by HR. 

The quantitative estimates discussed above cannot readily
be compared to literature that provide information based on

bulk response since the results presented above reflect the
mobilisation of repair pathways in the surviving fraction of
cells only. The observed 60% increased levels of HR in high-
LET compared to low-LET exposure may suggest that MDS
rather then simple DSBs mobilize HR.

The SPD8 recombination assay and other methods now
available thus provide unique possibilities to further explore
the signalling properties of the primary damage and the mobili-
zation of repair pathways and their fidelity. The present results
encourage further studies on the repair of MDS in mammalian
cells.
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Abstract. Published data concerning the effects of indoor
radon exposure on the frequency of chromosome aberrations in
peripheral lymphocytes of residents are contradictory. Possible
reasons for this may be the low radon concentration in dwell-
ings and/or the limited number of investigated persons. We
therefore studied the relationship of domestic radon exposure
and the occurrence of chromosome aberrations in peripheral
lymphocytes in 61 persons living in houses with radon concen-
trations from 80 up to 13,000 Bq/m3. We analyzed 60,000 cells
from fluorescence plus Giemsa (FPG)-stained slides. It could
be clearly demonstrated that in groups of persons living in
dwellings with indoor radon concentrations 1200 Bq/m3 the
number of cells containing dicentrics and/or centric rings
(Cdic + cr) (2.45 B 0.50 × 10–3) was significantly increased (p !
0.05) in comparison to the control level (1.03 B 0.15 × 10–3).
However, there was no difference in the mean frequency of

Cdic + cr between the groups living in dwellings with higher rad-
on concentrations. Using the fluorescence in situ hybridization
(FISH) technique for the detection of translocations, we ana-
lyzed 23,315 cells in 16 persons of the highest exposed group
(15,000 Bq/m3). The observed frequency of translocations was
3.9 B 0.64 × 10–3. In comparison to the control group (2.02 B
0.18 × 10–3), there was a slight but not statistically significant
increase in the exposed group (P = 0.055). If, however, the age
of the examined persons is taken into account, the values are
significantly increased (P ! 0.05) in the exposed persons older
than 40 years in comparison to the age-matched controls. Since
most of the translocations were found in stable cells, it is con-
cluded that translocations are also induced in blood-forming
tissue and are transmitted to peripheral blood.

Copyright © 2003 S. Karger AG, Basel

Over the last ten years, indoor radon exposure with regard
to radiation protection of the general public has become a mat-
ter of interest worldwide. Epidemiological studies on indoor
radon and lung cancer showed consistently a small increase in
lung cancer with increasing radon exposure (Darby and Hill,
2003; Lubin, 2003) that is comparable to the results from the
uranium miners studies (BEIR VI, 1999).

To examine the biological effects of radon and its decay
products, some cytogenetic studies have been performed on
individuals living in houses with elevated radon concentra-
tions. However, the results published so far for chromosome
aberrations are contradictory (Albering et al., 1992, 1994; Bau-
chinger et al., 1994, 1996; Maes et al., 1996; Lindholm et al.,
1999). Possible reasons for this may be that the radon concen-
trations studied are too low, and/or the number of investigated
individuals is too small. For this reason we investigated the
relationship of domestic radon exposure and the occurrence of
chromosome aberrations in peripheral blood lymphocytes of
individuals living in houses with elevated radon levels, ranging
from 80 to 13,000 Bq/m3.

The main target tissue of radon and its decay products is the
respiratory tract. Part of the inhaled radon and its decay prod-
ucts is absorbed into the blood and is then transported to other
organs. Because radon is easily dissolved in fat, it is also trans-
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Table 1. Frequency of cells with dic and/or cr (Cdic + cr)/1,000 cells and frequency of dic + cr/1,000 cells

Exposure group (Bq/m3) Persons Age range (years) aS/HS Cells scored Cdic + cr/1000 cells ± SEM dic + cr/1000 cells ± SEM 

I < 200 17 6–69 3/0 16,597 1.33 ± 0.34 1.75 ± 0.46 

II 200–1000 13 32–80 2/1 12,436 2.33 ± 0.48 2.65 ± 0.55 

without HS 12   11,407 2.45 ± 0.50 2.81 ± 0.58 

III 1000–5000 15 10–78 4/2 14,668 1.91 ± 0.46 2.78 ± 0.76 

without HS 13   12,620 2.06 ± 0.52 3.01 ± 0.64 

IV > 5000 16 17–76 4/0 16,355 2.32 ± 0.38 2.69 ± 0.46 

Expo. in total 61 6–80 13/3 60,056 1.95 ± 0.20 2.45 ± 0.28 
Expo. in total without HS 58 6–80  56,979 2.00 ± 0.21 2.51 ± 0.21 

Control 53 20–73 18/7 54,689 1.19 ± 0.15 1.23 ± 0.15 
Control without HS 46 20–73  47,593 1.03 ± 0.15 1.03 ± 0.17 

a S: smokers; HS: heavy smokers > 20 Cig./day. 

ported to the stem cells of the blood-forming tissue (Lindholm
et al., 1999). Here the decay products of radon accumulate in
the fat tissue and the red bone marrow is chronically exposed to
·-particles (ICRP, 1994). The fluorescence plus Giemsa (FPG)
technique was used to study the frequency of chromosome
aberrations which are induced in peripheral blood lymphocytes
and the fluorescence in situ hybridization (FISH) technique
was applied to find out whether chromosome aberrations
induced in the blood-forming tissue are transmitted to periph-
eral blood. 

Material and methods

Selection of individuals
The Federal Office for Radiation Protection (BfS) carried out measure-

ments of domestic radon concentrations by means of the passive · track
method in the south and southeast of Germany and identified buildings with
different levels of radon concentration. Four exposure groups were estab-
lished in relation to these indoor concentrations (group I: !200 Bq/m3, mean
140 Bq/m3; group II: 200–1,000 Bq/m3, mean 450 Bq/m3; group III: 1,000–
5,000 Bq/m3, mean 1,900 Bq/m3; group IV: 15,000 Bq/m3, mean 8,100 Bq/
m3). The measurements of the radon concentration for group IV were short-
period measurements (3 days to 4 months). Nearly 15 persons per exposure
group were recruited. In total, chromosome analyses with the FPG technique
were performed on 61 individuals (29 females and 32 males) living in 27
buildings. At the time of blood sampling the persons were aged between 6
and 80 years (8 children and 53 adults). Data of confounding factors such as
medical radiation exposure, intake of medical drugs, and smoking habits
were recorded in questionnaires.

Additionally, the FISH technique was applied to 16 persons (8 females
and 8 males) out of 6 houses of the highest exposure group.

Cultivation of human lymphocytes
The culture technique has been fully described earlier (Stephan and

Pressl, 1999). In brief, cultures were set up with 0.5 ml whole blood in 5 ml
RPMI 1640 medium supplemented with 10% fetal calf serum, 2 mM gluta-
mine, 2% PHA, 10 mM BrdU and antibiotics. The cultures were incubated
for 48 h at 37 °C. For the last 3 h of culture time, cells were treated with
0.1 Ìg/ml Colcemid. The hypotonic treatment of cells is carried out with
75 mM KCl, and the cells were fixed in methanol:acetic acid (3:1).

Fluorescence plus Giemsa staining (FPG) 
Chromosome preparations were performed according to standard proce-

dures (Stephan and Pressl, 1999). All slides were coded in such a way that no
association with the exposure group was possible. Chromosome analyses
were carried out exclusively in complete first division metaphases identified

by homogeneously stained chromosomes. From these FPG-stained meta-
phases, dicentric chromosomes (dic), centric rings (cr), excess acentric frag-
ments (ace) (not accompanying a dicentric or ring), and chromatid breaks
(cbr) were analyzed.

Fluorescence in situ hybridisation (FISH)
The FISH method was carried out according to standard procedures (Ste-

phan and Pressl, 1997). A cocktail of DNA probes for chromosomes 2, 4 and
8 (MetaSystems, XCP mix) labeled directly with fluorescein isothiocyanate
(FITC) was used. The target DNA was denatured at 70 ° C in 70% formam-
ide/2× SSC (pH = 7.0) and dehydrated in ethanol before and after the proce-
dure. The denatured DNA probes were applied to the slides and hybridized
overnight at 37 °C. For counterstaining, 4,6-diamidino-2-phenylindole
(DAPI) was applied. 

All abnormal cells with painted chromosomes involved were digitized
and stored computer-aided in ISIS software (MetaSystems). The aberrations
were described according to the PAINT nomenclature (Tucker et al., 1995),
and classified into complete and incomplete translocations. Chromosome
aberrations were considered as being complete when all painted material was
rejoined, and as incomplete when one or more parts seemed unjoined which
may be due to the resolution of the painting technique. For statistical analy-
sis, complete and incomplete translocations were used together. In cells
carrying complete and incomplete translocations unpainted chromosomes
were also analyzed, and it was possible to distinguish between stable and
unstable cells. Stable cells are defined as cells without any dic, cr and/or ace.
Exchanges resulting from 63 breaks in 62 chromosomes were scored as
complex.

Statistical analysis
In FPG analysis, dicentric chromosomes and centric rings (dic + cr) are

often not Poisson-distributed between cells, due to the occurrence of cells
with two or more of such aberrations. Therefore, statistical analysis was
applied to the frequency of cells with dic and/or cr (Cdic + cr) as quantitative
endpoint. Distributions of Cdic + cr or translocation frequencies between per-
sons were examined by the log-likelihood ratio test for binomial or Poisson
distribution. Based on the test result, Fisher’s exact test and the Wilcoxon
rank test was used for Cdic + cr and translocation frequencies, respectively, for
the comparison of groups. For the Wilcoxon rank test, translocation frequen-
cies were ranked according to the individual magnitude of transloctions per
cell.

Results

Frequency of dicentric and centric ring chromosomes
From 61 persons in total, 60,056 cells were analyzed,

approximately 1,000 cells from each subject. In Table 1 are
listed the results for each exposure group (I–IV) and for all
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Table 2. Cells with 62 dic in the radon-
exposed persons and in the control group Exposure group (Bq/m3) Cells scored Cells with 2 dic Cells > 2 dic 

I < 200 16,597 3 2 
II 200–1000 11,407 2 1 
III 1000–5000 12,620 5 2 (1 cell with 6 dic) 
IV > 5000 16,355 6 0 

in total 56,979 16 5 
control 54,689 2 0 

Table 3. Translocations (complete and incomplete) and dic + cr in persons living in houses with indoor radon concentrations
15,000 Bq/m3 after FISH painting

Person Gender Age (y)
Given living time 
in the house (y)

Cells scored dic + cr
Translocations  in 
total (stable)

FG trans./1000
a Complex cells, in 

total (stable)

1 m 17 17 1050 0 2 (2) 5.9 1 (1)
2 w 19 1.5 1016 0 0 (0) 0.0 0 (0)
3 m 20 10 1009 1 1 (1) 3.1 0 (0)
4 w 25 14 1006 0 2 (2) 6.2 1 (0)
5 m 27 27 1015 0 1 (1) 3.1 0 (0)
6 m 48 21 1672 1 11 (10) 20.6 0 (0)
7 w 50 39 2282 1 7 (7) 9.7 1 (1)
8 m 51 18 1536 0 2 (2) 4.1 0 (0)
9 m 55 15 739 0 2 (2) 8.5 0 (0)
10 w 60 28 752 0 1 (0) 4.2 0 (0)
11 m 62 33 991 0 9 (9) 28.4 0 (0)
12 w 66 48 2224 2 7 (5) 9.8 3 (0)
13 m 66 66 2028 2 12 (12) 18.4 4 (3)
14 w 66 45 1726 0 5 (5) 9.1 0 (0)
15 m 69 69 2195 1 14 (13) 19.9 1 (0)
16 w 76 76 2074 1 15 (13) 22.6 0 (0)

16
48.6

23,315 9
0.39 ± 0.13

b
91 (84)
3.90 ± 0.64

b
12.19 ± 1.97

b
11 (5)
0.5 ± 0.10

b

Control
53

49.8
136,286 24

0.18 ± 0.04
b

275 (270)
2.02 ± 0.18

b
6.31 ± 0.56

b
5 (1)
0.04 ± 0.01

b

a 
FG: Frequency of translocations converted to full genome.

b
 per 1000 cells.

exposed persons together, in comparison to our control group.
The control group consists of 53 persons (29 males, 24 females)
from which 54,689 cells were scored (Stephan and Pressl,
1999). The mean age of the control group (43.0 years) is nearly
the same as in the study group (44.6 years). The members of the
control group lived in the Munich area that is in the south of
Germany. It can be assumed that radon concentration in their
buildings does not exceed the German average of 50 Bq/m3. In
the control group a significant increase in the frequency of
dicentric chromosomes (dic) was found for heavy smokers (130
cigarettes per day). To avoid smoking as a confounding factor,
persons smoking more than 20 cigarettes per day were excluded
from the statistical analysis. Only three persons in the exposure
groups (one in group I and two in group III) were heavy smok-
ers. For statistical analyses, the number of cells with dic and/or
centric rings (cr) (Cdic + cr) were used as a quantitative endpoint.
Compared to the control group, the mean frequency of Cdic + cr

of all exposed persons was significantly different (Fisher’s exact
test, P ! 0.005). When subdividing the investigated persons in
the corresponding groups, a significant difference in compari-

son to the control group resulted in the groups II, III, and IV
(group II: 200–1,000 Bq/m3, mean 450 Bq/m3; group III:
1,000–5,000 Bq/m3, mean 1,900 Bq/m3; group IV: 15,000 Bq/
m3, mean 8,100 Bq/m3) (P ! 0.05). From exposure group I to II,
a significant increase in the frequency of Cdic + cr was shown. In
the exposure group II, III, and IV the frequency remained on
the same level. In the exposure groups I–IV there were 21 cells
with 2 dic, but only 2 in the control group (Table 2).

Frequency of translocations
From the 16 persons (mean age 48.6 years) of exposure

group IV (15,000 Bq/m3) 23,315 cells were analyzed. The num-
ber of translocations (complete + incomplete) in all cells and in
stable cells is shown in Table 3. The percentage of transloca-
tions in unstable cells was below 10%. For each person is given
the observed frequency of translocations and the genome-
equivalent frequencies (FG) (conversion factor 0.32) calculated
by the formula of Lucas et al. (1992), using the length of the
target chromosomes given by Morton (1991). The interindivid-
ual frequency varied between 0 per 1,000 cells in a 19-year-old



Cytogenet Genome Res 104:232–236 (2004) 235

Table 4. Frequencies of translocations in
relation to age in persons living in houses with
indoor radon concentrations 15,000 Bq/m3

> 5000 Bq/m3 N Age range Cells Translocations FG / 1000 cells 

Age group a < 40 years 5 17–27 5,096 6 3.68 ± 1.50 
Age group b > 40 years 11 48–76 18,219 78 13.38 ± 2.2  

Control N Age range Cells Translocations FG / 1000 cells 

Age group a < 40 years 18 21–37 47,352 57 3.75 ±  0.3  
Age group b > 40 years 35 40–85 88,934 213 7.50 ±  0.72 

woman living only 1.5 years in a measured house, and 28.4 per
1,000 cells in a 62-year-old man living 33 years in a measured
house.

For comparison we used the control group of our laboratory
(Pressl et al., 1999). The FISH control group consisted of 53
persons (mean age 49.8 years). In total 136,286 cells were ana-
lyzed in this group. The mean frequency of translocations was
2.02 B 0.18 per 1,000 cells which corresponds to a frequency of
6.31 B 0.56 per 1,000 cells converted to the full genome.

The mean frequency of translocations in the radon group IV
was 1.9 times higher than the control value. The distribution of
the translocations in the radon group and the control group
were overdispersed, therefore the Wilcoxon rank test was used
for statistical analyses. There was no significant difference
between the two groups (P = 0.055). The frequency of cells with
complex aberrations in the radon group is about 12 times high-
er than in the control group. 84 translocations out of 91
observed translocations occurred in stable cells. 5 out of 11
complex cells were classified as being stable.

It is known that there exists a clear age-dependent effect for
translocations (Pressl et al., 1999), therefore we split the groups
according to their age: group a (!40 years) and group b (140
years). Furthermore, it becomes obvious from Table 3 that the
mean living time for persons 140 years of age was 41.6 years,
whereas persons !40 years of age lived about 13.9 years in their
houses. For persons aged !40 years there was no significant
difference to the control; however for persons aged 140 years a
significantly higher frequency of translocations than in the con-
trol group (P ! 0.05) was observed (Table 4). However, there
was no correlation observed between the living time weighted
with the measured radon concentration and the frequency of
translocations.

Discussion

In this study we investigated whether an increased level of
indoor radon concentrations in dwellings had any effect on the
frequency of dic and translocations in peripheral lymphocytes
of the persons living in such houses. Since T-lymphocytes have
a half-life of about 3 years (Buckton et al., 1967), only a fraction
of cells containing dic will be observed in the circulating blood
at any time during the period of chronic radon exposure. A
replacement from blood-forming tissue should be possible
mainly for stable cells, i.e. cells carrying reciprocal transloca-
tions. Therefore, translocations should provide a more reliable
indicator for a chronic domestic radon exposure than dicen-
trics. The published data show contradictory results concerning
the frequencies of dic in persons living in houses with elevated

radon concentrations (Bauchinger et al., 1994; Maes et al.,
1996). When translocations were used as the indicator for ra-
don exposure, no significant effect was observed (Bauchinger et
al., 1996; Lindholm et al., 1999). In this study, in 61 persons the
dic and centric rings were determined using the conventional
FPG technique. The radon concentration in dwellings ranged
for these persons from 80 to 13,000 Bq/m3. It was found that
the mean frequency of cells containing dic and/or cr (Cdic + cr)
was significantly increased in comparison with our control
group. When the exposed persons were subdivided into groups
(see Table 1), a significant increase in the mean frequency of
Cdic + cr in comparison with the control group was observed
for persons living in dwellings with radon concentrations
1200 Bq/m3. In persons living in dwellings with radon concen-
trations between 230 and 13,000 Bq/m3, the mean frequencies
of Cdic + cr did not significantly differ between the corresponding
exposure groups. Bauchinger et al. (1994) did not find signifi-
cant differencies between two groups of subjects with low and
high radon concentrations. The non-linear increase in Cdic + cr

frequencies with radon concentration may be influenced by the
cell turnover rate. Another reason may be that some of the
physical measurements of radon concentrations were short
period measurements and are possibly not representative. Due
to this uncertainty, persons could change from one exposure
group to another.

The observation of cells with multiple chromosomal aberra-
tions (Table 2) can be explained by the inhomogeneous energy
deposition of ·-emitting radionuclides.

The mean frequency of translocations analyzed by FISH
painting for the persons exposed to radon concentrations
15,000 Bq/m3 shows a slight but not significant increase in
comparison with our control group. If only the persons older
than 40 years of age are taken into consideration, the mean fre-
quency of translocations is significantly increased in compari-
son with the age-matched control. Because the average living
time of older persons is longer (41.6 years) in the radon houses
than of the persons aged below 40 years (13.9 years), they were
exposed to radiation for a longer time and received a higher
dose, which may explain our results. The radon level of
15,000 Bq/m3 in the houses of the investigated persons can also
be a reason for the radon effect observed in this study, whereas
in other studies no relation between radon concentrations and
translocation frequencies was found (Bauchinger et al., 1996;
Lindholm et al., 1999). Translocations in stable cells must be
considered to answer the question if the observed transloca-
tions are induced directly in the peripheral lymphocytes, or if
they may be partly induced in the blood-forming tissue and are
then transmitted to peripheral blood. It is known from other
studies that radon is 16 times more soluble in fat compared to
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blood. Therefore the presence of radon in fat in the haemopoi-
etically active marrow provides an enhanced source of ·-radia-
tion from radon and its daughter nuclei (Allen et al., 1995).
From in vitro exposure of lymphocytes with ·-particles from an
Americium-241 source, we know that in the dose range be-
tween 0.02 and 0.1 Gy, the frequency of induced translocations
is about 2 times higher than that for dic (Barquinero et al.,
2004, in press). If the observed translocation frequency in the
study group would be exclusively induced in peripheral blood,
the frequency ratio of translocations to dic should also be about
2. In the study group, however, the frequency of translocations
in stable cells was about 9 times higher than that of dic (Ta-
ble 3). If the excess translocations would be induced in the
blood-forming tissue and reach the peripheral blood, they
should occur in stable cells, since these cells are able to prolifer-
ate. As can be seen from Table 3, 84 translocations out of 91
translocations were observed in stable cells. 

According to ICRP 65, the dose for the red bone marrow
after inhalation of radon without decay products is 2.00 ×
10–10 Sv/(Bq Wh Wm3) (ICRP, 1994). The mean living time in the
radon houses of the investigated persons is about 42 years, and
the mean radon concentration in this group is about 8,000 Bq/
m3. Assuming for example that subjects stayed in their houses
about 12 h a day, they received a calculated bone marrow dose
of about 300 mSv, which corresponds to 15 mGy based on an
RBE of 20 for ·-radiation. The dose-response curve for ·-parti-
cles and translocations only in stable cells was found to be: y =
(21.52 B 2.36) × 10–2 D (Barquinero et al., 2004, in press).
According to Lloyd et al. (1998), the use of in vitro dose-

response curves allow one to go from a measured frequency of
chromosome aberrations in an individual to an absorbed dose
in that individual. They found a good agreement of dose recon-
struction based on FISH-measured translocations and the dose
estimated from initial dic measurements and from measure-
ments of tritium in urine. When the observed translocation fre-
quency in stable cells (Table 3) is used in combination with the
dose response curve mentioned above, a mean dose of 17 mGy
can be calculated. There is a good correlation between the cal-
culated dose to the bone marrow received by the blood donors
and the dose which was obtained from the in vitro calibration
curve. This seems to support the assumption that the observed
enhanced frequencies of translocations are due to the exposure
of the bone marrow to radon. 

Since the overwhelming proportion of the translocations
occurs in stable cells and there is reasonable agreement consid-
ering dose calculations, we conclude that part of the observed
translocation frequency in peripheral blood is induced in the
blood-forming tissue, and because translocations persist in sta-
ble cells they can be observed in peripheral blood

The data of this study demonstrate that chronic exposure of
persons to an elevated radon concentration in dwellings causes
a significant increase in dic plus cr in peripheral lymphocytes,
compared to a control group, when the indoor radon concentra-
tion is 1200 Bq/m3. The distribution of aberrations is overdis-
persed, as it is expected from inhomogeneous radiation expo-
sure to ·-radiation. The accumulated decay products of radon
in the red bone marrow cause a long-term exposure resulting in
translocations that are transmitted to peripheral blood. 
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Abstract. To study the effect of low-dose (rate) radiation on
human health, we analyzed chromosomes of peripheral lym-
phocytes of residents in a high background radiation area
(HBRA) and compared the results with those obtained from
residents in a control area (CA) in Guangdong Province, China.
Unstable types of chromosome aberrations (dicentrics and
rings) were studied in 22 members of eight families in HBRA
and 17 members of five families in CA. Each family consists of
three generations. On average 2,600 cells per subject were ana-

lyzed. 27 adults and six children in HBRA and 25 adults and
eight children in CA were studied with respect to transloca-
tions. On average 4,741 cells per subject were examined. We
found an increase of the frequency of dicentrics and rings in
HBRA, where the natural radiation level is three to five times
higher than in the control area. But the increase of transloca-
tions in HBRA was within the range of individual variation in
the controls.

Copyright © 2003 S. Karger AG, Basel

In the high background radiation area (HBRA) in Guang-
dong Province of China the level of natural radiation is three to
five times higher than it is in other places. The high level of
radiation is caused by natural radionuclides such as 238U, 232Th
and 226Ra in the soil and in the materials for building houses
(Yuan et al., 1997). Most of the residents in the HBRA are
farmers and have been living in this area for several genera-
tions. The area is rural and far from an air-polluted city.

Chromosome aberrations are extremely sensitive indicators
of radiation exposure. Increase of dicentric (Dic) and centric
ring (Rc) chromosomes accompanied by fragments can be
detected at a dose of 20 mSv in acutely irradiated lymphocytes
when chromosomes were analyzed immediately after exposure
(Lloyd et al., 1992). Dic and Rc are specific indicators of the
effect of radiation, while translocations (Tr) are an indicator of
the total effect of all kinds of mutagenic agents such as chemi-
cals and metabolic factors as well as radiation (Hayata et al.,

2000). Dic and Rc are unstable aberration types and are grad-
ually eliminated from the body at a rate of 50% loss per cell
division. Fragments are also unstable aberration types and they
are 100% eliminated at each cell division. On the other hand,
Tr are stable, not lost by cell division, and accumulate in the
body.

To determine the effect of low-dose (rate) radiation on
human health, we analyzed the chromosomes of peripheral
lymphocytes of the residents in the HBRA and compared the
results with those obtained from the residents in a control area
in Guangdong Province (Hayata, 2000; Hayata et al., 2002;
Jiang et al., 2000; Zhang et al., 2003).

In the present paper we review our cytogenetic studies and
discuss the effect of low dose (rate) radiation on human health.

Materials and methods

Subjects
HBRA and control area (CA) are nearby hamlets and the genetic and

cultural backgrounds of the residents in both areas are very similar. For the
determination of unstable chromosome aberrations (Dic and Rc), 22 mem-
bers from eight families in HBRA and 17 members from five families in CA
were studied. Each family consists of three generations. For stable chromo-
some aberrations (Tr), 27 adults and six children in HBRA and 25 adults and
eight children in CA were studied.
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Fig. 1. Frequencies of dicentric and ring chromosomes (Dic + Rc) in rela-
tion to age of donors. Open circles: control individuals. Filled circles: HBRA
individuals. Solid regression line: HBRA; broken regression line: controls.

Fig. 2. Frequencies of dicentric and ring chromosomes (Dic + Rc) in rela-
tion to accumulated dose. Open circles: control, filled circles: HBRA.

Measuring individual dose
Prior to the cytogenetic study, each individual’s exposed dose was mea-

sured with electronic pocket dosimeters (Aloka PDM-101) for 24 h and/or
thermoluminescence dosimeters (TLD, National UD-200S) for 2 m (Mori-
shima et al., 1997). Average dose rates per year were 3.11 mSv in HBRA and
0.71 mSv in CA. Accumulated doses were calculated by multiplying the mea-
sured dose rate with the age of each individual at the time of blood sam-
pling.

Cytogenetic preparation
About 3 ml of blood was taken from each subject in HBRA and CA and

brought to the Enping Municipal Hospital in CA where we established a lab-
oratory for chromosome preparation. Lymphocyte cultures were set up with-
in 7 h after taking the blood. Colcemid was added to the cultures from the
beginning for 48 h. Cultured cells (T cells) were processed for chromosome
preparation according to the high-yield chromosome preparation method
(Hayata et al., 1992). Fixed cell samples were distributed between two labo-
ratories, one in Beijing, China and the other in Chiba, Japan. Air-dried slides
were made at both laboratories and were stained with Giemsa solution for
the study of Dic and Rc or with FISH using whole chromosome painting
probes for chromosomes 1, 2, and 4 for the analysis of Tr (for details see
Zhang et al., 2003).

Observation
Observations were performed at both Chinese and Japanese laboratories

using microscopes equipped with an automated stage. All the results were
reexamined by at least two examiners, one from each laboratory. The average
life span (period of observation) of T cells in the body under normal condi-
tions is 22 weeks for CD45RO and 3.5 years for CD45RA cells (IAEA, 2001).
In the present subjects, a considerable number of T cells should be in second
or later cell division cycles after exposure to radiation and should not have
any fragments. Therefore, Dic with or without fragments are pooled in the
present results.

Tr included both one-way and reciprocal Tr between two chromosomes,
and three-way Tr involving three chromosomes. A three-way Tr involving
three chromosomes was counted as two Tr. The frequencies of translocations
per 1000 cells were scaled to genome-equivalent frequencies (FG) by the for-
mula reported by Lucas et al. (1992) as follows: FG = Fp/2.05 fp(1 – fp), where
Fp is the frequency of Tr detected by painting and fp is the fraction of the
genome painted.

Statistical analysis
The frequencies of chromosome aberrations in the two areas were com-

pared by using the Mann-Whitney U test. A variance test of the homogeneity
of the Poisson distribution was used to test for homogeneity and the Spear-
man rank correlation test to perform a correlation analysis.

Results and discussion

Regarding unstable aberrations (Dic + Rc), 101,395 cells in
total and 2,600 cells average per subject were analyzed. Dic
without fragments were found in about equal ratios among
total Dic both in HBRA and in CA. The results are summarized
in Figs. 1 and 2. As shown in Fig. 1, the frequencies of Dic + Rc
seem to increase with age in both groups. However, there is a
clear difference in the degree of increase between HBRA and
control, with the former being much steeper than the latter
(4.44 per 100 years for HBRA and 1.37 per 100 years for con-
trol). The contribution ratios due to the regression were much
higher in HBRA than in CA (r2 = 0.7544 for HBRA and r2 =
0.2111 for control). The frequencies of Dic + Rc per age group
among the subjects excluding children are significantly differ-
ent (P ! 0.01) between HBRA and CA. The frequencies of Dic
+ Rc in relation to accumulated doses are shown in Fig. 2,
which indicates dose response of the frequencies of Dic + Rc.
No factor except radiation was found to explain the difference
of the frequencies of Dic + Rc between HBRA and CA. There-
fore, the age-related increase of the frequencies of Dic + Rc was
considered to be attributable to the high level of background
radiation. The dose rate in HBRA is less than 1 cGy per year.
This dose rate means that less than one track of radiation passes
a cell in more than two months time, which would mean that
most of the chromosome aberrations observed are caused by
one track of radiation. Therefore, there seems to be no thresh-
old dose for the induction of chromosome aberration. Activa-
tion of DNA repair enzymes to reduce subsequent lesions
(adaptive response) seems not to be effective at such low dose
rates as seen in HBRA.

In the case of stable aberrations (Tr) 312,887 cells in total
and 4,741 cells per subject on average were analyzed. The
results are summarized in Figs. 3 and 4. In both areas, frequen-
cies of Tr are much higher than those of Dic + Rc and they are
lower in children than in adults. Individual variation is small in
children but large in the adults. There are two outlyers with
more than 20 Tr per 1000 cells, one had medical exposure by
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Fig. 3. Frequencies of translocations (Tr) in relation to age. Open circles:
control, filled circles: HBRA.

Fig. 4. Frequencies of translocations (Tr) in relation to the accumulated
dose. Open circles: control, filled circles: HBRA.

fluoroscopy, for the other no reason was found. When those two
cases are excluded, there is no significant difference of the fre-
quencies of Tr between HBRA and CA.

Irrespective of the increased frequencies of Dic + Rc in
HBRA, the frequencies were within the range of variation in
the controls.

The ratio of Dic vs. Rc induced by radiation is about 1:0.1–
0.2 (our unpublished data). Dic and Tr are derived from the
same types of lesions in two chromosomes caused by radiation.
Asymmetric rearrangements lead to a Dic accompanied by
fragments and symmetric rearrangements result in Tr. Some
types of asymmetric rearrangements are preferentially reduced
in their production and therefore, the ratio of Dic vs. Tr is
about 0.8–0.9:1 (Zhang and Hayata, 2003). The ratio of Dic +
Rc vs. Tr induced by radiation in lymphocytes is about 1:1.

As mentioned above, Dic + Rc and Tr are induced by radia-
tion with comparable frequencies. But, radiation-induced Tr
can not be distinguished from Tr induced by other agents such
as chemicals or metabolic factors. Tr are stable aberrations that
accumulate in the cells and therefore may increase the risk of
malignant and congenital diseases. The present results in
HBRA indicate that the contribution of an elevated level of
natural radiation to the induction rate of Tr does not have a
significant effect compared to the contribution of other muta-
genic factors such as chemicals and/or metabolic factors. This
may explain why epidemiological studies do not show any
increase in malignant or congenital diseases in residents in
HBRA, despite the fact that the elevated natural radiation
causes an increase of unstable type aberrations (Dic + Rc).
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Abstract. It has been suggested that the ratio complex/sim-
ple exchanges can be used as a biomarker of exposure to high-
LET radiation. We tested this hypothesis in vivo, by consid-
ering data from several studies that measured complex ex-
changes in peripheral blood from humans exposed to mixed
fields of low- and high-LET radiation. In particular, we studied
data from astronauts involved in long-term missions in low-
Earth-orbit, and uterus cancer patients treated with accelerated
carbon ions. Data from two studies of chromosomal aberra-
tions in astronauts used blood samples obtained before and
after space flight, and a third study used blood samples from
patients before and after radiotherapy course. Similar methods
were used in each study, where lymphocytes were stimulated to

grow in vitro, and collected after incubation in either colcemid
or calyculin A. Slides were painted with whole-chromosome
DNA fluorescent probes (FISH), and complex and simple chro-
mosome exchanges in the painted genome were classified sepa-
rately. Complex-type exchanges were observed at low frequen-
cies in control subjects, and in our test subjects before the treat-
ment. No statistically significant increase in the yield of com-
plex-type exchanges was induced by the space flight. Radiation
therapy induced a high fraction of complex exchanges, but no
significant differences could be detected between patients
treated with accelerated carbon ions or X-rays. Complex chro-
mosomal rearrangements do not represent a practical biomark-
er of radiation quality in our test subjects.

Copyright © 2003 S. Karger AG, Basel

The introduction of the fluorescence in situ hybridization
(FISH) method has demonstrated that many chromosomal
aberrations are much more complicated than previously pre-
dicted based on conventional staining methods (Savage, 2002).
Complex-type exchanges were described by Savage (1976)
almost three decades ago. With the introduction of the FISH
painting technique, Savage and Simpson (1994) defined com-
plexes as those exchange events involving at least three breaks

in two or more chromosomes. It was soon demonstrated that
densely ionizing radiation, such as ·-particles (Griffin et al.,
1995) or heavy ions (Durante et al., 1998), are much more effi-
cient than sparsely ionizing radiation in the induction of com-
plex-type exchanges. These early results have been recently
confirmed using the novel multi-fluor FISH (mFISH), where all
23 chromosome pairs can be painted in different colors. While
Á-rays induce very few complexes at doses below 2 Gy (Loucas
and Cornforth, 2001), most of the exchanges induced by ·-par-
ticles (Anderson et al., 2002), neutrons (Darroudi et al., 2002),
or heavy ions (Durante et al., 2002) are indeed complex even at
low doses.

Based on those in vitro results, it has been proposed that the
ratio complex/simple exchanges (or so called C-ratio) repre-
sents a biomarker of exposure to densely ionizing radiation
(Anderson et al., 2000, 2003). Measurable “signatures” or ”fin-
gerprints” of radiation quality would be highly desirable for
improving cancer risk estimates in humans and identifying
environmental factors involved in carcinogenesis (Brenner et
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al., 2001). It is of course necessary to test this hypothesis in
vivo, using a population exposed to densely ionizing radiation
or to a mixed high-/low-LET field, and comparing the mea-
sured aberration yields with populations unexposed or exposed
to sparsely ionizing radiation only. For example, in a recent
study of healthy Russian former nuclear weapons workers
(Hande et al., 2003), subjects who inhaled large amounts of plu-
tonium (·-particle doses to bone marrow from 1 to 2 Gy) were
compared to workers who were primarily exposed to Á-rays
(1.5–3.8 Gy to the bone marrow), and the ratio of chromosomal
intra-/inter-changes was evaluated by mBAND. The authors
concluded that stable intrachromosomal exchanges represent a
biomarker of exposure to densely ionizing radiation.

In the present paper, we analyzed data from several studies
of populations exposed to mixed high-/low-LET charged parti-
cle fields in the low- and high-dose region. In two of the studies
biodosimetry data in astronauts involved in long-term missions
in low-Earth-orbit were measured. These subjects were exposed
at low-dose rate to a mixed charged particle field, including
heavy ions. Doses of up to 9 cGy were accumulated during mis-
sions onboard the Mir and the International Space Stations.
Data from a third study refer to uterus cancer patients treated
with accelerated carbon ions at the HIMAC accelerator in Chi-
ba, Japan (Nakano et al., 1999). The patients received expo-
sures to the pelvic region in daily fractions up to a total dose of
about 30 Gy to the target volume. We compare the results from
these patients with data from uterus cancer patients treated
with high-energy X-rays. Complex- and simple-type chromo-
somal exchanges were measured by FISH painting of 2–3 chro-
mosomes (approximately 20% of the total genome).

Materials and methods

Astronauts
We report here the analysis of 19 astronauts involved in space missions

in low-Earth-orbit. Ten astronauts were analyzed at the NASA Lyndon B.
Johnson Space Center (George et al., 2001, 2002, 2003a). Nine astronauts
were analyzed in the laboratories of the University of Naples or Essen (Greco
et al., 2002, 2003; Durante et al., 2003). Space flight missions ranged from 2
to 6 months, and dose measurements by thermoluminescence dosimeters
ranged from 30 to 90 mGy. Assuming an average quality factor of 2.34 to 2.5
on Mir (Badhwar et al., 2002; Cucinotta et al., 2000), measured values corre-
spond to equivalent doses ranging from 70 to 200 mSv.

Patients
A total of 17 Japanese women (age 57–88) treated for squamous cell car-

cinoma of the uterine cervix were involved in the present study. Nine
patients were treated by accelerated carbon ions at the HIMAC synchrotron,
while the remainder was treated with 10 MV X-rays produced at a Linac
electron accelerator. Treatment planning with 10 MV X-rays consisted of
daily fractions of 1.6–2.0 Gy, except in the case of one patient, who was
treated with hyperfractionation schedule (1.5 Gy/fraction, two fractions/
day). Total dose to the planning target volume (PTV) was around 60 Gy.
Patients treated with heavy ions were exposed to 350–400 MeV/nucleon 12C-
ions, 10–15 cm spread-out Bragg-peak (SOBP). Treatment planning was
designed to deliver a uniform equivalent dose (in GyE) to the PTV. Dose-
average LET was about 10 keV/Ìm in the plateau region, and raised on the
SOBP from 40 keV/Ìm in the proximal edge up to 200 keV/Ìm at the distal
fall-off. RBE values ranged from 2 to 3 along the SOBP. Daily fractions of
2.7–3.6 GyE/fraction were used, up to a total dose of around 30 Gy C-ions
(70 GyE) to the PTV. Planning target area was approximately 200 cm2 for all
patients. Based on in vitro dose-response curves for the induction of chromo-
some-type exchanges in human lymphocytes, the effective whole-body dose

equivalent for these patients at the end of the treatment was around 2 Sv
(Durante et al., 1999). Further details concerning patients treated with X-
rays (Durante et al., 1999) or C-ions (Durante et al., 2000) have been already
reported elsewhere.

Chromosome analysis
Cytogenetic procedures have been previously provided in detail both for

astronauts (George et al., 2001; Greco et al., 2003) and for cancer patients
(Durante et al., 1999). Briefly, blood samples were collected before and after
space flight (astronauts) or before and after the radiotherapy course (patients)
and grown for 48 h at 37 °C in RPMI medium supplemented with 20 %
serum and 1 % phytohemagglutinin. Cultures were terminated following
either a 2-hour incubation in 0.2 Ìg/ml colcemid (astronauts) or 1 h in 50 nM
calyculin A (patients). Lymphocytes were spread on humid slides, and
hybridized in situ with DNA probes specific for human chromosomes of the
A-B groups. Cocktails of 2–3 chromosomes, labeled in different colors (green,
orange, and yellow, obtained as orange plus green) were used in different
experiments, following the procedure recommended by the manufacturer
(Vysis Inc., Downers Grove, IL) with a few modifications. Complex-type
exchanges were classified as those events involving at least three breaks in at
least two chromosomes (Savage and Simpson, 1994), whereas simple-type
exchanges were pooled from dicentrics and translocations, including incom-
plete and one-way types.

Statistical analyses
The number of cells examined for each subject ranged from 6,000 in

controls or low-dose experiments, to a minimum of 150 in patients after the
treatment had ended. Uncertainties on measured aberration frequencies
were evaluated using Poisson statistics. To compare the aberration frequen-
cies measured with different cocktails of human chromosomes, we used
Lucas’ formula (Lucas et al., 1992) to calculate whole-genome equivalent
(WGE) frequencies from measured frequencies in the painted genome.
Although this formula applies to simple-type exchanges, it represents here a
simple system to normalize the data obtained with different cocktails. All
data provided are expressed as WGE B SE. Significance tests were carried
out by pair-wise comparison between specific groups with Fisher’s exact test
or ¯2 test for distributions. A threshold of 1% was assumed for statistical
significance.

Results

Complex exchanges in control subjects
Figure 1 shows the frequency of complex rearrangements in

control or pre-treatment subjects. The data is pooled to: nine
US or Russian astronauts who had never flown in space before
the blood draw; 26 Japanese cancer patients (including 14 uter-
us cancer patients and 12 esophageal cancer patients) who had
not received any treatment before the sampling; ten Italian can-
cer patients (female, breast carcinoma) who received surgery
but had no chemotherapy or radiotherapy before sampling; and
four control subjects with no professional or therapeutic expo-
sure to radiation. No significant differences between the differ-
ent groups were detected (¯2 test, P 1 0.5), and all data for the
49 control subjects are pooled in Fig. 1. Average WGE frequen-
cy of complex-type exchanges was 1.2 W10–3, with a standard
deviation of 1.3 W10–3. Median distribution value was 1.0 W10–3.

Astronauts
The yield of total chromosomal aberrations in astronauts’

lymphocytes after long-term space flights was higher than the
values measured pre-flight. A detailed analysis of the aberra-
tions in these subjects is provided elsewhere (George et al.,
2001; Durante et al., 2003). However, the frequency of com-
plex-type exchanges post-flight was very low. Pre-flight distri-
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Fig. 1. Distribution of complex-type exchanges in lymphocytes from 49
control subjects as measured by FISH painting. WGE frequencies were cal-
culated from measured values as described in Materials and methods and
multiplied by 1,000.
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Fig. 2. Distribution of complex-type exchanges in lymphocytes from 19
astronauts following long-term space flights on the Mir Space Station. WGE
frequencies were calculated from measured values as described in Materials
and methods and multiplied by 1,000.
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Fig. 3. Comparison of pre- and post-flight yields of complex-type
exchanges in the same 19 astronauts as in Fig. 2. WGE frequencies B stan-
dard errors are plotted.
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bution in the 19 subjects studied was similar to the control dis-
tribution in Fig. 1, and the average WGE frequency B SE was
(0.97 B 0.26) W10–3. The distribution of post-flight values is
shown in Fig. 2. The average value is (1.01 B 0.24) W10–3, which
is not statistically different from the average pre-flight value
(Fisher’s exact test, P 1 0.5). In Fig. 3 the pre- and post-flight
values are directly compared for the 19 astronauts. None of the
pre-flight values is significantly different from post-flight yields
(Fisher’s exact test, P 1 0.05), with the exception of crewmem-
ber #1 (P ! 0.01). It is noted that statistical uncertainties on
individual measurements are between 30 and 100% of the val-
ues, reflecting the low frequency of observed complex exchange
events.

Patients
In patients treated with radiotherapy for uterine cancer, the

yield of both simple-type and complex-type exchanges mea-
sured at the end of the treatment was significantly higher than
the pre-treatment values. Data for total aberrations have been
discussed elsewhere (Durante et al., 2000), and here we concen-
trate on the distribution of complex-type exchanges at the end
of the treatment for patients treated with C-ions or X-rays.
Data for nine patients treated with C-ions and eight patients
treated with X-rays are displayed in Fig. 4. The two distribu-
tions are not significantly different (¯2 test, P 1 0.1), and no
differences were noted in the average frequency of complex
exchanges at the end of the treatment: WGE B SE values were
0.101 B 0.017 for C-ion patients, and 0.083 B 0.019 for X-ray
patients. We also evaluated the fraction of complex/simple
exchanges before and after the treatment. Average values are
reported in Fig. 5. Again, no significant differences are ob-
served between patients treated with C-ions or X-rays (Fisher’s
exact test, P 1 0.5), while the post-treatment values are signifi-
cantly higher than pre-treatment ratios (Fisher’s exact test, P !
0.01).

Discussion

We consider data for complex-type chromosomal exchanges
found in the peripheral blood lymphocytes of human subjects
exposed in vivo to heavy ions. Astronauts received whole-body
exposures of low doses of charged particles during space mis-
sions, and also received extensive medical diagnostic and avia-
tion exposures from training (Cucinotta et al., 2001). Cancer
patients treated at the HIMAC accelerator in Chiba (Japan)
received partial-body exposures of high-energy C-ions. Al-
though in vitro data clearly show that heavy ions are much
more efficient than sparsely ionizing radiation in the induction
of complex-type exchanges, our results show that use of the
ratio complex/simple exchanges as a signature of high-LET
exposure is problematic for subjects exposed to mixed radia-
tion fields.

Since low doses of sparsely ionizing radiation do not induce
complex exchanges, any increase in complex-type cytogenetic
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Fig. 4. Distribution of complex-type exchanges in lymphocytes from 17
uterus cancer patients at the end of the radiotherapy course with either X-
rays or accelerated carbon ions. WGE frequencies were calculated from mea-
sured values as described in Materials and methods and multiplied by
1,000.
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Fig. 5. Fraction of complex-type exchanges measured in lymphocytes
from uterus cancer patients. Left, complex/simple exchange ratio before the
treatment (n = 14); right, same ratio measured at the end of the treatment
with either X-rays or 12C-ions (n = 17). Bars are SE of the mean values.
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damage detected in astronauts after space flight would be due
entirely to high-LET heavy ions. However, no significant
increases after flight were detected here, confirming previous
observation in a smaller number of astronauts (George et al.,
2002, 2003a). Because the frequency of both complex- and sim-
ple-type exchanges is very low in astronauts, actually close to
the control background level, it is possible that statistical uncer-
tainties cover any differences. It should be noted that complex
exchanges can be detected in the control population, and the
interindividual variability is quite large (Fig. 1). Also, although
the lifetime of circulating lymphocytes is known, the kinetics of
the removal of complex aberrations in vivo have not yet been
established, which may be a factor in understanding the fre-
quencies of complex aberrations measured after long-term
space flights.

Radiotherapy of the uterine cervix induced a high frequency
of complex-type exchanges in patients’ peripheral blood lym-
phocytes. However, when patients treated with accelerated C-
ions were compared to patients treated with X-rays, no signifi-
cant differences were observed (Figs. 4 and 5). Although the
effective whole-body dose in these patients was about 2 Sv (Du-
rante et al., 1999), lymphocytes can be exposed to much higher
doses if they go back to the same pelvic lymph nodes between
different fractions (the integral dose to the pelvic region is 60–
70 GyE). High yields of complex-type exchanges were also
observed in patients treated for esophageal cancer (Yamada et
al., 2000) both by X-rays or C-ions, although a direct compari-
son for those patients is complicated by the different field sizes
used. It appears that for localized high-dose exposure in areas
rich in lymphatic tissue the frequency of complex-type ex-
changes will be fairly high with X-rays, and again it is not feasi-
ble to use the ratio complex/simple exchanges to elucidate the
radiation quality.

The present results do not rule out the possibility that the
C-ratio may be a useful indicator of high-LET exposure in spe-
cific cases, i.e. cases where the dose is not too low (reducing
statistical uncertainties) and not too high (avoiding induction

of complex rearrangements by low-LET radiation). Perhaps the
region 0.5–2 Gy (whole-body) is particularly suitable. In addi-
tion, stable complex rearrangements (such as insertions) may
be useful in retrospective biodosimetry of high-LET radiation
exposure (Anderson et al., 2003; Hande et al., 2003). Estimates
of the yield of complex damage from space missions based on a
space transport model (Cucinotta et al., 2000), and ground-
based accelerator data (George et al., 2003b) are underway to
support the understanding of this problem.
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Abstract. Radiation-induced chromosome translocations
remain in peripheral blood cells over many years, and can
potentially be used to measure retrospective doses or prolonged
low-dose rate exposures. However, several recent studies have
indicated that some individuals possess clones of cells with bal-
anced chromosome abnormalities, which can result in an over-
estimation of damage and, therefore, influence the accuracy of
dose calculations. We carefully examined the patterns of chro-
mosome damage found in the blood lymphocytes of twelve
astronauts, and also applied statistical methods to screen for
the presence of potential clones. Cells with clonal aberrations
were identified in three of the twelve individuals. These clonal
cells were present in samples collected both before and after

space flight, and yields are higher than previously reported for
healthy individuals in this age range (40–52 years of age). The
frequency of clonal damage appears to be even greater in chro-
mosomes prematurely condensed in interphase, when com-
pared with equivalent analysis in metaphase cells. The individ-
uals with clonal aberrations were followed-up over several
months and the yields of all clones decreased during this peri-
od. Since clonal aberrations may be associated with increased
risk of tumorigenesis, it is important to accurately identify cells
containing clonal rearrangements for risk assessment as well as
biodosimetry.

Copyright © 2003 S. Karger AG, Basel

Increased levels of chromosome damage in peripheral blood
lymphocytes are a sensitive indicator of radiation exposure,
and they are routinely exploited for assessing radiation dose
after accidental or occupational exposures (Finnon et al., 1995;
Obe et al., 1997; Yang et al., 1997; Lloyd et al., 1998; George et
al., 2001; Nakano et al., 2001). Radiation-induced dicentrics,
and other unstable chromosome aberrations, decrease in circu-
lating lymphocytes with time after exposure and are generally
only used for assessing doses in cases where samples can be
obtained fairly soon after the exposure has occurred. Mono-
centric aberrations (i.e. stable aberrations) can be easily ana-
lyzed using the fluorescence in situ hybridization technique
(FISH). Stable chromosome aberrations have a high probabili-

ty of survival after cell division compared with multicentric or
acentric aberrations (i.e. unstable aberrations), and are there-
fore likely to remain in peripheral blood cells over many years
(Lucas et al., 1992a, b; Lloyd et al., 1998), making them partic-
ularly useful for assessing retrospective radiation doses or low-
dose rate exposures which occur over many months or years.
However, because frequencies of stable aberrations vary con-
siderably in healthy unexposed individuals and have been
shown to increase with age (Tucker and Moore, 1996; Pressl et
al., 1999), the accuracy of dose reconstruction depends on the
assessment of pre-exposure levels.

Another consideration when using stable aberrations for
dose assessment is the accurate identification of clonal aberra-
tions. Since monocentric aberrations can survive cell division,
analysis of these types of exchanges could potentially include
damaged cells that have clonally expanded in vivo, resulting in
a population of cells with identical rearrangements. Several
studies have identified individuals who possess clones of cells
with chromosome abnormalities, resulting in artificially high
estimates of chromosome damage (Natarajan et al., 1991; Bra-
selmann et al., 1995; Kusunoki et al., 1995; Salassidis et al.,
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1995; Johnson et al., 1998, 1999a, b). Most of these studies
describe clonal aberrations in individuals who were exposed to
high (greater than 1 Gy) doses of radiation. There is very little
data in the literature on the study of clonal expansion in the
peripheral blood lymphocytes of healthy unexposed or low-
dose-exposed individuals. However, one study did report a
higher frequency of clonal aberrations in unexposed individu-
als of advanced age (155 years) (Johnson et al., 1999b). In some
studies (Kusunoki et al., 1995; Salassidis et al., 1995), subjects
possessing clonal aberrations have been followed-up for many
years, and it was reported that the yields remained stable with
time. However, space radiation is distinct from terrestrial
forms of radiation in energy deposition to biomolecules and
cells, inducing a higher frequency of chromosome damage with
greater complexity (George et al., 2003), and the biological
effects of high-energy and charge (HZE) ions in space are poorly
understood at this time (National Council on Radiation Protec-
tion and Measurement, 2000). Since clonal expansion is in-
volved in the process of cell transformation, clonal aberrations
may be associated with increased risk of tumorigenesis, and it is
therefore important to accurately identify cells containing clon-
al rearrangements, for both dose and risk assessments.

In previous studies (Yang et al., 1997; George et al., 2001)
we presented data on chromosome damage in the peripheral
blood lymphocytes of astronauts that were obtained before and
after their respective space flights using a combination of two
or three FISH chromosome painting probes. In the present
paper the chromosome damage found in twelve astronauts was
screened for clonal exchanges by carefully examining chromo-
some breakpoints, and by using statistical methods. Individuals
identified as possessing clonal aberrations were followed-up
over several months. The yields of clonal damage were also
compared in cells collected in metaphase and in cells prema-
turely condensed in the G2 phase of the cell cycle.

Materials and methods

Collection of chromosomes
Astronauts’ venous blood samples were drawn into vacutainer tubes con-

taining sodium heparin (100 USP units). Whole blood cultures were initiated
in RPMI 1640 medium (Gibco BRL) supplemented with 20% calf serum
and 1 % phytohemagglutinin (Gibco BRL), and were incubated at 37 °C for
48 h. Both metaphase chromosomes and chemically induced prematurely
condensed chromosomes (PCC) were collected for analysis, using methods
described elsewhere (George et al., 2001). Calyculin-A induced PCC samples
contained a population of well-condensed chromosomes in G2 and meta-
phase.

A 0.5-ml volume of blood from pre- and post-flight samples was cultured
with 10 ÌM bromodeoxyuridine (BrdU) and differential replication staining
procedure was completed on chromosomes from these samples by incubating
slides in 0.5 mg/ml of Hoechst during exposure to black light (General Elec-
tric 15T8/BL bulb). Spreads were stained with Giemsa to visualize replica-
tion rounds. The percentage of cells in first mitosis was greater than 90% for
all samples analyzed.

FISH
Chromosome spreads were hybridized in situ with two or three fluores-

cence-labeled chromosome-specific DNA probes in different colors: spec-
trum green, spectrum orange, and yellow (i.e. a 1:1 combination of green and
orange probes that fluoresces yellow under a triple band pass filter set). All
probes were obtained from Vysis (Woodcreek, IL) and FISH procedure was
completed using the manufacturer’s recommended procedures. Chromo-

some spreads were counterstained in 4),6-diamidino-2-phenylindole (DAPI)
and analyzed using a Zeiss Axioskop fluorescence microscope. All slides were
coded and scored blindly to minimize bias.

Classification of chromosome aberrations
When two bicolor chromosomes each containing one centromere were

present, this was classified as an apparent reciprocal translocation, and
recorded as a single exchange event. A dicentric was scored when one bicolor
exchange contained two centromeres and the other had none. For visibly
incomplete translocations and dicentrics, we assumed that in most cases the
reciprocal fragments were below the level of detection (Wu et al., 1998) and
pooled the data with complete exchanges. Complex exchanges were scored
when it was determined that an exchange involved a minimum of three
breaks in two or more chromosomes (Savage and Simpson, 1994). Total
exchanges were calculated by adding the number of apparently simple trans-
locations, dicentrics, incomplete translocations, incomplete dicentrics and
complex exchanges.

Statistical analysis
The ¯2 analysis method described by Johnson et al. (1998) was used to

determine if a sample contained cells carrying clonal aberrations in the
painted chromosomes. The expected number of exchanges for each of the
specific chromosomes analyzed was determined by multiplying the observed
number of total stable exchanges in the painted genome by the fraction of the
genome represented by the specific chromosome pair. The ¯2 values calcu-
lated from the observed number and the expected number of stable
exchanges were totaled for all chromosome pairs studied. Individuals with
the most skewed non-proportional cytogenetic damage distributions have the
highest ̄ 2 values. Threshold for the rejection of the null hypothesis (observed
interchanges are proportional to the DNA content of the painted chromo-
somes) was set at P = 0.005, corresponding to ̄ 2 = 10.60 when three chromo-
somes are painted (2 degrees of freedom) and ¯2 = 7.88 when two chromo-
somes are painted (1 degree of freedom). Values exceeding this threshold are
suggestive of possible clonal aberrations involving one specific chromo-
some.

Results

After examining the exchange patterns and chromosome
break points for all aberrations, clonal cells were identified in
samples from three of the twelve astronauts. Data are presented
in Table 1. The clonal aberration in crewmember A1 was
detected in a sample that was collected on the day of return
from a 3-month space mission. In this case chromosomes were
analyzed using probes for chromosomes 2 and 4, and only
metaphase cells were analyzed. Of the 25 aberrant cells de-
tected in this sample, 14 contained a clonal aberration involv-
ing an exchange in chromosome 2 (Fig. 1), which appeared to
be an incomplete reciprocal translocation. The average fre-
quency of this clone was 0.34 B 0.09 per 100 cells analyzed.

Lymphocytes collected before flight from crewmember A2
contained two separate clones. In this sample chromosomes
were analyzed using probes for chromosomes 1, 2 and 5, and
both PCC and metaphase cells were analyzed. The first clone,
described as clone 1 (Fig. 2), involved a balanced complex
exchange involving both chromosome 1 and 5 and a DAPI-
stained chromosome. The second clone involved a transloca-
tion between chromosome 2 and a DAPI-stained chromosome.
A total of 84 aberrant cells were identified, 62 of which were
clonal in nature: 46 copies of clone 1 and 16 copies of clone 2.
The average frequencies of clone 1 and 2 were 0.90 B 0.13 and
0.31 B 0.08 per 100 cells, respectively. However, both clonal
exchanges were present at a much higher frequency in the PCC
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Table 1. Results of FISH chromosome painting analysis in the blood lymphocytes collected from three astronauts at different
times before and after their respective 3-month space flights. Details on the frequencies of clonal and non-clonal aberrations are
listed.

Percentages ID Age  Exposure 
status 

Sample 
number  

Days after 
first 
analysis 

Chromosomes 
analyzed 

Number 
of cells 
analyzed 

Aberrant 
cells 

Clonal 
cells  

Aberrant Clonal Non-clonal 

before flight 1  2 and 4 3,995 4 0 0.10 ± 0.05 0 0.10 ± 0.05 
2 305 2 and 4 4,056 25 14 0.62 ± 0.12 0.34 ± 0.09 0.27 ± 0.08 
3 545 2 and 1 4,745 13 0 0.27 ± 0.08 0 0.27 ± 0.08 
4 723 1, 2 and 5 7,728 14 0 0.18 ± 0.05 0 0.18 ± 0.05 

A1 40 
after flight 

5 754 1, 2 and 5 13,264 27 0 0.20 ± 0.04 0 0.20 ± 0.04 

1  1, 2 and 5 5,132 84 62 1.64 ± 0.18 1.21 ± 0.15 0.43 ± 0.09 before flight 
2 73 1, 2 and 5 2,259 16 9 0.71 ± 0.18 0.40 ± 0.13 0.31 ± 0.12 
3 224 1, 2 and 5 6,360 43 14 0.68 ± 0.10 0.22 ± 0.06 0.46 ± 0.08 

A2 52 

after flight 
4 735 1, 2 and 5 3,508 16 3 0.45 ± 0.11 0.08 ± 0.05 0.37 ± 0.10 

before flight 1  1, 2 and 5 5,434 2 0 0.04 ± 0.03 0 0.04 ± 0.03 
2 239 1, 2 and 5  5,547 26 4 0.47 ± 0.09 0.07 ± 0.04 0.40 ± 0.08 

A6 43 
after flight 

3 421 1, 2 and 5 2,169 11 0 0.51 ± 0.15 0 0.51 ± 0.15 

Table 2. Comparison of aberration yields in
astronaut A2, measured in metaphase cells and
chromosomes prematurely condensed in the G2
phase of the cell cycle with calyculin-A treatment

Percentages Exposure 
status 

Sample 
number 

Sample 
type 

No. of cells 
analyzed 

Aberrant 
cells 

Clonal 
cells  

Aberrant Clonal Non-clonal 

PCC 3,049 68 54 2.23 ± 0.27 1.77 ± 0.24 0.46 ± 0.12 1 
metaphase 2,083 16 8 0.77 ± 0.19 0.38 ± 0.14 0.38 ± 0.14 
PCC 1,070 12 8 1.12 ± 0.32 0.75 ± 0.26 0.34 ± 0.23 

Before 
flight 

2 
metaphase 1,188 4 1 0.34 ± 0.34 0.08 ± 0.08 0.25 ± 0.14 

PCC 3,149 24 6 0.76 ± 0.15 0.19 ± 0.08 0.57 ± 0.13 3 
metaphase 3,211 19 8 0.59 ± 0.14 0.25 ± 0.09 0.34 ± 0.10 
PCC 2,273 11 3 0.48 ± 0.15 0.13 ± 0.08 0.25 ± 0.12 

After 
flight 

4 
metaphase 1,235 1 0 0.08 ± 0.08 0.00 0.08 ± 0.08 

samples compared with metaphase samples. A comparison of
PCC and metaphase analysis on all samples from crewmember
A2 is shown in Table 2. For sample 1, the combined frequency
of the clones was 1.77 B 0.24 per 100 PCC cells, compared
with 0.38 B 0.14 per 100 metaphase cells, whereas, the fre-
quencies of non-clonal exchanges in PCC and metaphase sam-
ples were not significantly different, with values of 0.46 B 0.12
and 0.38 B 0.14 per 100 cells, respectively.

For crewmember A6, four copies of a clone with a balanced
translocation in chromosome 5 were identified in a sample col-
lected 15 days after return from a 3-month space mission (Ta-
ble 1). All four of these clonal cells were detected in the PCC
samples. The overall frequency of the clone per 100 cells was
0.07 B 0.04, compared with 0.10 B 0.05 for the PCC analysis
alone.

Additional samples were collected from these three astro-
nauts at various times after the clones were identified. Results,
shown in Table 1, indicate that in all cases the frequency of the
clonal aberrations decreased over the sampling time period.
For crewmember A1, the clone was not visible before flight,
and appeared in a sample collected 305 days later on the day of
return from a 3-month space mission. No evidence of the clonal
exchange was detected in a sample collected from this individu-
al another 240 days later. Additional analyses up to 449 days

after flight also indicated no reappearance of the clone. For
crewmember A2, the first sample collected before launch con-
tained the two separate clones described above. In a second
sample from A2, again collected before launch, clone 1 was still
visible but the yield had decreased approximately two-fold,
whereas clone 2 was no longer detected. In two additional sam-
ples collected from this individual 151 and 662 days later, after
return from 3-month space mission, clone 1 was still visible
with the yield continuing to decrease. Figure 3 shows the yield
of clone 1 plotted against sample collection time. For crew-
member A6 the clonal aberration detected 15 days after return
from space was no longer visible in a sample collected 182 days
later. Both metaphase and PCC were analyzed for crewmem-
bers A2 and A6, and in all except the first post-flight analysis
for crewmember A2, the PCC contained much higher frequen-
cies of clones than equivalent analysis of metaphase cells.

Chromosome painting is not the most reliable method for
assessing low levels of clonal damage, mostly due to difficulties
in accurately identifying chromosome break points and be-
cause non-painted chromosomes can not be identified. Chro-
mosome banding is a superior method for assessing clonal
exchanges but is not feasible for low dose rate exposures
because it is extremely time consuming. Johnson et al. (1999a)
have suggested a simple statistical method for identifying indi-
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Fig. 1. Four metaphases showing the clonal
aberration (incomplete translocation in one copy
of the green painted chromosome 2) discovered in
the blood lymphocytes of astronaut A1 after FISH
with chromosome 2 and 4 painting probes.

Fig. 2. Four metaphases showing the complex
clonal aberration discovered in the blood lympho-
cytes of astronaut A2. The complex exchange
involves one copy of chromosome 1 (red-painted
chromosome) and chromosome 5 (yellow-painted
chromosome). Chromosome 2, painted in green,
is identified by the white arrows. The yellow
arrows identify the apparently normal copy of
chromosome 5.
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Table 3. ̄ 2 Values for all astronauts. Samples
with clonal exchanges were recalculated after the
clone was subtracted from the data and values
are given in the last column.

ID Age 
(years) 

Exposure 
status 

Chromosomes 
analyzed 

Number of 
cells analyzed 

2 values 2 values after clonal exchanges 
were subtracted from the analysis 

before  2 and 4 3,995  0.04  
2 and 4 4,056  10.93 1.45 
2 and 1 4,745  0.34  
1, 2 and 5 7,728  1.30  

A1  40 
after 

1, 2 and 5 13,264  1.75  
1, 2 and 5 5,132  19.86 1.40 before 
1, 2 and 5 2,259  14.02 1.88 
1, 2 and 5 6,360  7.35 0.20 

A2 
 

52 

after 
1, 2 and 5 3,508  6.17 3.34 

before  1 and 2 4,404  0.10  A3  46 
after 1 and 2 6,556  1.08  
before 1 and 2 1,892  0.20  A4 

 
42 

after 1 and 2 4,677  0.26  
before 1, 2 and 5 7,331  0.53  A5 

 
51 

after 1, 2 and 5 11,537  1.99  
before  1, 2 and 5 5,434  1.33  

1, 2 and 5 5,547  11.24 4.72 
A6 
 

43 
after 

1, 2 and 5 2,169  0.50  
before 1, 2 and 5 6,239  0.79  A7 

 
52 

after 1, 2 and 5 2,621  1.87  
before 1, 2 and 5 4,841  0.11  A8 

 
44 

after 1, 2 and 5 7,851  0.38  
before 1, 2 and 5 5,967  2.61  A9 

 
46 

after 1, 2 and 5 4,371  2.31  
before 1, 2 and 5 4,997  3.86  A10 

 
41 

after 1, 2 and 5 6,696  0.27  
before 1, 2 and 5 1,705  3.43  A11 

 
41 

after 1, 2 and 5 9,336  0.88  

viduals who might possess clonal aberrations, where ¯2 values
above a pre-determined level may indicate clones are present.
We applied this test to our data and results are shown in
Table 3. The samples with the clonal aberrations described
above had the highest ̄ 2 values. The first analysis of crewmem-
ber A2, where two separate clones were identified, had the high-
est ¯2 value of 19.86, and when corrected for the clones this
value decreased to 1.40. The ¯2 threshold values for deviation
from random breakage (at P ! 0.005) are 10.60 for three chro-
mosome paints and 7.88 for two chromosome paints. Most of
the samples containing clonal exchanges have ¯2 values above
these thresholds. However, values for two of the follow-up sam-
ples from crewmember A2, containing 14 and 3 clones, fell
below the threshold, although the values were still considerably
higher than samples without clonal aberrations.

Discussion

Three of the twelve individuals in the present study were
found to possess clonal exchanges, and one of these individuals
contained two separate clonal aberrations. Of these four clonal
aberrations, two involved an apparently simple reciprocal
translocation, one appeared to be an incomplete type transloca-
tion, and one was complex in nature involving an insertion.
These results suggest that clonal aberrations in human periph-
eral blood lymphocytes of healthy individuals may be more
prevalent than has been reported so far in the literature.
Astronauts undergo a rigorous selection process and can be
characterized as extremely healthy. Typical ages at selection are

Fig. 3. Frequency of clone 1 in blood lymphocytes collected at different
times from astronaut A2.
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about 35 years, and the average age at first space flight is 39.5
years (Cucinotta et al., 2001). Most clonal aberrations reported
in the literature have been observed in individuals who were
exposed to high doses of radiation or advanced age (Natarajan
et al., 1991; Braselmann et al., 1995; Kusunoki et al., 1995;
Salassidis et al., 1995; Johnson et al., 1999b). Salassidis et al.
(1995) reported that one of twelve highly irradiated Chernobyl
victims (doses 1–6 Gy) possessed a clonal aberration five years
after exposure had occurred. Kusunoki et al. (1995) also
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showed that atomic bomb survivors with exposures of more
than 1 Gy possessed a persistent clonal aberration for many
years after exposure. Natarajan et al. (1991) reported a high
incidence of specific translocations in chromosome 2 from one
individual exposed to over 6 Gy of Á-rays during the Goiania
radiation accident. However, there is very little data in the liter-
ature on the study of clonal expansion in the peripheral blood
lymphocytes of healthy unexposed or low-dose-exposed indi-
viduals. Reports from one study of 126 low-dose-exposed Cher-
nobyl liquidators (average exposure of 9 cGy) and 96 control
subjects indicate that clonal expansion is present in healthy
individuals with low or no exposure, but the over-all frequency
of cytogenetically abnormal clones is relatively low (Johnson et
al., 1998, 1999a, b). In this study the liquidators with clones
ranged in age from 25 to 59 years, whereas all the unexposed
individuals with clones were over 55 years of age, and clones
were identified in 3% of the total population. In the present
study, the three astronauts possessing clones were 40, 43 and 52
years old, and clones were identified in 25% of the study group.
However, the astronaut group studied here was much smaller
than the Chernobyl group. The clonal aberrations found in
astronaut A2 were identified in a pre-flight sample, however
this individual had participated in previous space missions,
and astronauts also receive other occupational exposures from
medical selection and aviation training (Cucinotta et al., 2001).

The reported yields of clonal exchanges in the peripheral
blood lymphocytes of individuals exposed to doses over 1 Gy
vary between 3 and 9% (Kusunoki et al., 1995; Salassidis et al.,
1995). In the present study the yield of clonal aberrations var-
ied from 0.1 to 1.2%, which is consistent with the yields of 0.2–
1.1% reported in the literature for unexposed or low-dose-
exposed healthy individuals (Johnson et al., 1999b). However,
the present study indicates that the yield of clones may be high-
er if damage is assessed in PCC samples. Analysis in crewmem-
ber A2 showed that clonal yields were up to five times higher in
PCC compared with metaphase, although the frequency of
non-clonal damage was similar in both samples. It is possible
that this is due to differences in the in vitro growth kinetics of
the cells containing clonal exchanges compared to the cell pop-
ulation in general. The only sample from crewmember A2
where the yields of clonal aberrations were similar in PCC and
metaphase samples was collected a few days after flight when
the growth kinetics of the lymphocytes have been shown to be
altered drastically (Yang et al., 1997).

Three of the clonal cells were easily identified through close
examination of the exchange patterns and the chromosome
break points. However, a low frequency of clonal aberrations
was detected in crewmember A6 only after statistical analysis
indicated an over-representation of damage in one chromo-
some pair and subsequent checks revealed four possible clonal
exchanges. The ¯2 analysis indicated that some of the samples
containing clonal exchanges were under threshold for P =
0.005, and this may be due to the low yield of exchanges
detected in individual chromosomes. However, ¯2 values were
still considerably higher for samples with clones when com-
pared with samples containing no clones, and this simple statis-
tical method may be useful for corroborating the presence of
clonal aberrations.

The yields of all the clonal exchanges identified in the
present study decreased within several days to months after
they were identified. For crewmembers A1 and A6 the clone
was completely eliminated from the circulating lymphocytes
sometime within 240 and 182 days respectively. One clonal
exchange in crewmember A2 was no longer evident 73 days
after it was first identified, and the yield of the second clonal
exchange in this individual decreased approximately ten-fold
during a 735-day analysis period (Fig. 3). No follow-up results
on low-dose rate exposed individuals have been reported in the
literature. However, clonal aberrations from high-dose-exposed
individuals have been followed-up for many years. Salassidis et
al. (1995) and Kusunoki et al. (1995) studied clonal rearrange-
ments in the same individual at various times for three and ten
years respectively, and found the frequency remained stable
with time, and the latter study concluded that the clones were
the progeny of a single stem cell. In the present study the clonal
aberrations are likely to involve mature lymphocyte cells that
have divided in vivo and are being replaced over time with new
cells generated from differentiation of stem cells. Ogawa (1993)
has proposed a model of stochastic differentiation of stem cells,
and the reduction of clonal aberrations observed in our study,
where follow-up times are generally less than one year, is not
conclusive evidence of the long-term kinetics of the clones
observed. Identification of the cell of origin would be extremely
useful in this regard.

Clonal aberrations may be more prevalent than previously
indicated and because yields may vary at different sampling
times, careful screening and multiple sampling may be needed
when using balanced translocations for dose reconstruction.
Our study provides evidence of clonal aberrations in workers
exposed to low doses of radiation, however because of the dis-
tinct nature of the HZE ions in space and the small sample size
of our study, further research on this issue is needed.
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Abstract. This article provides a broad overview of our ear-
lier studies on the induction of tumors and congenital anoma-
lies in the progeny of X-irradiated or chemically treated mice
and our subsequent (published, hitherto unpublished and on-
going) investigations aimed at identifying potential relation-
ships between genetic changes induced in germ cells and the
adverse effects manifest as tumors and congenital anomalies
using cytogenetic and molecular approaches. The earlier stud-
ies document the fact that tumors and congenital anomalies can
be induced by irradiation or treatment with certain chemicals
such as urethane and that these phenotypes are heritable i.e.,
transmitted to generations beyond the first generation. These
findings support the view that transmissible induced genetic
changes are involved. The induced rates of congenital abnor-
malities and tumors are about two orders of magnitude higher
than those recorded in the literature from classical mutation
studies with specific locus mutations. The cytogenetic studies
addressed the question of whether there were any relationships
between induced translocations and induced tumors. The
available data permit the inference that gross chromosomal

changes may not be involved but do not exclude smaller
induced genetic changes that are beyond the resolution of the
techniques used in these studies. Other work on possible rela-
tionship between visible chromosomal anomalies (in bone mar-
row preparations) and tumors were likewise negative. How-
ever, there were indications that some induced cytogenetic
changes might underlie induced congenital anomalies, i.e., tri-
somies, deletions and inversions were observed in induced and
transmissible congenital anomalies (such as dwarfs, tail anoma-
lies). Studies that explored possible relationships between in-
duction of minisatellite mutations at the Pc-3 locus and tumors
were negative. However, gene expression analysis of tumor
(hepatoma)-susceptible offspring of progeny descended from
irradiated male mice showed abnormal expression of many
genes. Of these, only very few were oncogenes. This lends some
support to our hypothesis that cumulative changes in gene
expression of many genes, which perform normal cellular func-
tions, may contribute to the occurrence of tumors in the off-
spring of irradiated or chemically treated mice.

Copyright © 2003 S. Karger AG, Basel

In earlier articles, we presented evidence showing that X
irradiation or chemical mutagen treatments of mouse germ
cells resulted in congenital anomalies and tumors in the first
generation progeny and that these phenotypes (and conse-
quently the induced genetic changes underlying these adverse
genetic effects) could be transmitted to generations beyond the
first. In this article, we first present a brief overview of these
results and using these as a framework, discuss our subsequent
cytogenetic and molecular studies aimed at gaining insights
into the possible mechanisms underlying transgenerational tu-
morigenesis and teratogenesis.
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Table 1. Frequencies of congenital anomalies and respiratory distress syndrome (RDS) in the F1 fetuses of N5 male mice exposed to 5.04 Gy of X-rays

Treated stage No. of mice Living fetuses RDSa (%) Malformations (%) Types of malformationsa 

Spermatozoa  39 10b (25.6) c (7.7)  VSD+RDS, HK+RDS 
Spermatogonia  16 155 9b (5.8) b (5.2) 2D, Ex+D+RDS, D+RDS, D+VSD, D+VSD+RDS, 2OE 
Control 27 275 0 (0.0) 1 (0.4) D 

Estrous females (N5 strain) were mated to X-irradiated or unirradiated males in the evening at 1–21 days or 90–180 days after X-irradiation to sample, respectively, 
post-meiotic or spermatogonial stages. The pregnant females were euthanized on day 18 of gestation by cervical dislocation, and the fetuses were taken out by Cesarean 
section. X-ray exposure at post-meiotic stages resulted in a large reduction of live-fetuses because of high incidence of dominant lethals (i.e., preimplantation losses and early 
deaths). Fetuses were resuscitated just after the operation by patting very gently with tissue paper and wiping amniotic fluid from nose, mouth and body surface, and then 
classified as apneic or pneic. In the apneic fetuses showing respiratory distress syndrome (RDS), the lung was collapsed and the ductus arteriosus was not closed (Nomura et 
al., 1990). Morphological anomalies were recorded as described previously (Nomura, 1975a, 1978, 1988). For irradiations, X-ray apparatus (SHT-250 M3, Shimazu, Kyoto, 
Japan) was used (20 mA and 180 kVp  with a filter of 0.5 mm Cu and 1.0 mm Al; dose rate: 0.48–0.50 Gy/min.). Doses were measured using Victoreen Model 570 r-Meter 
(Victoreen, Cleveland, OH, USA) which was adjusted by Fricke dosimetry and 60Co standard source. 
a Abbreviations used: RDS, respiratory distress syndrome; CP, cleft palate; VSD, ventricular septal defect; HK, hypogenesis of kidney; D, dwarf; Ex, exencephaly; OE, 
open eyelid. 
b P<0.001 by 2-test with Yates’ correction. 
c P<0.01 by 2-test with Yates’ correction. 

9 3
8

CP+D+RDS,

Brief overview of earlier studies on the induction of
congenital abnormalities and tumors in mice

In a series of experiments conducted between 1967 and
1981, we obtained convincing evidence for significant in-
creases in the frequencies of tumors and congenital anomalies
in the progeny of mice exposed to X irradiation or treated with
urethane (ethyl carbamate), a chemical known to be mutagenic,
carcinogenic and teratogenic in mice (Nomura, 1975a, b, 1978,
1982, 1983a, b). The rates of induction (as well as spontaneous
rates) were at least two orders of magnitude higher than those
for specific locus mutations (Nomura, 1975a, 1978, 1982).
These studies were later extended to include other chemical
mutagens.

For X irradiation, over the range of 0.36 to 2.16 Gy, the
dose-response relationships and the overall pattern of response
of the post-meiotic and spermatogonial germ cell stages to the
induction of both the above adverse genetic effects were similar
to those known from studies of radiation-induced specific-locus
mutations (Russell et al., 1958, 1982a, b; Lyon et al., 1972; Eh-
ling, 1984). Initially carried out with the ICR strain, the studies
were subsequently expanded to include several other strains
(such as N5, LT, CBA, B6C3F1) which established both the
generality of the findings and the existence of some differences
between strains in their response to tumor induction (Nomura,
1986, 1990, 2003; reviewed in IARC Monograph, 1999). For
instance, most of the radiation-induced tumors (about 90%) in
ICR mice were lung tumors (papillary adenomas at eight
months of age), the remainder being ovarian tumors, lympho-
cytic leukemia, stomach tumors, liver haemangiomas, hepato-
mas, etc. The LT and N5 strains, however, responded with
higher induced frequencies of lymphocytic leukemia than the
ICR strain but with similar frequencies with respect to lung
tumor induction in the F1 progeny.

As in the case of urethane, treatment with 4-nitroquinoline-
1-oxide (4NQO) also induced tumors and congenital anomalies
in the offspring (Nomura, 1982). In order to confirm that the
induced lung tumors were heritable, the F1 progeny (of irra-
diated or chemically treated parental mice) were mated and

their progeny examined. The mice were mated as young adults
and the presence or absence of tumors was determined at eight
months of age. The F2 progeny were then classified as to the
retrospectively determined type of the F1 parent (tumor-bear-
ing or not). The results showed that the pattern of inheritance
was that of a dominant with about 40% penetrance. Since spon-
taneously occurring lung tumors do not show such a pattern of
inheritance (presumably because most of these tumors owe
their origin to somatic mutations), it was inferred that germ-
line genetic changes causing (or predisposing to) lung cancer
could be induced by ionizing radiation. Transplantation tests
carried out with induced tumors in the N5 strain revealed that
most of them were malignant (Nomura, 1986). Many stocks of
mice derived from these studies that manifested the tumor phe-
notype are being maintained in our laboratory (Nomura, 2000,
2003).

The congenital anomalies were scored through in utero anal-
yses of pregnant females euthanized on day 18 of gestation as
well as examination of live born progeny seven days after birth
(Nomura, 1978). In general, the rate of congenital anomalies
detected prenatally was higher than those detected after birth
(anomalies such as cleft palate, exencephaly, gastroschisis and
buphthalmus are lethal shortly after birth). Dwarfism, i.e.,
intrauterine-growth-retarded mice with their body weights be-
ing less than 75% of the rest of the litter (Nomura, 1978, 1982),
open eyelids and tail anomalies were the non-lethal anomalies.
Additionally, at least one functional deficit, the respiratory dis-
tress syndrome (RDS) was found to be inducible by radiation
exposure, and the frequencies were higher after irradiation of
post-meiotic germ cells than of spermatogonial stem cells. The
results of experiments with 5.04 Gy to male mice and types of
anomalies found are summarized in Table 1. Transmission
tests of viable anomalies showed that these were inherited as
dominants, but with varying degrees of expressivity (Nomura,
1988, 1994).

It is of interest to note that, treatment of males with N-ethyl-
N-nitrosourea (ENU), the most potent germ cell chemical
mutagen known to date (Russell et al., 1979), resulted in proge-
ny with RDS, in addition to morphological anomalies (Nomura
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Fig. 1. Meiotic configurations of primary spermatocytes in the F1 off-
spring of male ICR mice exposed to 5.04 Gy of X-rays at post-meiotic stages.
X-rays were given to adult ICR male mice at 1–14 days before conception by
Toshiba KC-18-2A, operating at 20 mA and 180 kVp at a rate of 0.72 Gy/
min with a filter of 0.5 mm Cu and 0.5 mm Al. Quantitative data are present-
ed in Table 2. The testes were removed from radiation- and chemical-treated
male ICR mice and their F1 offspring and placed in isotonic (2.2 %) sodium
citrate solution. Meiotic configurations of the primary spermatocytes was
prepared by modified air-drying methods (Evans et al., 1964; Leonard and
Deknudt, 1969: Nomura, 1978). The tubules were pulled out gently and their
contents were teased out by fine straight forceps. The cell suspension was

passed through a tissue screen and centrifuged at 550 rpm for 5 min and the
supernatant (mostly containing spermatozoa and spermatids) was discarded.
Cell sediments were suspended in 1 ml of hypotonic (1%) sodium citrate
solution and incubated at 37 ° C for 12 min. Cells were fixed by gently adding
9 ml of methanol-acetic acid (1:1) solution, and centrifuged at 1200 rpm for
10 min. Cells were washed with fixative solution, and then air-dried on the
slide. The slides were stained for 8 min in a 4 % Giemsa solution (Merck,
Darmstadt, Germany) diluted with Sörensen’s phosphate buffer solution
(1/15 M, pH 6.8). (a) normal bivalent (20II), (b) quadrivalent IV (chain) +
18II, (c) hexavalent VI (ring) + IV (chain) + 15II, (d) histology of the testis.
No post-meiotic cells were observed in the seminiferous tubules.

et al., 1990). The incidence of fetuses showing RDS and mor-
phological anomalies was higher after spermatogonial exposure
than after post-meiotic germ cell exposure. This finding is rem-
iniscent of those of Russell et al. (1979, 1982c) for ENU-
induced specific locus mutations in mouse germ cell stages.

Is there a relationship between chromosomal changes
induced by radiation in germ cells and induced tumors in
the offspring?
There is a considerable amount of literature on the induc-

tion of translocations by radiation or chemicals in the germ
cells of mice (reviewed in UNSCEAR, 1972). Translocations
induced in spermatogonial stem cells have been studied cyto-
genetically by the analysis of dividing spermatocytes at diakine-
sis or the first metaphase stages of meiosis and identified
through the presence of abnormal chromosomal configurations
(such as rings, chains) in the irradiated males themselves.

Translocations induced in pre- as well as post-meiotic germ
cells have also been studied genetically through the incidence of
semisterility in the offspring of those exposed to radiation or
chemicals with subsequent cytological confirmation of translo-
cations in the carriers.

We studied radiation- and urethane-induced translocations
cytogenetically in the germ cells of treated adult ICR males as
well as in the F1 male progeny sired by them to examine wheth-
er there was any correlation between induced translocations
and tumors (Nomura, 1978). Our results confirmed earlier
results by other investigators that radiation-induced transloca-
tions in spermatogonia (analyzed in the primary spermatocytes
of the irradiated males) showed a dose-dependent increase (in
the range from 0.36 to 5.04 Gy). Translocations were also stud-
ied in the F1 males descended from post-meiotic germ cells of
irradiated (5.04 Gy) parental males (Fig. 1). The data are pre-
sented in Table 2 and show that of the total of 81 F1 males, ten
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Table 2. Meiotic configurations in primary
spermatocytes of F1 male offspring descended
from X-irradiated ICR males (5.04 Gy;
post-meiotic stages)

Meiotic configurationsa Male F1 
offspring 

No. of cells 
analyzed 

20II 18II+VI 17II+VI 16II+21V Others 

Tumors and 
anomaliesa 

1 21 17 0 0 14II+3IV none 

2 0 9 7 1 14II+VIII+IV 
15II+ VI+IV 

none 

3 0 24 3 12 5 (15II+VI+IV) none 

4 0 40 24 2 2 (15II+X) 
3 (16II+VIII) 

none 

5 101 0 96 2 2 15II+ IV + VI none 

6 0 61 1 5 20II+2Fr none 

7 0 21 0 27 2 (12II+4IV) 
16II+IV+III+I 
18II+III+I 

none 

8 5 6 0 0  none 

9 11 7 0 0  none 

10 2 78 0 0  none 

11–13b no meiotic 
metaphases 

– – –  1LT 

14–81 20–60 20–60 0 0 0  9LT, 1L, 1D 

a Abbreviations used: II, bivalent; IV, quadrivalent; VI, hexavalent; VIII, octavalent; X, decavalent; Fr, 
fragment; I, univalent; LT, lung tumor; L, lymphocytic leukemia; D, dwarf. 
b Very small testes. Histologically, no postmeiotic cells were found in the tubules, probably due to large and 
lethal chromosomal changes. 
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Table 3. Analysis of G-banded chromosomes in the F1 fetuses of N5 male
mice exposed to 5.04 Gy of spermatogonial X irradiation

Defectsa No. of fetuses Chromosome abnormality 

RDS  None 
D 2 1 Trisomy 19; 1 trisomy 18 
Ex+D+RDS  Monosomy 5 
D+RDS  None 
D+VSD  None 
D+VSD+RDS  Trisomy 18 
OE  Tone 
None  1 Trisomy 15 

The whole fetal spleen and one third of the fetal liver were used for the preparation 
of chromosomes (Nomura et al., 1990). 
a Abbreviations used: RDS, respiratory distress syndrome; D, dwarf; VSD, 
ventricular septal defect; Ex, exencephaly; OE, open eyelid. 

8

1
1
1
1
2

51

showed characteristic translocation configurations and three a
deficit of post-meiotic germ cells in the seminiferous tubules
analyzed histologically. In 70 concurrent control F1 males,
there were no translocations. The F1 males were also screened
for the presence of tumors and anomalies. Although these were
found in some of the animals, they were not the ones which
carried translocations (Table 2), suggesting that there is no cor-
relation between the induction of translocations and the occur-
rence of tumors.

Then we examined whether any relationship could be dis-
cerned between visible chromosomal changes (in bone marrow
preparations using G- and CQ-band analyses) in 36 tumor-

bearing offspring in the N5 strain (from post-radiation genera-
tions F1 to F5) and 53 irradiated but non-tumor-bearing con-
trols. The rationale for the choice of the N5 strain is that it is
susceptible to several types of induced tumors (such as ovarian
tumor, multiple embryonic tumor, myxoma, lymphocytic leu-
kemia) besides lung tumors. The data (not shown) do not pro-
vide any evidence for a cytogenetically detectable chromosom-
al abnormality in these animals with one exception: one leu-
kemic animal was trisomic for chromosome 15 in thymic lym-
phoma cells. The above sets of data considered together suggest
that induced germ cell changes causing tumors are not related
to gross chromosomal changes detectable with the cytogenetic
techniques employed. However, they do not exclude the possi-
bility that smaller genetic changes may be involved (Nomura,
1978, 1982, 1986).

Is there a relationship between chromosomal changes
induced in the germ cells and induced congenital anomalies
in the offspring?
The results of cytogenetic analysis (G-banding) of the abnor-

mal fetuses with morphological and functional defects derived
from a radiation experiment (5.04 Gy) are summarized in
Table 3. While it is clear that numerical chromosomal abnor-
malities are present in the abnormal fetuses, it is at present dif-
ficult to discern a cause-effect relationship between these and
congenital anomalies in view of the fact that numerical chro-
mosomal changes were found in 13–40% of the analyzed cells
of each affected fetus in spite of the fact that the fetuses were
derived from radiation exposure to spermatogonial cells of the
parents. The question of whether germ cell exposure has caused
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Fig. 2. Chromosomal changes found in heritable dwarfs and tail anoma-
lies induced in the offspring of male N5 mice exposed to X-rays. The off-
spring with inherited malformations were euthanized at 12 months of age,
and bone marrow cells were submitted to the examination of chromosomal
changes by CQ-banding method. Briefly, mouse bone marrow cells were
washed out from femur bone by saline containing 3 Ìg/ml colchicine. Cells
were swollen by incubation in 0.075 M KCl hypotonic solution with 3 Ìg/ml
colchicine for 25 min at 37 °C, and fixed with freshly prepared methanol:
acetic acid (1:1) fixative, then spread on a slide and dried overnight at 60 °C.

Staining with QM (Quinacrine Mustard, Sigma, St. Louis, MO, USA) and H
(Hoechst 33258, Wako Pure Chemical Ind. Ltd., Osaka, Japan) was per-
formed in the dark. Slides were incubated with 0.05 mg/ml of QM and
0.5 Ìg/ml of H in 1/15 M phosphate buffer pH 6.8 for 20 min at 25 ° C. Q-
bands (QM) and C-bands (H) were examined with an Olympus BH2-RFL
fluorescence microscope with high-pressure Hg lamp and ultraviolet (334
and 365 nm) excitation unit. The photographs were taken with Kodak Tech-
nical pan film 2415-TP 135-36, using Olympus PM-10AD Camera system.

Table 4. Chromosomal changes in viable and
inherited anomalies in the offspring of N5 male
mice exposed to X-rays

Viable 
anomalies 

No. of malformed 
offspring 

Inherited malformed 
offspring 

Expressivity Chromosomal changes 

Dwarfs 8 6 7–40% Inversion (12, A1-C1), trisomy 17a 
Tail anomalies 7 2 7%, 18% Deletion (2, E3), deletion (2, H) 

Eight dwarfs and seven tail anomalies (kinky and/or short) were found in 183 live offspring of male N5 mice 
exposed to 5.04 Gy of spermatogonial X-irradiation. These F1 offspring with viable anomalies were mated with 
normal N5 mice and F2 were examined for the transmission of congenital anomalies. The examinations continued 
up to F5 generation. For X-ray exposure, see the legend to Table 1. 
a F2 fetuses were examined on the 18th day of gestation. In the un-resuscitated (RDS) dwarf F2 fetus, trisomy 17 
was found. 

instability manifest as numerical chromosomal changes in the
fetuses remains open. The limited cytogenetic data on viable
congenital anomalies induced in the progeny (Table 4) show
that most cases of dwarfism and some of tail abnormalities are
transmissible to further generations and may be associated with
deletions, inversions or trisomies (Fig. 2).

Intriguing observations

Some intriguing aspects of the observations recorded in our
studies are worth noting: (a) radiation exposure of males causes
an increase in the frequencies of dominant lethals, congenital
anomalies, tumors and translocations in the F1, but there does
not seem to be any relationship between translocations and
congenital anomalies and between translocations and tumors;
(b) treatment of males with urethane induces tumors and con-



Cytogenet Genome Res 104:252–260 (2004) 257

Table 5. Length polymorphism of Pc-3 PCR products in F1 fetuses of C.B17 male mice treated with TCDD

TCDD (ng/g) No. of mice No. of F1 fetuses SD Mean No. of F1 fetuses with abnormal length (%)a 

100  127 585.11 0.72 7 (5.5)b 
0  140 585.13 0.54 1 (0.7) 

TCDD (100 ng/g body weight) or solvent of TCDD (corn oil) was administered orally through the esophagus to 3 month-old male C.B17 mice, and then mated with untreated 
female C.B17 mice to sample spermatogonial cell stages. Respiratory distress syndrome (RDS) and morphological anomalies were recorded as described in the legend to 
Table 1. The anomalies observed were: 8 dwarfs, 5 short tails, 1 kinky tail, 1 short and kinky tail, 1 syndactyly, 1 giant toe and 1 omphalocele in TCDD group, and 1 dwarf, 1 
dwarf + cleft palate, 1 Meckel diverticulum, anterior portal vein and dwarf + open eyelid in control group. DNA was extracted from the fetal liver using QIAamp Tissue kit 
(Qiagen 
CAACAAGGC and R:  CAGAGGAAACACACAGAAGTAAGTAGAACTCAG.  Primers  and  necessary  information  were  kindly  provided  by  Drs. Y. Takahashi and 
R. Kominami, Niigata University. PCR products were analyzed by the automated sequencer, Genetic  Analyzer ABI PRISM 310 (PE Applied Biosystems, Foster City, CA,
USA) with Gene Scan software.

K.K., Tokyo, Japan) and subjected to amplification of the Pc-3 locus by PCR. The primers used for PCR were F4: TATCCAAAGCAGGAAATATATAAATCT- 

a No. of F1 fetuses with base length over the 99% confidence limit of the corn oil treated concurrent controls. 
b P = 0.06. Three of 7 fetuses had congenital anomalies (short tail, short and kinky tail, omphalocele). 

22
19

genital abnormalities, but not dominant lethals or transloca-
tions (Nomura 1978, 1982); (c) the frequencies of tumors and/
or congenital anomalies show a significant increase in the F1

progeny of ICR males treated with different chemical muta-
gens/carcinogens 4-NQO and 7,12-dimethylbenz(a)anthracene
(DMBA), but no translocations were found (Nomura, 1975a,
1978, 1979, 1982, 1988; Nomura and Kurokawa 1997).

Molecular studies in progress

In order to assess whether genomic instability induced by
irradiation of germ cells could show some association with
induced congenital anomalies, we studied the induction of min-
isatellite (expanded simple tandem repeat loci; ESTR) muta-
tions at the Pc-3 locus in the F1 progeny of males treated with
TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin). Post-meiotic
stages were sampled. The choice of TCDD was dictated by ear-
lier work in which TCDD had been found to induce congenital
anomalies in man (Cân, 1984) and mice (Nomura et al., 1999).
An increase of band shifts, however, was not detected by the
usual method, i.e., electrophoresis assay of PCR products (No-
mura et al., 1999). In the present work, oral administration of
TCDD (100 ng/g body weight) to C.B17 male mice induced
congenital anomalies in 18 of 127 F1 fetuses (14.2%), while in
controls five out of 140 fetuses (3.6%) were abnormal. The inci-
dence of RDS in fetuses of the TCDD-treated group was
29.9%, while it was 5.7% in solvent (corn oil) controls (P ! 0.01
by ¯2 test with Yates’ correction). As Table 5 shows, there are
no differences in the mean base length in the fetuses of the
TCDD group relative to the corn-oil-treated groups. However,
DNA of abnormal base length (over the 99% confidence limit
of controls) was found in the F1 fetuses in the TCDD group.
Furthermore, three of seven of the TCDD group had congenital
anomalies (short tail, kinky tail and omphalocele). Similar
studies were carried out on the offspring of 60Co-irradiated
(2.16 Gy; 0.57 Gy/min) and unirradiated N5 males (postmeiot-
ic irradiation). Mice were euthanized at twelve months of age
and liver and tumor tissues were examined for Pc-3 mutations.
The mean base length of 162 offspring from unirradiated par-
ental males was 489.00 B 1.56 (99% CI) and there was no
increase of outliers either in 65 offspring of irradiated males or

in 13 tumor tissues. These results are at variance with those
published in the literature on germ line mutations at the ESTR
loci induced by both low and high LET (neutrons from 252Cf)
irradiation (Dubrova et al., 1993, 1998a, b, 2000a, b; Sadamoto
et al., 1994; Niwa et al., 1996; reviewed in UNSCEAR, 2001).
Further studies are currently underway using mini- and micro-
satellite probes of the progeny with congenital anomalies and
tumors.

The other line of investigation concerns alterations in gene
expression that are known to occur in many genes in tumors.
These are now being examined using the Gene Chip technology
(Affymetrix, Inc., Santa Clara, CA, USA). In these experi-
ments, the affected F1 offspring (with tumors and malforma-
tions) of N5 male mice exposed to 2.16 Gy of X-rays at sper-
matogonial stage were used as the starting material. These ani-
mals were mated to their litter mates as young adults and their
offspring were examined for the presence or absence of tumors
at twelve months of age and classified as to the retrospectively-
determined type of the parent.

Gene Chip expression analysis has been carried out for the
hepatoma and normal liver tissue of the affected offspring and
compared with the liver tissue of concurrent controls (Fig. 3).
There were 4-fold differences in 0.4 and 1.4% of 12,000 genes
in the normal liver tissue and hepatomas of irradiated F1 and
F2 offspring, respectively (Table 6). Abnormal expression of
cancer-related genes was observed in only 0.5 and 0.9% of
abnormally expressed genes, respectively. The majority of the
abnormally expressed genes were those involved in normal
physiological, biochemical and immunological functions. Con-
sequently, changes in gene expression seem to occur in various
normal functional genes rather than oncogenes per se in irra-
diated cancer-prone or tumor-susceptible descendents and
their progressive accumulation may contribute to cancer; this
has been our hypothesis (Nomura, 1978, 1982, 1989). More
precise analyses on the genes involved, tumor types, etc. are
necessary, before definitive conclusions can be reached.
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Fig. 3. Tumors and congenital anomalies in the offspring of male N5
mice exposed to 2.16 Gy of X-rays at the spermatogonial stages. This is one
of the pedigrees of tumor-susceptible offspring of N5 mice exposed to X-rays.
A part of the pedigree of concurrent (untreated) controls is shown on the right
side. Closed symbols for males and females indicate tumor-bearing offspring,
and dotted symbols indicate offspring with congenital anomalies. Open sym-
bols indicate offspring without tumors and anomalies. The abbreviations

used are: Hep, hepatoma; LT, lung tumor; OC, ovarian tumor; LL, lympho-
cytic leukemia; ScT, subcutaneous tumors (fibrosarcoma, rhabdomyosarco-
ma); LiT, liver tumor; RS, reticulum cell neoplasia; AH, atresia hymenalis;
D, dwarf; T, tail anomalies; SD, diverticulum of stomach; AC, adrenal cyst.
Hepatoma lesions and/or normal liver tissues of six circled male offspring in
the figure were used for GeneChip analysis (Table 6).

Table 6. Changes in gene expression in the descendants of N5 male mice exposed to 2.16 Gy of spermatogonial X irradiation

Increase  × 4 (  × 2)  Decrease  × 1/4 (  × 1/2) Liver 

Total Oncogene  Total Oncogene 

Number of genes 12,000  135  12,000  135 
Abnormal expression      
Normal tissue 42 (153) 0.3a (1.3)  10 (52) 0 (0) 
Hepatoma  137 (468) 0.8b (5.2)  33 (203) 0.8c (1.3) 

Four hepatomas and 4 adjacent normal liver tissues of 4 male offspring of X-irradiated N5 male mice and normal liver tissues of 2 concurrent controls (Fig. 4) were used for 
Gene Chip analyses (U74Av.2 Array, Affymetrix, Inc., Santa Clara, CA, USA). 
Gene expression in the hepatoma and normal liver tissues of the offspring of X-irradiated male N5 mice was compared to those of concurrent controls (offspring of 
unirradiated N5 mice). 
Numbers of genes in 4- (2-)fold increases or decreases were scored and the average of 5 hepatomas and 3 normal liver tissues was shown in the table. 
a Myb proto-oncogene. 
b Placental and oncofetal gene of the placent and embryo, myeloblastosis oncogene (2 mice). 
c Myelocytomatosis oncogene, Kleisler (maf-related) leucine zipper protein, GRO1 (platelet-derived growth factor). 
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Discussion

The results presented in this article demonstrate that con-
genital anomalies and tumors can be induced by exposure of
mice to irradiation or certain chemicals and are detectable in
the progeny. These effects are trans-generational, i.e., the prog-
eny descended from such treated males transmit these effects to
generations beyond the F1 generation. Further evidence for the
X-ray induction of congenital anomalies in mice and for their
transmission have been published by Kirk and Lyon (1982,
1984) and Lyon and Renshaw (1988) using the same doses and
treated stages as in our studies but with a different strain.
Among the malformed fetuses, however, between 30 and 50%
were growth retarded. Müller et al. (1999) showed that in the
mouse strain “Heiligenberger Stamm” there was an increase in
the frequency (4.5 vs 2.3% in control) of one particular malfor-
mation, namely gastroschisis in 19-day-old fetuses after 137Cs
Á-irradiation of meiotic stages of parental males. However, in
this strain, the above malformation occurs at a comparatively
high frequency in controls (around 2% in some up to 4%).
Searle and Beechey (1986) showed that the phenotype of
growth retardation is transmissible as autosomal dominant
albeit with variable penetrance.

Although some deletions and an inversion have been found
in our sample of inherited viable congenital anomalies, our
data are limited and preclude broad generalizations on the
genetic basis of induced congenital anomalies. However, there
is good evidence from the work of Cattanach and colleagues
(1993, 1996) that some congenital abnormalities such as
growth retardation may be associated with deletions. In their
large-scale cytogenetic studies of the progeny of irradiated mice
that had known mutant phenotypes (recovered in the specific
locus tests) and of those that had only growth retardation as
phenotype, these authors found that (a) a significant proportion
of these animals carried large deletions and duplications that
were compatible with survival of the heterozygotes even if they

reduced viability and caused growth retardation and other
developmental abnormalities; (b) the distribution of these
structural changes was non-random across the genome and (c)
not all growth-retarded animals carried deletions detectable by
the cytogenetic techniques used. They also made the point that
smaller deletions below the range of cytogenetic detection
might occur. Since developmental abnormalities have been
postulated to be the predominant type of adverse genetic effects
of radiation in humans (Sankaranarayanan, 1999; see also
UNSCEAR, 2001), molecular studies of radiation-induced
congenital abnormalities are worthwhile.

With respect to radiation-induced tumors, although we
demonstrated that they were transmissible, the genetic basis
remains elusive. Our data provide limited evidence for the lack
of association of induced tumors with induced translocations.
The majority of the tumors induced in the offspring were of the
same types as those observed spontaneously in each of the
mouse strain suggesting that radiation-induced germ line alter-
ations presumably increase/enhance the background incidence
(i.e., the inheritance of tumor susceptibility) and that this may
come about through changes in gene expression of many nor-
mal genes. Although there are some data on the genetic basis for
strain differences with respect to their susceptibility to natural-
ly occurring tumors (Dragani, 2003), at present, no firm conclu-
sions can be made on how and which induced germ line altera-
tions contribute to tumors.
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Abstract. Chinese hamster stocks with various structurally
abnormal chromosomes have been produced by X irradiation.
Among these stocks, 18 with various reciprocal translocations
were used to investigate the participation of unbalanced ga-
metes in fertilization and the development of unbalanced
embryos. Among males as well as females heterozygous for the
same translocation, there is no difference in the frequency of
each disjunctional class. The participation of chromosomally
unbalanced gametes in fertilization was investigated by chro-
mosomal analysis of meiotic cells in heterozygotes for the 18
reciprocal translocations and pronuclei of fertilized ova ob-
tained from crossing these heterozygotes. Compared with the
expected frequencies from MII scoring, the frequencies of male
pronuclei having a common deficiency of chromosome 1
(1q17→1q42) or chromosome 3 (3p23→3q31) decreased sig-
nificantly in one-cell embryos. However, the frequencies of
male pronuclei with other abnormalities were all consistent
with those expected from MII scoring. In contrast, the frequen-
cies of female pronuclei with any karyotype including the same
abnormalities as those decreased in male pronuclei from the
translocation heterozygotes were all consistent with those esti-
mated from MII scoring. These results revealed clearly that
most gametes with nullisomies as well as disomies for any chro-

mosomal segments may participate in fertilization, whereas
only male gametes nullisomic for certain segments of chromo-
somes 1 and 3 failed to participate in fertilization. The zygotic
selection of chromosomal imbalance was also investigated by
direct chromosomal and morphological analyses of preimplan-
tation embryos from crosses between karyotypically normal
females and male heterozygotes from the 18 stocks with various
reciprocal translocations. These analyses revealed that some
embryos were arrested in development at the two-cell stage.
The karyotype of these two-cell embryos had a common defi-
ciency in a segment of chromosome 1 or chromosome 2.
Embryos with partial monosomy including chromosomes 1, 3,
4 and 5 showed arrested development at four- to eight-cell
stages. Among day 4 embryos, some chromosomally unbal-
anced embryos, mainly with a deficiency of segments of chro-
mosomes 1p, 1q, 2q, 5q, 7q and 8, had fewer blastomeres than
karyotypically normal and balanced embryos. The homology
between Chinese hamster and mouse chromosomes relating to
abnormal embryogenesis at early stages has been partially con-
firmed from reported maps of chromosomes. The Chinese
hamster is useful for further cytogenetic studies during the
stages of meiosis and early embryogenesis.

Copyright © 2003 S. Karger AG, Basel

Introduction

Chromosome aberrations are induced by many causes,
including radiation and chemical mutagens. Though, for the
most part, these aberrations in somatic cells do not confer any
damage to the progeny of the individual but can lead to cancer
development. Aberrations occurring during the course of ga-
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Table 1. Various chromosomal abnormalities seen initially in 100 offspring obtained from crosses of non-irradiated females
with males irradiated with 450 R of X-rays

Chromosomal abnormality   No. of animals 

Reciprocal translocations   83 
 A-Aa 74  
 A-X, A-Y 9  
Inversions   8 
Partial deletions   2 
 del(Xq) 1  
 del(Yq) 1  
Robertsonian translocations   1 
Insertions   1 
Sex-chromosomal abnormalities   4 
 23, XXX 1  
 23, XXY 1  
 21, X 1  
 mosaicismb 1  
Trisomy 10c   1 

Total   100 

a A-A: Translocations between autosomes. 
b 21,X/23,XXY. 
c  23,XX,+10. 

mete formation may produce serious effects on fertilization,
embryogenesis and the development of offspring. To estimate
hereditary influences of chromosomal aberrations due to expo-
sure to mutagens, one must investigate the influence of these
aberrations on reproductive cells and their participation in fer-
tilization.

It is possible that some reproductive cells having chromo-
somal damage may cease meiosis; gametes with some chromo-
somal damage may cease cleavage in the early stages, and some
embryos with other chromosome aberrations may die during
the period after implantation. Embryos carrying balanced re-
ciprocal translocations may survive and display physical handi-
caps, such as clump foot or other skeletal defects, and impaired
fertility. However, the actual influence of such chromosomal
damage on human reproduction is not yet fully understood.

Based on an investigation of human families with transloca-
tion carriers, Jacobs et al. (1972) suggested that chromosomal
imbalance might be selectively eliminated in the early zygotic
stages, shortly after conception. From analyses of sperm in
cases of heterozygotes for balanced translocations in humans as
well as mice, many researchers have described that unbalanced
gametes are usually produced at a high frequency (Daring et al.,
1972; Cattanach et al., 1973; Ford and Evans, 1973; Gropp,
1973). In humans, however, it is almost impossible to investi-
gate the actual role of chromosomally unbalanced gametes in
fertilization and the selection of chromosomal imbalance dur-
ing the early zygotic period.

There is still much to be learned from studies using experi-
mental animals about the phenomena that occur during the
gametic and early zygotic development, in addition to those
aspects about which speculation can be made from indirect evi-
dence. Research using Chinese hamsters heterozygous for au-
tosomal reciprocal translocations to study segregation from
quadrivalents, fertilization of chromosomally unbalanced ga-
metes, and early development of chromosomally unbalanced
embryos is reviewed herein.

Establishment of Chinese hamster stocks with balanced
chromosome rearrangements

Usefulness of Chinese hamsters for cytogenetic analyses in
meiotic and early zygotic stages
Cytogenetic in vivo studies in experimental mammals have

been performed mainly with mice and rats. However, the chro-
mosomes in rat and mouse are similar. Most chromosomes are
acrocentric, and it is very difficult to identify these individually
without using banding procedures. After conventional staining,
one can distinguish translocation chromosomes only when the
translocation product is considerably larger than the largest
chromosome, or when it is smaller than the smallest one. As an
exception, the mouse Mus poschiavenus carries various sets of
Robertsonian translocations of each chromosome. By crossing
these mice with Mus musculus that have only acrocentric chro-
mosomes, various strains carrying a Robertsonian transloca-
tion between specific chromosomes have been established
(Ford, 1975; Gropp et al., 1975). From these heterozygotes for
Robertsonian translocations, disomic and nullisomic gametes
and trisomic and nullisomic embryos were obtained, and these
animals were used in embryological-cytogenetic studies. How-
ever, these animals produce only gametes with disomy or nulli-
somy, or embryos with trisomy or monosomy, of only whole
chromosomes. With these heterozygotes, it is not possible to
obtain exact disjunction ratios from trivalents and qua-
drivalents because of the high and variable non-disjunction
rates observed.

In the Chinese hamster, 22 chromosomes are classified into
four autosomal groups and the sex chromosomes according to
their size and the location of the centromeres. Therefore, each
chromosome, except the acrocentric C-group chromosomes, is
distinguishable in chromosome preparations from meiotic cells
and from early embryos by conventional staining alone. More-
over, due especially to the differences in condensation and
staining properties, sex chromosomes are easily detectable in
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meiotic cells. In Chinese hamster translocation heterozygotes
in which two translocated chromosomes are detectable, addi-
tion and loss of translocation chromosomes and translocation-
related chromosomes are all detectable in meiotic cells and cells
of early embryos. The frequencies of gametes with each karyo-
type produced by meiotic segregation can be determined. Exact
segregation ratios from quadrivalents may be obtained by scor-
ing MII spermatocytes. The success of fertilization may be cal-
culated after analysis of the chromosome constitution of pronu-
clei in fertilized ova. Therefore, the Chinese hamster is useful
for cytogenetic studies during the stages of meiosis and early
embryogenesis.

Establishment of animals with chromosomal
rearrangements
In experimental animals such as mice, rats, and Chinese

hamsters, the frequency of chromosomal aberrations occurring
spontaneously in meiotic cells and fertilized ova (Ford, 1972) is
quite low compared with the estimated frequency in humans
(Bond and Chandley, 1983). Therefore, it is very difficult to
investigate problems such as the role of chromosomally abnor-
mal gametes in fertilization by using only spontaneously occur-
ring chromosomal aberrations.

Methods for systematically obtaining a specific chromosom-
al aberration at a high frequency are limited. We conducted
experiments since 1976 to obtain animals with various struc-
turally abnormal chromosomes produced by X irradiation
(Sonta and Oishi, 1982; Sonta and Kitayama, 1991; Sonta et
al., 1987). The Chinese hamsters used in our study were in the
17–24th generations of inbreeding. Males, 25–30 weeks old,
were given 400 R of X irradiation (200 kVp, 15 mA, 27.9 R/
min) to the hindquarters (1 R = Roentgen " 0.01 Gy). Four
weeks after irradiation, they were mated with non-irradiated
females. Under these conditions, the sperm involved in fertili-
zation were probably irradiated at the pachytene stage of sper-
matocytes (Utakoji, 1966). Ear or tail tissue of 5-week-old off-
spring from these crosses was cultured for chromosome exami-
nation. The chromosomes were analyzed with the R-banding
technique (Dutrillaux et al., 1973) adopting the nomenclature
of Ray and Mohandas (1976). The fertility of hamsters with a
chromosomal rearrangement was examined by crossing them
with karyotypically normal animals. An attempt was made to
establish inbred strains with balanced rearrangements, such as
reciprocal translocations in the homozygous state.

Although various structural and numerical chromosome
abnormalities are seen in offspring obtained by crossing X-irra-
diated males (Table 1), balanced abnormalities are generally
inherited by the next generation, i.e. inversions and reciprocal
translocation. From progeny of irradiated males, we have
established many stocks with balanced reciprocal transloca-
tions (Sonta and Oishi, 1982; Sonta et al., 1987, 199a, b) (Ta-
ble 2). Among analyses using Chinese hamsters with various
rearrangements, studies using 18 stocks with reciprocal translo-
cations are reviewed.

Table 2. Chinese hamster stocks with reciprocal translocations used here-
ina

Stock Breakpointsb 

T(4;5)2Idr t(4;5)(q12;q13) 
T(2;10)3Idr t(2;10)(q18;q11) 
T(1;3)7Idr t(1;3)(q13;q31) 
T(1;4)10Idr t(1;4)(q11;p21) 
T(1;2)12Idr t(1;2)(q38;p21) 
T(7;9)16Idr t(7;9)(q22;q23) 
T(1;5)17Idr t(1;5)(q17;q33) 
T(4;8)20Idr t(4;8)(p23;p19) 
T(3;9)26Idr t(3;9)(p13;p13) 
T(2;9)33Idr t(2;9)(p21;p16) 
T(1;8)35Idr t(1;8)(p24;p19) 
T(1;3)38Idr t(1;3)(p15;p28) 
T(2;4)40Idr t(2;4)(q17;p25) 
T(2;8)61Idr t(2;8)(q21;q26) 
T(5;10)62Idr t(5;10)(q22;q23) 
T(3;5)65Idr t(3;5)(p23;q27) 
T(1;6)72Idr t(1;6)(q42;q29) 
T(1;3)105Idr t(1;3)(q17;q31) 
T(2;3)108Idr t(2;3)(q21;p29) 

a Reported by Sonta and Oishi, (1982); Sonta and Kitayama (1987); and 
Sonta et al. (1991a, b), besides four stocks. 
b Following Ray and Mohandas (1976). 

Chromosomal segregation in translocation heterozygotes

Using Chinese hamsters heterozygous for reciprocal translo-
cations in which each translocated chromosome can be distin-
guished, one can determine the exact frequency of each disjunc-
tional class theoretically derived from quadrivalents by cyto-
genetic analysis of secondary spermatocytes. The classes of
meiotic segregation for reciprocal translocations, alternate, ad-
jacent 1, adjacent 2 and 3:1 disjunctions, are shown in Fig. 1
(Ford and Clegg, 1969).

Young (6- to 9-month-old) males and females were used.
Males were injected intraperitoneally with 2 mg/kg of colcemid
4 h before sacrifice. Preparations of secondary spermatocytes
were made by the method of Evans et al. (1964). From females,
preparations of secondary oocytes were made according to the
method of Kamiguchi et al. (1976), with slight modifications
(Sonta et al., 1984).

Five to ten males and more than 100 females from each
translocation stock were examined. As an example of the data
obtained, the chromosomal analyses of secondary meiotic
(MII) cells from 5 males and 116 females heterozygous for a
translocation between chromosomes 2 and 9 [T(2;9)33Idr] are
summarized in Table 3. The frequency of each disjunctional
class was estimated by the MII counts in male and female trans-
location heterozygotes. The frequency of each disjunctional
class was similar among males heterozygous for the same recip-
rocal translocation (Sonta et al., 1984). Among males and
females heterozygous for the same translocation, there is no dif-
ference in the frequency of each disjunctional class (Table 3).
Similar results have been obtained in previous experiments
using other Chinese hamster stocks with reciprocal transloca-
tions (Kaseki et al., 1987; data not shown). That is, in males
and females heterozygous for the same reciprocal translocation,
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Fig. 1. Schematic representation of chromosomal segregation from a qua-
drivalent in a reciprocal translocation heterozygote. (a) An example of a par-
tial karyotype of t(1;3) translocation heterozygote. (b) A quadrivalent seen in
t(1;3) translocation heterozygote. (c) Chromosomal constitution of gamete
cells derived from various disjunctions; alternate (·), adjacent-1 (ß), adja-
cent-2 (Á), and 3:1 disjunctions (‰), modified from a figure of Ford and Clegg
(1969).

gametes with a specific chromosomal constitution are pro-
duced at a constant frequency.

Chromosomal analyses using heterozygotes from 18 stocks
revealed that the frequency of each disjunctional class in trans-
location heterozygotes was different due to the specific recipro-
cal translocation, i.e., the different chromosomes and loca-
tions of breakpoints involved in reciprocal translocations.
Among heterozygotes for three different translocations be-
tween the same chromosomes, T(1;3)7Idr, T(1;3)38Idr, and
T(1;3)105Idr, however, the frequencies of each class of disjunc-
tion were very similar. The frequencies of alternate, adjacent 1,
adjacent 2 and 3:1 disjunction were 43.1–43.8%, 28.9–29.4%,
16.8–17.2%, and 10.1–10.4%, respectively. This result, there-
fore, may suggest that the frequency of every class of disjunc-
tion mainly depends on the chromosome but not so much on
the location of the breakpoint.

In heterozygotes of 18 stocks, the range of the mean frequen-
cies of alternate and adjacent-1 disjunction were rather similar,
i.e. 37.9–48.7% and 23.7–42.1%, respectively. On the other
hand, the range of the frequencies of adjacent-2 and 3:1 disjunc-
tion for different reciprocal translocations was wider, i.e. 7.6–
33.1% and 3.4–24.6%, respectively. Comparison of the fre-
quencies of each disjunctional class of meiotic segregation
among heterozygotes for every translocation seems to reveal a
slight tendency for lower frequency of 3:1 disjunction in hetero-
zygotes with a high frequency of adjacent 2 disjunction. On the
other hand, the reverse relationship between the frequencies of
adjacent 2 and 3:1 disjunctions was also seen in other transloca-
tion heterozygotes. For example, although the frequency of 3:1
disjunction in heterozygotes for T(1;4)10Idr, T(1;2)12Idr and
T(2;3)108Idr translocation was as high as 22.6, 24.6, and 22.3%,
respectively, the frequency of adjacent 2 disjunction was 10.7,
7.6, and 10.5%. In contrast, although the frequency of 3:1 dis-
junction in heterozygotes for T(1;5)17Idr and T(1;6)72Idr trans-
locations was as low as 3.4 and 4.2%, the frequency of adjacent
2 disjunction was as high as 32.1 and 29.5%, respectively. More-
over, the range of the frequencies of each disjunctional class in
Chinese hamster translocation heterozygotes is almost consis-
tent with that estimated by sperm analysis in human heterozy-
gotes for reciprocal translocations (Table 4).

In addition, other studies of translocation heterozygotes
revealed that the presence of reciprocal translocations during
meiosis in the Chinese hamster does not induce any interchro-
mosomal effects on non-disjunction, i.e. during first and sec-
ond meiosis, the presence of rearranged chromosomes exerts no
influence on the segregation of chromosomes unrelated to the
rearrangement (Sonta and Kitayama, 1991; Sonta et al., 1995).
This is a distinct advantage over Robertsonian translocations
in mice.

Participation of chromosomally unbalanced gametes in
fertilization

Data from chromosomal analyses of secondary meiotic cells
were used to calculate the expected frequency of gametes with
each karyotype in males and females heterozygous for each
translocation. By crossing translocation heterozygotes to nor-
mal partners, we compared the frequencies of 1-cell embryos
with each possible karyotype with the expected frequencies
estimated by MII scoring to detect selection against chromo-
somally abnormal sperm. Young adult (6- to 9-month-old) Chi-
nese hamsters from a karyotypically normal strain, CHS/Idr,
were mated to young adults from the 18 translocation stocks
(Table 2) (Sonta and Oishi, 1982; Sonta et al., 1987, 1991).
Chromosomal constitutions of derivatives from the first meiot-
ic quadrivalents in these 18 translocation heterozygotes were
identified in MII cells as well as in pronuclei of fertilized ova.
Females in proestrus that were karyotypically normal (+/+) or
translocation heterozygous (T/+) were caged overnight with
T/+ and +/+ males, respectively. From females with confirmed
copulation, fertilized ova were collected 2 h before the esti-
mated time of first cleavage division. The ova were subsequent-
ly cultured for 3 h in medium containing 15% fetal calf serum,
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Table 3. Frequency of various classes of MII cells in male and female T(2;9)33Idr heterozygotes

  Male heterozygotes Female heterozygotes 

Number of chromosomes Genotype a Spermatocytes counted Disjunction (%)  Oocytes counted Disjunction (%)  

10 (2,0), (29,0), (0,9), etc. 52  41  
 Others  19  12   
11 (2,9), (29,92) 492 47.8b 369 48.3b 
 (2',9), (2',92)  86  78  
 (2,9'), (29,9') 15  12  
 (2,92), (29,9) 306 29.8 c 181 30.2c 
 (2,29), (9,92), (2',9') 177 15.2 d 134 15.1d 
 Others 4  3  
12 (2,29,9), (2,29,92), etc. 43 7.2 e 33 7.4e 
 Others  10  8  

Total  1,204 100.0 921 100.0 

a 2' and 9' are chromosomes with unequal-length chromatids resulting from crossing-over. 
b-d Percentage of alternate b, adjacent 1 c, and adjacent 2 disjunctions d. Percentage of alternate and adjacent 1 disjunctions were calculated in proportion to the number of 
cells having chromosomes without unequal-length chromatids. 
e Frequency of cells due to 3:1 disjunction estimated by doubling the frequency of hyperploidy. 

Table 4. Frequencies of various classes of disjunctions in males heterozygous for reciprocal translocations in humans and
Chinese hamsters

Species   Disjunctions (%)   

 alternate adjacent 1 adjacent 2 3:1 4:0 

Humana 39.0–47.7 26.8–51.9 1.9–31.4 0.6–17.0 0 
Chinese hamsterb 37.9–48.7 23.7–42.1 7.6–32.1 3.4–24.6 0 

a Estimated from 17 reports with more than 100 sperm analyzed (Guttenbach  et al., 1997). 
b Mean frequency of each disjunctional class estimated from data of males heterozygous for reciprocal translocations from 18 strains. 
More than 500 sperm were analyzed in male heterozygotes in each strain.  

0.04 pg/ml colcemid, 0.005 pg/ml vinblastine, and 0.004 pg/ml
podophyllotoxin (Sonta et al., 1984). The methods for chromo-
some preparations of fertilized ova were the same as for MII
oocytes, with slight modifications.

As an example of the data obtained from chromosomal
analyses of pronuclei in fertilized ova using 18 translocation
stocks, the results obtained from crosses of male and female
T(1;8)35Idr and T(3;5)65Idr heterozygotes (T35/+ and T65/+)
to normal partners are summarized in Table 5. All the karyo-
types expected theoretically from T35 and T65 heterozygotes
were observed in the pronuclei of ova originating from these
crosses. In these ova, the frequencies of male pronuclei with the
11(8, 81) karyotype among embryos of the cross +/+ = × T35/
+Y and with the 11(5, 53) karyotype among embryos of the
cross +/+ = × T65/+Y were significantly lower than that esti-
mated from MII scoring. These karyotypes of male pronuclei
showing a decreased frequency were nullisomic for a segment
of chromosome 1 (1p24→1qter) and nullisomic for a segment
of chromosome 3 (3p23→3qter), respectively. The frequencies
of pronuclei with any karyotype other than 11(8, 81) and 11(5,
53) in embryos of these crosses were consistent with expecta-
tion. In contrast, in embryos from the respective crosses of
female translocation carriers, the frequencies of female pronu-
clei with any possible karyotypes, including the unbalanced

karyotypes of 11(8, 81) and 11(5, 53), were consistent with those
estimated from MII scoring.

Studies using the 18 stocks with different reciprocal translo-
cations revealed clearly that embryos with decreased frequen-
cies compared to theoretical expectation were partially mono-
somic only for chromosomes 1 and 3. They originated from
partially nullisomic sperm of males heterozygous for reciprocal
translocations involving chromosomes 1 and 3, such as
T(1;3)7Idr, T(1;4)10Idr, T(1;8)35Idr, T(1;3)38Idr, T(3;5)65Idr,
and T(1;5)72Idr. The karyotypes of male pronuclei with a
decreased frequency among 1-cell embryos have a common
nullisomy of a segment of chromosome 1 (1q17→1q42). Simi-
larly, some karyotypes with a decreased frequency were com-
monly characterized by a deficiency of a segment of chromo-
some 3 (3p23→3q31) (Sonta et al., 1991a, b; data not shown).
Sperm with other abnormalities from males heterozygous for
the 18 translocations had participated in fertilization with the
expected frequency. On the other hand, oocytes with partial
nullisomies or disomies, including those that decreased the fer-
tilization rate for sperm, had all been fertilized with the
expected frequency.

In experimental mammals such as the mouse, rat, and Chi-
nese hamster, the frequencies of chromosomal aberrations
occurring spontaneously during the meiotic and early zygotic
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Table 5. Frequencies of pronuclei with various karyotypes transmitted from each heterozygous parent in one-cell embryos
produced by crossing T35 and T65 translocation heterozygotes with karyotypically normal hamsters

Number of chromosomes Genotypes of pronucleia   Percentage of embryos observed (expectedb) 

  T35/+  × +/+  (n=928) +/+  × T35/+  (n= 1,258) 

10  (18, 0), etc  5.5 (4.6) 6.3  (4.5)  
11 (1, 8) 21.3 (22.1) 23.9 (21.9)  
  (18, 81) 21.4  (22.1) 23.5 (21.9)  
  (18, 8) 14.6 (14.8)  15.9 (14.8)  
  (1, 81) 14.7  (14.8) 15.8 (14.8)  
  (1, 18) 8.6 (8.7)  8.2 (8.6)  
  (8, 81) 8.8  (8.7)  0.9 d (8.6)  
  other 0.3 (-) 0.2 (-)  
12 (1, 18,8), etc.  4.8 (4.6) 5.3 4.5 

Total   100  100 

   T65/+  × +/+  (n=987) +/+ × T65/+  (n= 1,352) 

10 (35, 0), etc. 5.7 (5.1) 6.2 (5.0) 
11 (3, 5) 23.3 (23.8) 23.7 (23.3) 
 (35, 53) 23.4 (23.8) 23.5 (23.3) 
 (35, 5) 12.6 (12.6) 15.9 (13.1) 
 (3, 53 12.7 (12.6) 15.9 (13.1) 
 (3, 35) 8.6 (8.5) 8.0 (8.6) 
 (5, 53) 8.4 (8.5) 1.3c (8.6) 
 other 0.2 (-) 0.3 (-) 
 (3, 33,5), etc. 5.1 (5.1) 5.4  

Total  100  100  

a The pronucleus genotypes shown are those transmitted from each heterozygous parent. 
b The expected frequency of pronuclei with each genotype was estimated from MII scoring. 
c Significantly lower than the expected frequency (p < 0.001). 

stages (Ford, 1971) are quite low compared with the frequen-
cies estimated for humans (Bond and Chandley, 1983). When
one only analyses spontaneous chromosomal abnormalities, it
is difficult to investigate detailed problems such as the partici-
pation of chromosomal abnormalities in fertilization and early
embryogenesis. Therefore, the X-ray-induced translocation
heterozygotes of Chinese hamsters provide a tool for efficiently
producing gametes and embryos with specific chromosomal
abnormalities.

To investigate gametic selection, many researchers have
used mainly mouse stocks heterozygous for Robertsonian
translocations, which were established from heterozygous Mus
poschiavenus-F1 hybrids with some metacentric chromosomes
(Ford, 1972; Ford and Evans, 1973; Gropp, 1973; Baranov and
Dyban, 1975; Epstein and Travis, 1979; Magnuson et al., 1985;
Epstein, 1986; Dyban and Baranov, 1987). These authors con-
cluded that there was no selection against sperm with any chro-
mosomal abnormalities. However, these studies were mostly
based on indirect investigations comparing the results of MII
scoring and chromosomal data for pre- and post-implantation
embryos. Actually, analyses of meiotic and early mitotic cells of
mice with conventional staining is limited because of their uni-
form acrocentric chromosomes.

More useful data regarding sperm selection may be obtained
by a direct comparison of chromosomes in MII cells and pronu-
clei in fertilized ova from 18 Chinese hamster stocks with var-
ious reciprocal translocations. These results revealed clearly
that only male gametes nullisomic for certain segments of chro-
mosomes 1 and 3 failed to participate in fertilization (Sonta et

al., 1984; Sonta, 2002). Male gametes with other abnormalities
and oocytes with any abnormality participated in fertilization
at the respective expected frequencies. Thus, the common
abnormalities with a disadvantage for fertilization were limited
to deficiencies in specific segments of chromosomes 1 and 3.
Chinese hamster studies provide the only data to date on the
fertilization of chromosomally unbalanced gametes by direct
observation of ova in mammals.

Development of chromosomally unbalanced embryos at
early stages

Embryos with various karyotypes were obtained by crossing
karyotypically normal females with males heterozygous for
reciprocal translocations. Embryos were collected from these
females 2 h before the estimated times of the first, second,
third, and fourth cleavages and in the early and late blastocyst
stage (Sonta et al., 1984). Chromosome preparations of these
embryos were made according to the method of Sonta et al.
(1984). The number of blastomeres of embryos with the various
karyotypes from each cross was scored and compared with that
of embryos from the control matings. Late on day 5 of gesta-
tion, the uteri of pregnant females were flushed with Hanks’
solution to collect embryos that failed to implant.

In the experiments with all stocks, karyotypes expected
from MII scoring in the male heterozygotes were all observed in
fertilized ova, and the frequencies of ova with each karyotype,
except those partially nullisomic for chromosomes 1 and 3,
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Table 6. Chromosome analysis of embryos in the cross +/+Y × T33/+ = at different cleavage stages

Number of 
chromosomes 

Genotype Percentage expecteda   Number of embryos observed (percentage expectedb) 

   2nd cleavage 4th cleavage Blastocyst 

21 (2,9,9),(2,9,92),etc.  3.6 10 (3.8) 7 (2.4) 4 (1.6)  
22 (2,2,9,9) 23.9  62 (23.9) 72 (23.9) 61 (23.9) 
 (2,29,9,92) 23.9 63 (23.9) 70 (23.9) 62 (23.9) 
 (2,29,9,9) 14.9 39 (14.9) 35 (11.8) 19 (7.4) 
 (2,2,92,9) 14.9 40 (15.3) 42 (14.1) 35 (13.6) 
 (2,2,29,9) 7.6 21 (8.0) 21 (7.1) 13 (5.1) 
 (2,9,9,92) 7.6 0 (0.0) 0 (0.0) 0 (0.0) 
23 (2,2,29,9,9),etc. 3.6 9 (3.4) 10 (3.4) 9 (3.5) 

Total  100 244 (93.2) 257 (86.6) 201 (79.0) 

a Expected from MII scoring. 
b Percentage estimated assuming that the combined frequency of embryos with normal and balanced karyotypes is equal (47.8%), as 
expected from MII scoring. 

were consistent with those expected from MII scoring. The ova
in which chromosomes could not be observed at the 1-cell stage
were mostly unfertilized.

In these crossings, the percentages of 1-cell embryos success-
fully karyotyped at the stage of first mitotic division were 96.9–
98.2%, compared with 97.2% in the control crosses. That is,
there was no evidence for an increase of ova arrested at the first
cleavage in any cross using heterozygotes of the 18 stocks with
different translocations. At the second cleavage and later the
percentages of embryos successfully karyotyped in the experi-
mental crosses decreased slightly compared with the control
crosses. The percentage of embryos successfully karyotyped at
the second and fourth cleavage stage from the cross of male
T(2;9)33Idr heterozygotes (+/+Y × T33/+=), for instance, was
78.9 and 70.1%, respectively, whereas the percentage of em-
bryos successfully karyotyped at the same stages in the control
cross was 89.6 and 85.3%. The decreased frequencies of em-
bryos successfully karyotyped in the experimental crosses may
be due to the developmental arrest and cleavage delay of some
chromosomally unbalanced embryos. In Table 6, an example of
data for chromosomal analysis of embryos at the different
developmental stages from the cross +/+Y × T33/+= is shown.
The differences in numbers of embryos between those collected
actually and estimated with the same karyotypes became great-
er at the later developmental stages. The chromosomal analyses
indicated that some karyotypes are no longer seen or reduced in
their frequencies in embryos after the second cleavage, al-
though they were observed in first-cleavage metaphases. These
karyotypes were 22(2,9,9,92), 21(2,9,9), and 21(2,9,92), and
have a deficiency in the segment from the break point of the
short arm (p21) to the distal end of the long arm of chromo-
some 2, except for 21(2,9,9) that is deficient for the entire chro-
mosome 2. Two-cell embryos were observed in 9.5, 9.1 and
8.8% of embryos collected in the cross +/+Y × T33/+= at the
expected times of the third and fourth cleavages and early blas-
tocyst stages, respectively. In the control cross, on the other
hand, no 2-cell embryo was seen at any later cleavage stage. The
frequency (8.7–9.6%) of 2-cell embryos in the cross +/+Y ×
T33/+= was nearly the same as the combined frequency of

22(2,9,9,92), 21(2,9,9), and 21(2,9,92) embryos, which was
9.4% expected from MII scoring. Therefore, the karyotypes of
embryos in arrested cleavage at the 2-cell stage were supposed
to be the ones no longer seen after the 2-cell stage. Similarly,
2-cell embryos were seen at various cleavage stages in embryos
obtained from the crosses of stocks with reciprocal transloca-
tions in which chromosome 1 or 2 was involved. The karyo-
types of these 2-cell embryos had a common deficiency of a
segment of chromosomes 1 or 2.

In other experiments, 4- to 8-cell embryos were seen at the
early to late blastocyst stage in embryos obtained from the
crosses of the heterozygotes of translocation stocks, in which
chromosomes 3 and 4 were involved in the respective translo-
cations. In these crosses, karyotypes with partial monosomy for
chromosomes 3 and 4 decreased among the embryos karyo-
typed after the 8-cell stage. Similarly, the 4- to 8-cell arrest was
seen in embryos partially monosomic for chromosomes 1p, 1q
and 5.

The numbers of blastomeres found among 201 successfully
karyotyped 4-day embryos in the cross +/+Y × T33/+= are
shown in Table 7. The mean numbers of blastomeres of chro-
mosomally balanced embryos was similar to that of embryos
from the control cross (+/+Y × +/+=). The frequencies of
embryos with an unbalanced karyotype, such as 22(2,29,9,9)
and 21(2,29,9) in the cross, slightly decreased among embryos
successfully karyotyped at the blastocyst stage. The numbers of
blastomeres in 21(2,2,92) and 21(2,2,9) embryos was also small
but the numbers of embryos observed were insufficient. On the
other hand, embryos with other karyotypes such as 22(2,2,9,92)
or 23(2,29,9,9,92) had almost the same numbers of blastomeres
as that of karyotypically normal embryos. Among embryos
obtained from other experiments using heterozygotes for differ-
ent translocations, the numbers of cells in embryos showing
partial monosomy for chromosomes 1p, 1q, 2q, 4, 5q and 8 also
decreased. Thus, these chromosomal abnormalities cause dis-
advantages in early embryogenesis at about the 8-cell stage.

By flushing the uteri on day 5.5 of gestation, a total of 36
embryos were collected in 18 +/+ females crossed with T33/+
males: 16 were 2-cell embryos, 2 were 8-cell embryos, 9 were
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Table 7. The number of blastomeres of embryos in the +/+Y × T33/+ = cross and the control cross on day 4 of gestation

Cross Genotype Number of embryos Number of blastomeres per embryo (mean±SD) 

+/+  × T33/+  21(2,2,92) 1 13 
 21(2,2,9)  3 16.7±3.2  
 22(2,2,9,9) 61 23.6±2.0 
 22(2,29,9,92) 62 23.5±1.9 
 22(2,29,9,9) 17 10.4±2.1 a  
 22(2,2,9,92) 35 22.6±2.2 
 22(2,2,29,9) 13 19.3±2.4  
 22(2,9,9,92) 0 - 
 23(2,2,29,9,9), etc 9 b 20.3±2.9  

 Total 201 21.6±2.2 

+/+  × +/+  22(2,2,9,9) 146 23.5±1.8 

a Significantly different from normal embryos from the control cross (P<0.001). 
b Mean number of blastomeres per embryo in all embryos with 23 chromosomes. 

phenotypically abnormal morulae-blastocysts, and 3 were un-
fertilized ova. Only 7 embryos were collected from 34 females
from the control cross: 4 were morulae-blastocysts, and 4 unfer-
tilized ova. Similar results were obtained in experiments using
other stocks.

Cytogenetic investigations on the development of chromo-
somally unbalanced embryos in the early stages have mainly
been performed with the mouse (Gropp, 1973; Ford, 1975;
Gropp et al., 1975; Oshimura and Takagi, 1975; Epstein and
Travis, 1979; Magnuson and Epstein, 1981; Magnuson et al.
1985; Dyban and Baranov, 1987). Analysis of MII spermato-
cytes and preimplantation embryos in heterozygous Mus pos-
chiavenus-F1 hybrid and translocation heterozygotes such as
T(14;15)6Ca/+ indicated that most monosomic embryos died
shortly after implantation, whereas trisomic embryos survived
after implantation until early to late organogenesis. The devel-
opment of embryos monosomic for a few autosomes was
arrested during the preimplantation period (Epstein and Trav-
is, 1979; Magnuson and Epstein, 1981), i.e., monosomy 19 gen-
erally survive 3.5 days. Our studies in the Chinese hamster,
revealed that all embryos with unbalanced chromosomes can
develop to at least the 2-cell stage, that embryos with a partial
deficiency of chromosomes 1 and 2 cease development at the
2-cell stage, and that partial monosomies for chromosomes 3, 4
and 5 and partial monosomy of another segment of chromo-
some 1 (1p and 1q) result in arrested development at the 4- to
8-cell stages. Thus, the first evidence for the expression of a
specific genome imbalance in early diplophase, such as the 2-
cell stage came from studies in Chinese hamster. However, a
similar selective elimination at the 2-cell stage has not been
found in autosomal monosomies in the mouse.

The discrepancy between the majority of the data on sperm
selection and zygotic selection in early stages in mouse and Chi-
nese hamster may be a result of the following phenomena. First-
ly, since the proportion of one chromosome to the total genome
in the Chinese hamster is larger than that in the mouse, nulli-
somic gametes and monosomic embryos may have a more con-
spicuous influence on fertilization and early development, re-
spectively. Secondly, due to the difference in gene order, the dif-
ferent contributions of genes lost in nullisomies and mono-
somies may be important factors for the lack of participation in

fertilization and for developmental arrest at the 2-cell stage,
respectively. Thirdly, there may be differences between the two
species in the nature of sperm formation, fertilization and early
embryogenesis, which are genetically controlled. In fact, data
have been published to show that Chinese hamster embryos
develop slower than mouse embryos during early cleavage stages
(Pickworth et al., 1968) that may be a reason for loss of gene
expression in the early stages. Fourthly, there may be some nulli-
somic sperm that also fail to participate in fertilization that
researchers have not yet detected. Further detailed analyses on
the influences of partial nullisomies and monosomies in fertili-
zation and early zygotic development, as well as the develop-
ment of comparative genome analysis, will help to clarify the
causes of this discrepancy in the participation of chromosomally
unbalanced sperm in the fertilization and chromosomal unbal-
ance in early zygotic development between the two species.

Chromosomal homology between the Chinese hamster and
the mouse has been studied based on comparative gene map-
ping and FISH analysis (Yang et al., 2000; Mouse Genome
Database, 2003). In these studies, the homologous segments are
seen sometimes in units of chromosome arms and sometimes
in segments of these chromosomes. According to these studies
on homologous maps of chromosomes, there is a slight homolo-
gy between Chinese hamster and mouse chromosomes relating
to abnormal embryogenesis at early stages. These facts may
therefore suggest that homologous genes relating to early em-
bryogenesis are preserved in homologous segments of chromo-
somes between the two species. Further molecular and cytologi-
cal studies may give more useful information to better under-
stand the genes and chromosomes controlling early embryogen-
esis.

Conclusion

Damage to DNA caused by various kinds of mutagens may
lead to visible chromosome aberrations of different qualities.
Chromosomal aberrations are produced in every cell, but to
estimate the actual inherited influence of these chromosomal
aberrations, one needs to understand the effect of chromosomal
aberrations in gamete formation and fertilization, as well as
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elimination of chromosomal imbalances during early embryo-
genesis.

In the transmission of human chromosomal abnormalities
from carrier parents, sperm selection has been considered to be
one of the possible causes of sex differences (Hamerton, 1968).
On the other hand, monosomies for any autosome and the
majority of trisomies were not found in human spontaneous
abortions in the early period of gestation, which is the earliest
developmental stage at which we can analyze chromosomes of
embryos and fetuses. It is generally considered that the majori-
ty of these chromosomal imbalances, including monosomies,
are probably eliminated at an early developmental stage (Boué
et al., 1975; Ford, 1975; Hamerton, 1978). However, human
specimens available to study fertilization and early develop-
ment of embryos are limited to newborns and living or aborted
fetuses, and it is still difficult to obtain clear evidence of gamet-
ic selection and elimination of early embryos. The technique
using penetration to Syrian hamster oocytes allows visualiza-
tion of human sperm chromosomes (Rudak et al., 1978; Bran-
diff et al., 1986; Martin, 1988). FISH analyses have generated
new information on chromosomal constitutions of human
sperm (Goldman and Hulten, 1993; Shi and Martin, 2001;
Escudero et al., 2003). However, such techniques have also
been unable to provide sufficient evidence of sperm selection.

In humans, the frequency of abnormal offspring mainly
with a partial duplication of chromosomal segments derived

from paternal carriers of reciprocal and Robertsonian translo-
cations is lower than that from maternal carriers. It has been
speculated that the decreased frequency in paternal carriers is a
result of sperm selection, as mentioned above. Our findings,
however, suggest strongly that the cause of the decreased fre-
quency in paternal carriers is not the selective elimination of
chromosomally unbalanced sperm, because sperm with any
duplication of chromosomes were at no disadvantage for fertili-
zation, and sperm at a disadvantage for fertilization were lim-
ited to those nullisomic for the large segments of the specific
chromosomes. In addition, although there is still little informa-
tion on the early development of chromosomally unbalanced
embryos in humans, our data strongly support the assumption
that most human monosomic embryos are eliminated during
the early stages of embryogenesis, similar to the Chinese ham-
ster and the mouse.

To understand the chromosomes and genes relating to fertil-
ization and early embryogenesis, further studies based on com-
parative mapping and gene analysis among humans and experi-
mental mammals may give us more useful information.
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Abstract. Acrylamide (AA) is an important industrial chem-
ical used mainly in the production of polymers. It can be
absorbed through the skin. AA was shown to be a germ cell
clastogen that entails a genetic risk for exposed workers. The
genetic risk calculation was based on mouse heritable transloca-
tion test data obtained after acute intraperitoneal (ip) exposure
(Adler et al., 1994). To obtain a correction factor between ip
and dermal exposure, dominant lethal and heritable transloca-
tion tests were carried out with dermal exposure of male mice
to AA. In the dominant lethal test, male (102/El × C3H/El)F1

mice were exposed by dermal application to the shaved backs
of 50 mg/kg AA per day on five consecutive days or to five daily
ip injections of 50 mg/kg AA. One day after the end of expo-
sure, the males were mated to untreated females of the same
hybrid stock for four days and females were changed every four
days for a total of five matings. Dominant lethal effects were
found during matings 1–3. For ip exposure, these values were

81.7, 85.7 and 45.4%, respectively; for dermal exposure the
corresponding values were 22.1, 30.6 and 16.5%, respectively.
In the heritable translocation assay, male C3H/El mice were
treated with five dermal exposures of 50 mg/kg AA and mated
1.5–8.5 days after the end of exposure to untreated female 102/
El mice. Pregnant females were allowed to come to term and all
offspring were raised to maturity. Translocation carriers among
the F1 progeny were selected by a sequential fertility testing and
cytogenetic analysis including G-band karyotyping and M-
FISH. A total of 475 offspring were screened and 41 transloca-
tion carriers were identified. The observed translocation fre-
quency after dermal exposure was 8.6% as compared to 21.9%
after similar ip exposure (Adler, 1990). The calculated ratio of
ip vs. dermal exposure of 0.39 can be applied to obtain a more
realistic calculation of genetic risk for dermally exposed work-
ers.

Copyright © 2003 S. Karger AG, Basel

Acrylamide (AA) is a monomeric chemical widely used in
the production of AA polymer flocculants, polyacrylamide gels
for electrophoresis, thickening agent, filtration aid and grouting
agent. A Swedish group demonstrated that AA is formed during
heating of starch-rich foods to high temperatures (Tareke et al.,
2000, 2002), which raised a new wave of human health con-
cern. 

The neurotoxicity of AA was established quite early and led
to the regulation of AA (Tilson, 1981; Miller and Spencer,
1985; O’Donoghue, 1985). Recently, a review on the effects of
AA on rodent reproduction was published (Tyl and Friedman,

2003). The evidence that AA was carcinogenic in rodents (Bull
et al., 1984; Johnson et al., 1986) increased the concern for AA
as a potential human health hazard. Further investigations of
AA identified its genotoxicity (Dearfield et al., 1988). Interest-
ingly, AA was not mutagenic in the Ames test (Lijinsky and
Andrews, 1980; Bull et al., 1984; Hashimoto and Tanii, 1985).
It appeared that the major genotoxicity effect of AA was its
clastogenic activity (Shiraishi, 1978; Moore et al., 1987; Adler
et al., 1988; Knaap et al., 1988). Using flow cytometer-based
analyses, it was demonstrated that the dose-response relation-
ship for AA-induced micronuclei in mouse bone marrow cells
was linear down to low single doses of 1–30 mg/kg AA applied
by intraperitoneal (ip) injection (Abramsson-Zetterberg, 2003).
In rodent germ cells, dominant lethal mutations and heritable
translocations were induced by ip injection with AA in late
spermatids and sperm (Adler, 1990; Shelby et al., 1986, 1987;
Smith et al., 1986). Analysis of structural chromosome aberra-
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tions in one-cell embryos after paternal AA-treatment was per-
formed using conventional and molecular techniques (Pacchie-
rotti et al., 1994; Marchetti et al., 1997). The data obtained
allowed an estimate of the magnitude of AA-induced dominant
lethality and heritable translocations showing close correlation
of the results obtained by the respective tests. Even though the
methodology of one-cell embryo collection and cytogenetic
analysis requires great skills and is time-consuming, it may
offer an alternative to the animal-consuming dominant lethal
and heritable translocation assays. Sperm-chromatin alkylation
was measured by accelerator mass spectrometry after ip treat-
ment of male mice with 14C-acrylamide (Holland et al., 1999).
It was correlated to pre-implantation losses of embryos in con-
current analyses of embryonic development in vitro and pre-
and postimplantation loss of embryos in a dominant lethal
assay with AA. The study confirmed the stage sensitivity of
spermatogenesis to AA observed in the earlier dominant lethal
studies. While specific locus mutations were observed origi-
nally in the same germ cell stages as the dominant lethal muta-
tions (Russell et al., 1991), it was shown later that AA also
induced mutations in spermatogonial stem cells of mice (Ehling
and Neuhäuser-Klaus, 1992). Originally, alkylation of chromo-
somal protamines in late spermatids and sperm was assumed to
cause the clastogenic effects in male germ cells (Sega et al.,
1989). However, it could be demonstrated later that glycidam-
ide was the genotoxic metabolite of AA in somatic and germi-
nal cells of rodents (Adler et al., 2000; Generoso et al., 1996;
Paulsson et al., 2003).

The main human exposure at production sites, in biochemi-
cal laboratories or during accidents in tunnel construction,
where AA was used for gap filling in the rocks, occurred via
dermal contact and to a lesser extent by ingestion. In mice, AA
is readily absorbed through the skin and binds to DNA in the
testes (Carlson and Weaver, 1985). It could be shown that der-
mal exposure of mice induced a dose-dependent increase of
dominant lethal mutations in male mice (Gutierrez-Espeleta et
al., 1992). 

A dose response for the induction of heritable translocations
in mouse spermatids by ip exposure to AA and a calculation of
the possible genetic risk from AA-exposure of humans was pub-
lished earlier (Adler et al., 1994). However, it seemed necessary
to determine a conversion factor from ip to dermal exposure to
derive a more realistic genetic risk calculation for exposed
workers. The present dominant lethal and heritable transloca-
tion experiments were performed to compare the clastogenic
effects of AA in mouse male germ cells on a quantitative basis
between ip and dermal exposure.

Materials and methods

Chemical and dosing
Acrylamide (AA) was obtained from Sigma, Deisenhofen, Germany. In

the dominant lethal assay, male mice were treated with five daily ip injec-
tions or five daily dermal applications on the shaved backs with 50 mg/kg of
AA dissolved in saline (ip) or corn oil (dermal). The applied volume was
0.1 ml/10 g body weight. Control animals received the same application of
the solvents. The heritable translocation assay was performed with dermal
exposure only.

Animals
All animals were bred and maintained in the animal facility of the GSF-

Research Center in light- and air-conditioned animal rooms (12L/12D,
25 °C, 55% humidity) and received pellet food and water ad libitum.

For the dominant lethal study, (102/El × C3H/El)F1 males, age 12–14
weeks, weighing between 24 and 26 g, were treated and mated to untreated
virgin females of the same age and stock at a 1:1 ratio, starting one day after
the end of treatment. Females were replaced four times every four days for a
total of five mating intervals. On days 13–14 post conception (pc), the uterus
contents of the females were inspected for live and dead implants. Percent
induced dominant lethal was calculated by the formula (1 – [live implants
per female in the treated group/live implants per female in the control
group]) × 100.

For the heritable translocation assay, males of the C3H/El inbred strain,
age 10–12 weeks, weighing between 24 and 26 g, were treated by dermal
application of 50 mg/kg of AA on five consecutive days and mated 1.5–8.5
days after the end of treatment to untreated virgin 102/El females of the same
age at a mating ratio of 1:2. The experiment was repeated once. Pregnant
females were allowed to come to term. Litters were counted and sexed at
birth and weaned at the age of 3 weeks. 

Selection of translocation-suspect F1 animals by litter size reduction
F1 progeny of both sexes were mated at the age of 10–12 weeks avoiding

brother-sister matings. To determine possible translocation heterozygotes by
reduced fertility a sequential decision procedure of eliminating pairs with
normal litters was employed (Adler, 1990). Up to three litters were observed
before F1 pairs with reduced litter size or pairs without any litter were sepa-
rated. 

Confirmation of translocation-suspect F1 males
Suspect F1 males were mated to 4–5 (102/El × C3H/El) F1 females.

Females were sacrificed at mid-pregnancy to determine the frequency of ear-
ly dead implants. Males that impregnated females with an average of three or
more dead implants were subjected to cytogenetic confirmation of the trans-
location in testis preparations (Evans et al., 1964). F1 males identified as
translocation heterozygotes were subjected to karyotype analysis in Giemsa-
banded bone marrow preparations (Gallimore and Richardson, 1973; Evans,
1989; Adler et al., 2002) or by M-FISH (Jentsch et al., 2001).

Confirmation of translocation-suspect F1 females
Suspect F1 females were mated to (102/El × C3H/El) F1 males and were

again allowed to have up to four litters. Male F2 progeny from small litters of
suspect F1 females were weaned and subjected to meiotic chromosome analy-
sis at maturity as described above. Translocation-heterozygous females were
confirmed by the presence of at least one translocation carrier among eight F2
males. The F1 translocation females or their translocation-carrying offspring
were subjected to karyotype analysis of Giemsa-banded bone marrow chro-
mosomes or by M-FISH as stated above. 

Statistics
Dominant lethal results were compared between treatment and solvent

control groups on a male-to-male basis using the Mann-Whitney U test. Dif-
ferences in translocation frequencies between the experimental group and
the historical control group were analysed using Fisher’s exact test (one-
sided). 

Results and discussion

Table 1 shows the results of the dominant lethal experi-
ments. The frequencies of dead implants per female are
increased with both modes of exposure during the first three
mating intervals, which represent sperm and late spermatids.
This pattern of sensitivity is in accord with previous publica-
tions (Shelby et al., 1986, 1987; Smith et al., 1986, Holland et
al., 1999). The dominant lethal effects are illustrated in Fig. 1.
The effect was 2–4 times higher after ip exposure compared to
dermal exposure. The results after dermal exposure are compa-
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rable to a previous publication (Gutierrez-Espeleta et al.,
1992).

The results of the heritable translocation assay are shown in
Table 2. In the first experiment, 242 F1 progeny (138 males and
104 females) were tested for reduced fertility and 19 (12 males
and 7 females) were identified to be translocation carriers. In
the second experiment 233 F1 progeny (120 males and 113
females) were tested for reduced fertility and 22 (16 males and
6 females) were identified to carry translocations. The observed
translocation rates of the two experiments (7.85 and 9.44%,
respectively) were not significantly different. Therefore, the
data were pooled. The observed mean translocation frequency
of 8.63% was significantly different from the historical control
in our laboratory (Adler et al., 2002).

Table 3 shows the characteristics of the identified male
translocation carriers from both experiments. Nine sterile F1

translocation males were found. One of these carried a recipro-
cal translocation plus an inversion in chromosome 3 (AAD-
229: T[9;13]+Inv.3, mean testis weight 60.9 mg), one carried
two independent reciprocal translocations (AAD-240: T[1;12]

Fig. 1. Dominant lethal effects in sperm and spermatids of male mice
after intraperitoneal (ip) and dermal exposure to 5 × 50 mg/kg of acrylamide.
Percent dominant lethals = (1 – [live implants per female in the treated group/
live implants per female in the control group]) × 100. 
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Table 1. Results with the dominant lethal test after five daily exposures of male mice to 50 mg/kg of acrylamide

Application Pregnant femalesb  Total implants  Live implants (LI)  Dead implants (DI)  % DI Mating 
intervalsa 

(days) 
 n % n Per female n Per female n Per female  

Dominant 
lethalsc 

1.5–4.5 dermal 45 90 470 10.4 363 8.1 107 2.38d 22.8 22.1 
 ip 27 60 159 5.9 52 1.9 107 3.96d 76.3 81.7 
 control 50 100 561 11.2 519 10.4 42 0.84 7.5 – 

5.4–8.5 dermal 48 96 478 10.0 328 6.8 150 3.13d 31.4 30.6 
 ip 35 78 191 5.5 49 1.4 142 4.06d 74.4 85.7 
 control 48 96 514 10.7 468 9.8 46 0.96 9.0 – 

9.5–12.5 dermal 43 86 454 10.6 350 8.1 104 2.42d 22.9 16.5 
 ip 41 91 368 9.0 216 5.3 152 3.71d 41.3 45.4 
 conrol 43 86 465 10.8 419 9.7 46 1.07 10.0 – 

13.5–16.5 dermal 44 88 455 10.3 414 9.4 41 0.93 9.0 1.0 
 ip 36 80 364 10.1 323 9.0 41 1.14 11.3 5.3 
 control 40 80 417 10.4 380 9.5 37 0.93 8.9 – 

17.5–20.5 dermal 38 76 434 11.4 397 10.5 37 0.97 8.5 0 
 ip 41 91 430 10.5 383 9.3 47 1.15 10.9 11.5 

 control 46 92 535 11.6 481 10.5 54 1.17 10.1 – 

a Mating started in the afternoon of the day after the end of exposure. 
b Mating ratio 1:1, 50 males treated per group, five males died in the ip group during the course of treatment. 
c Dominant lethals (%) = (1 – [LI per female exp./LI per female contr.])  100. 
d P < 0.05. 

Table 2. Results of the heritable translocation
test after five daily dermal exposures of male
mice to 50 mg/kg of acrylamide (two repeats)

Experiment Males 
treated 

Females
mated

Litters F1 progeny tested  Translocation
carriers

Translocation 
rate

1  50 100 63 242 (138  / 104   ) 19 (12  / 7 ) 7.85 % 
2  50 100 73 233 (120  / 113   ) 22 (16  / 6 ) 9.44 % 

Total  10 0 200 136 475 (258  / 117   ) 41 (28  / 13 ) 8.63 %a 

a P < 0.001 compared to the historical control of 0.05%
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Table 3. Characterization of the male translocation carriers

Animal 
code 

Mean litter 
sizea 

Translocation 
multivalentsb (%) 

Chromosomes 
involvedc 

Presumed break 
points 

First experiment 
AAD-5 5.7 9.3 T(14;19) 14E2.2; 19D1 
AAD-34 2.8 40 T (2;7) 2H3; 7D1 
AAD-37 st 96 T(5;19) 5EF; 19B 
AAD-40 3.4 84 T(13;14) 13C3; 14A3 
AAD-56 3.3 5.2 T(4;9) 4D3; 9A4 
AAD-58 3.6 39 T(5;19) 5B2; 19B 
AAD-67 3.2 88 T(9;1) 9B; 11B3 
AAD-83 2.0 100 (44% 2TM) nd nd 
AAD-86 st no meioses T(3;5) 3F1; 5F 
AAD-89 3.5 28 T(9;16) 9B; 16B5 
AAD-96 2.3 47 T(4;8) 4C3; 8B3.2 
AAD-127 st 88 T(7;10) 7F1; 10A4 

Second experiment 
AAD-155 4.0 13 T(2;15) 2G1; 15C 
AAD-164 6.3 76 T(11;17) 11D; 17D 
AAD-165 st 70 T(14;17;19) 14E2; 17E2; 19C2 
AAD-169 3.8 20 T(9;13) 9E3; 13C2 
AAD-181 st 6 T(9;Y) 9F1; YD 
AAD-185 3.5 64 T(1;7) 1D; 7F1 
AAD-198 5.5 36 T(4;8) 4C6; 8E1 
AAD-215 st no meioses T(3;4) 3E2; 4D3 
AAD-216 4.7 80 T(4;7) nd 
AAD-225 3.5 36 T(10;14) 10C1; 14B 
AAD-227 st 20 (no sperm) T(9;Y) 9F1; YC2 
AAD-229 st 80 T(9;13)+Inv 3 9F1; 13D1; 3E2/G2 
AAD-233 3.3 76 T(12;17) 12D2; 17B1 
AAD-236 3.8 56 T(4;8) 4B3; 8D3 
AAD-240 st no meioses T(1;12)+T(5;10) 1F; 12C3; 5A2; 10D2 
AAD-253 3.3 56 T(3;14) 3H3; 14B 

a From 3–5 litters, st = sterile.
b Per animal, 25 spermatocytes at diakineses were scored for translocation 
multivalents (chains of four or rings of four chromosomes). 
c nd = not determined.

Table 4. Characterization of the female translocation carriers

Animal 
code 

Mean litter 
sizea 

F1Translocation carriers 
/ male progeny 

Chromosomes 
involved 

Presumed 
break pointsb 

First experiment   
AAD-24 4.0 3/6 T(6;11) 6D1; 11A3.2 
AAD-34 2.6 2/2 T(1;4) 1B; 4D3 
AAD-45 4.0 2/6 T(5;17) 5F; 17B2 
AAD-50 4.2 4/8 T(12;17) 12D1; 17D 
AAD-52 4.7 3/5 T(11;14) 11B3; 14D3 
AAD-58 3.9 1/3 T(4;8) 4E2; 8C1 
AAD-101 2.5 3/5 T(1;9) 1F; 9D 

Second experiment   
AAD-151 3.0 2/5 T(2;11) 2B; 11D 
AAD-161 2.5 3/3 T(4;10;15) nd 
AAD-168 4.0 2/3 T(5;14) 5F; 14D1 
AAD-189 4.0 1/3 T(12;18) 12E/F; 18C 
AAD-196 4.0 3/4  T(3;5) 3F2; 5E4 
AAD-219 3.3 2/6 T(7;17) 7F3; 17B1 

a From 3-5 litters.  
b nd = not determined.  

+ T[5;10], mean testis weight 20.1 mg) and one carried a com-
plex translocation involving three different chromosomes
(AAD-165: T[14;17;19], mean testis weight 27.5 mg) which is
shown in Fig. 2B. Two sterile males in the second experiment
carried a translocation between chromosome 9 and the Y chro-
mosome whereby the presumed breakpoints on the Y chromo-
somes were not identical (AAD-181: YD and AAD-227: YC2).
Their mean testes weights were 39.2 and 28.7 mg, respectively,
and their spermatocytes at diakinesis were characterized by a
high rate of XY univalents (81 and 64%, respectively). The
remaining four sterile males carried simple reciprocal translo-
cations, their testes weights ranged between 16.5 and 41 mg,
and only one showed a long marker chromosome (AAD-127:
T[7;10]). The testes weights of semi-sterile males ranged from
70 to 90 mg and that of normal adult males ranged from 90 to
120 mg. One male that carried two independent reciprocal
translocations (testes weight 66.6 mg) sired one litter of two
female offspring and died before karyotyping could be per-
formed. It is noteworthy that two of the semi-sterile males car-
ried translocations involving chromosomes 4 and 8, however,
with different breakpoints on both chromosomes (AAD-198:
4C6 and 8E1; AAD-236: 4B3 and 8D3), which indicates that
they were induced independently.

Table 4 shows the characteristics of the identified female
translocation carriers. None of them was sterile even though
one carried a complex translocation involving three chromo-
somes (AAD-161: T[4;10;15], Fig. 2A). The break points for
this translocation could not be identified in the M-FISH analy-
sis.

The detailed analysis of the translocation break points
allows two conclusions. First, none of the translocations ob-
served was identical to another one, i.e. they were not pre-exist-
ing in the mouse stock. Second, there were no hotspots for AA-
induced chromosome breakage since the break points were ran-
domly scattered among chromosomes (1–8 breaks per chromo-
some) and along chromosome axes even though location of
breaks in light bands prevailed. Most likely, that is due to the
process of karyotyping which is oriented at the displacement of
dark bands. 

The total translocation frequency after dermal exposure was
8.63% and compared to 21.9% after ip exposures to 5 × 50 mg/
kg of AA (Adler, 1990) yields a calculated ratio of ip vs. dermal
of 0.39 (8.63:21.9). This ratio pertains only to external expo-
sures and observed biological outcomes (reciprocal transloca-
tions). Internal exposures, i.e. plasma or testes levels of AA
were not measured. The factor 0.39 should be applied to correct
the genetic risk calculation based on ip exposure (Adler et al.,
1994) in order to derive a more realistic estimate for human
dermal exposures. However, there are two caveats. First, the ip
treated males were mated 7–11 days after the end of treatment
while the males treated dermally were mated 1.5–8.5 days after
the end of treatment, i.e. the exposed germ cell stages were
overlapping but not identical, and second, the males exposed
dermally were housed individually but were not prevented by
collars to lick some of the solutions applied to their backs.
Therefore, they may have been exposed dermally as well as
orally, the latter to an unknown extent. Yet, AA workers in Chi-
nese family-run factories without any hygienic measures are
exposed also through the skin and by ingestion. Even though a
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Fig. 2. G-banded and M-FISH karyotypes of mice with complex translocations induced by dermal exposure to acrylamide. The notations
of the karyotypes refer to the chromosome constitution of the animals not the cells shown. (A) AAD 161: 40, XX, T(4 ;10 ;15); one X
chromosome is missing in this cell. (B) AAD 165: 40, XY, T(14;17;19); one chromosome 2 and one chromosome 5 are missing in this cell. 

linear dose-response could be demonstrated for AA-induced
micronuclei in mouse bone marrow cells (Abramsson-Zetter-
berg, 2003), the extrapolation from linear dose-response at high
acute experimental exposure to chronic human exposure with
low doses is a matter of debate and ideally should be verified
experimentally. Unfortunately, no animal facility is large
enough to allow the appropriate heritable translocation experi-
ments. Thus, using the correction factor for ip vs. dermal expo-
sure provides as close a risk estimate as we can presently
supply. 

By using the linear extrapolation, it was generally assumed
that the low-dose effect would be overestimated and an error
would be made on the safe side. However, a recent publication
alerts to a possible underestimate by this procedure (Witt et al.,
2003). For N-hydroxymethylacrylamide (NHMA), these au-
thors demonstrated that high acute ip treatments (MTD 1 ×

150 or 5 × 50 mg/kg daily) or subchronic oral treatments (42–
168 mg/kg daily for 31 days) did not induce dominant lethal
mutations. In contrast, 13 weeks of exposure of male mice to
drinking water containing 180–720 ppm NHMA concentra-
tion-dependently increased the frequencies of pre- and postim-
plantation embryonic losses. The concurrent studies of absorp-
tion, distribution, metabolism and elimination of 14C-NHMA
suggested that bioaccumulation might be responsible for the
dominant lethal effects in the long-term drinking water study.
The applied bioaccumulation model also indicated that the
total dose rather than the duration or route of exposure deter-
mined the genetic responses in male germ cells. Although these
studies were performed with relatively high doses, the results
point to the necessity of animal experiments with chronic expo-
sures for the detection of germ cell mutagens and for the
improvement of genetic risk quantification.
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Abstract. The present study reports for the first time on the
numerical and structural chromosome anomalies that sponta-
neously arise in aging cultured fibroblast cells of Amphibia.
The analyses were conducted on kidney fibroblasts of three
anuran species with extremely divergent genome sizes (Bufo
rubropunctatus, Scaphiopus holbrooki, Gastrotheca riobam-
bae), in the sixth up to the 14th culture passage. The chromo-
somal rearrangements were identified by means of the 5-bro-
modeoxyuridine/deoxythymidine (BrdU/dT) replication band-

ing technique. The aberrations can be either confined to a sin-
gle chromosome, or else involve all chromosomes of the karyo-
type. The most frequent structural aberrations in the cell cul-
tures of S. holbrooki and G. riobambae are tandem fusions
between two or more chromosomes. These tandem fusions
originating in vitro in long-termed cell cultures reflect the chro-
mosome mutations which also took place during amphibian
phylogenesis. 

Copyright © 2003 S. Karger AG, Basel

The manifold studies on chromosome repatterning that
occurred during the phylogeny of the Amphibia have been
reviewed repeatedly (Morescalchi, 1973; Schmid, 1980;
Schmid and Haaf, 1989; King, 1990). These comparative cyto-
genetic data permit close insights into the operant laws of
karyological evolution in amphibians. Thus, the classical com-
pilation of Morescalchi (1973) impressively demonstrates that
in all three amphibian orders (Anura, Urodela, and Apoda) the
number of microchromosomes and telocentric chromosomes
was reduced in favor of large meta- or submetacentric chromo-
somes during the evolution from primitive to highly specialized
genera. The evolution of karyotypes from the primitive genera,
which still possess microchromosomes and telocentric chromo-
somes alongside a few meta- or submetacentric chromosomes,
to the more highly evolved genera with exclusively biarmed
chromosomes is explained by assuming a series of tandem
fusions, centric (Robertsonian) fusions, and non-reciprocal
translocations taking place between the chromosomes.

The wealth of results obtained from these comparative cyto-
genetic studies has been facilitated mainly by the relatively easy
and fast techniques of chromosome preparation. These meth-
ods consist in using either short-term cultures of lymphocytes
or embryonic cells, or else directly the bone marrow, spleen,
gut, cornea, or gonads of animals treated previously in vivo
with colchicine. All these techniques reveal the constitutional
karyotype of the individuals examined and, with some very few
exceptions of occasionally found chromosome mutations, do
not offer the possibility to detect systematically all the sponta-
neously occurring, age-related chromosomal changes.

In contrast, there is no single report in the literature describ-
ing the chromosome aberrations arising in long-term amphibi-
an fibroblast cultures. The two major reasons for this are:
(1) Amphibian fibroblasts possess only a limited growth effi-
ciency under a variety of different culture conditions, the cells
usually giving up mitotic divisions before reaching the fifth cul-
ture passage, and (2) the induction of multiple banding patterns
with the classical G-, R- and Q-banding procedures for identifi-
cation of the individual chromosomes is not possible in meta-
phase chromosomes of amphibians.

The results presented in this article describe the different
categories of numerical and structural chromosome aberrations
that spontaneously occur in kidney fibroblasts of the anuran
species Bufo rubropunctatus (Bufonidae), Scaphiopus holbrooki
(Pelobatidae) and Gastrotheca riobambae (Hylidae). The chro-
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Fig. 1. (a) Giemsa-stained haploid karyotype of a male of Bufo rubropunctatus. (b) Silver-stained nucleolus organizer region (NOR) in
the chromosome 7 short arm. (c) Haploid karyotype showing BrdU/dT replication banding patterns. (d) Two pairs of Giemsa-stained,
normal structured chromosomes 7. (e–f) Aberrations of chromosomes 7 found in kidney fibroblasts from the sixth to the tenth culture
passage. (e) BrdU/dT-banded chromosomes 7 consisting of one normal (left) and an aberrant isochromosome 7p (right). (f) Selected Giem-
sa-stained isochromosomes 7p from five different metaphases depicting symmetrical arrangement of nuclear constrictions and terminal
satellites on both chromosome arms. (g) Selected silver-stained isochromosomes 7p from three metaphases showing distinct NOR labeling
in both chromosome arms. (h) Two pairs of BrdU/dT-banded chromosomes 7 consisting of one normal homolog (left) and one ring chromo-
some (right). (i) Normal chromosome 7 (left) and two tandemly fused chromosomes 7 (right). Note that both chromosomes 7 are fused at
their long arm telomeric regions with their NORs inserted at the fusion site.

mosomes were prepared from cells in the sixth up to the 14th
culture passage, and the chromosome aberrations were identi-
fied by means of the 5-bromodeoxyuridine/deoxythymidine
(BrdU/dT) replication banding technique.

Materials and methods

Animals and cell lines
One mature male individual each of Bufo rubropunctatus, Scaphiopus

holbrooki, and Gastrotheca riobambae was supplied by a specialized animal
dealer. The animals were kept in aquaterraria at 18–20 ° C and fed with
worms and flies. After sacrificing the animals with diethyl-ether, small kid-
ney pieces were removed to set up cell cultures. All procedures with the ani-
mals conformed to the guidelines established by the Animal Care Commit-
tees.

Cell cultures and BrdU treatment
The kidney samples were minced and cultured in MEM (Gibco) supple-

mented with 13% fetal calf serum (Boehringer) and 0.9% penicillin-strepto-
mycin (stock solution: 10,000 U/ml, Gibco). The cell cultures were main-
tained for 6 to 14 weeks as monolayer cultures in 25-cm2 flasks (Nunc), and
incubated at 26 °C under ordinary atmospheric conditions. Cells were har-
vested for chromosome analysis from subcultures using trypsin. Colcemid
(Gibco) was added 2 h prior to harvest at a final concentration of 0.15 Ìg/ml
of culture medium. Hypotonic treatment lasted 35 min at 37 °C in 0.027 M
sodium citrate. The technique used for fixation of the cells in acetic
acid:methanol (1:3) has been described previously (Schmid, 1978).

Replication banding patterns
All experiments were performed on non-synchronized cells of the sixth to

the 14th passage. 24 h before cell harvest, 100 Ìg/ml BrdU (Sigma) was add-
ed to the cultures. After 16 h, the cells were washed twice with conventional
culture medium and fed with medium containing 48 Ìg/ml deoxythymidine
(Sigma). Cultures were kept in this medium for the last 8 h. Differential stain-
ing of replication bands was achieved with a modified fluorescence-plus-

Giemsa (FPG) technique (Perry and Wolf, 1974). Slides were aged for 3 days,
then kept for 30 min in buffered 0.03 Ìg/ml eosin Y solution (Hazen et al.,
1985). Eosin Y (standard yellow, Fluka) was employed in preference to
Hoechst 33258 commonly used for the FPG technique because of the better
resolution of the replication bands. After rinsing the slides in distilled water,
the cells were UV irradiated for 30 min in buffer at a distance of 10 cm from
the UV lamp (254 nm) and 1 cm below the buffer level. The components of
the buffer used are: 0.03 M KCl, 0.15 M NaCl, 0.83 mM KH2PO4, adjusted
to pH 5.5. Subsequently, preparations were rinsed in fresh buffer, and incu-
bated in 2× SSC for 90 min (1× SSC = 0.15 M NaCl, 0.015 M sodium citrate).
Finally, the slides were stained for 6 min in 5% Giemsa solution (pH 6.8),
washed twice in distilled water and air-dried.

Regional banding of chromosomes
Demonstration of constitutive heterochromatin by C-banding and stain-

ing of nucleolus organizer regions with AgNO3 were performed according to
Schmid et al. (1983).

Photography and analysis of banding patterns
Microscopic analyses were conducted on Zeiss photomicroscopes III. All

photographs were taken on Agfaortho 25 ASA film. Each metaphase contain-
ing one or more chromosome aberrations was photographed, the chromo-
somes cut out from the prints, and affixed to double-sided tape in parallel
rows. This record system permits an easy identification of all chromosome
rearrangements and aneuploidies.

Results

Bufo rubropunctatus
In accordance with the results obtained by Formas (1978),

the South American toad B. rubropunctatus has 2n = 22 chro-
mosomes. As in most other Bufo species (Bogart, 1972), the
karyotype consists of six larger and five distinctly smaller meta-
or submetacentric chromosomes (Fig. 1a). A prominent nucleo-
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lar constriction is located in the chromosome 7 short arm
(Fig. 1a) that proves to be the nucleolus organizer region (NOR)
as shown by specific silver staining (Fig. 1b). By application of
the BrdU-replication banding technique a large number of
dark- and pale-stained replication bands are induced in the
chromosomes during the first half of the S-phase, most of them
being evenly distributed along the metaphase chromosomes
(Fig. 1c).

Among 50 metaphases of the sixth to tenth cell culture pas-
sage analyzed, 15 (30%) show a normal diploid karyotype with
two unaltered chromosomes 7 (Fig. 1d). In 27 metaphases
(54%), one of the chromosomes 7 is missing, and an isochromo-
some 7p is present instead (Fig. 1e). This metacentric isochro-
mosome 7p exhibits a perfect symmetry, with equal lengths of
the nucleolar constrictions and sizes of the terminal satellites
(Fig. 1f), as well as equal amounts of silver deposits (Fig. 1g) on
both sides of the centromeric region. In six metaphases (12%),
one of the chromosomes 7 is replaced by a ring chromosome
(Fig. 1h). The ring chromosome 7 shows two nucleolar constric-
tions located in opposition to each other. It cannot be decided
whether the ring chromosome 7 derived from the isochromo-
some 7p by telomeric fusion, or vice versa, if the isochromo-
some 7p is the product of a broken ring chromosome 7,
although the first alternative seems to be the more likely event.
Finally, in two of the cells (4%), a complex isoform of one chro-
mosome 7 is seen in addition to a normal chromosome 7
(Fig. 1i). In this particular rearrangement the two chromo-
somes 7 are fused in tandem at their long arm telomeric regions
with their NORs inserted at the fusion site.

Scaphiopus holbrooki
The conventional karyotype of the North American spade-

foot toad S. holbrooki has been reported by Wasserman and
Bogart (1968) and Morescalchi et al. (1977), and C-banding,
mithramycin fluorescence and BrdU/dT replication banding
were studied by Schmid et al. (2003). This species has 2n = 26
chromosomes, the pairs 1–6 being distinctly larger than pairs
8–13 (Fig. 2a). Pairs 3–5 have an acrocentric morphology, all
the remaining pairs are meta- or submetacentric. The NOR is
located in the chromosome 7 short arm. Constitutive hetero-
chromatin is present at the centromeric and telomeric regions
of all chromosomes, in the entire short arms of the acrocentric
chromosomes 3 and 5, proximally and distally to the NOR in
the chromosome 7 short arm, as well as interstitially in the peri-
centromeric regions of chromosomes 1–5 (Fig. 2a).

Fifty BrdU/dT-banded metaphases from the sixth to eighth
cell culture passage were analyzed. Thirty cells (60%) have a
normal karyotype, whereas in the remaining 20 metaphases
(40%) at least one numerical or structural chromosome aberra-
tion can be detected (Fig. 2). The prevalent anomalies are
monosomies (34.3%) and trisomies (31.3%). Examples of such
monosomic and trisomic cells are depicted in Fig. 2a, b, e–h).
Tetrasomies occur at a frequency of 6.5% (Fig. 2e, g). The chro-
mosomes most frequently involved in aneuploidies are 5, 7, 11
and 13. It is remarkable that the only structural aberrations
found consist of tandem fusions between two chromosomes,
like those shown in Fig. 2c–h. They amount to 27.9% of all
aberrations. The chromosome most frequently involved in

these tandem fusions is no. 1 (Fig. 2c–h). It is fused either with
a non-homologous chromosome (Fig. 2c, d, f, g), or else with its
own homolog (Fig. 2e, h). In most of the tandemly fused chro-
mosomes two centromeric constrictions can be discerned
(Fig. 2c–g). Both the long as well as the short arm of the various
chromosomes can participate in the tandem fusions. It should
be pointed out that in the 50 metaphases analyzed all the 13
chromosomes of S. holbrooki are involved in numerical and/or
structural aberrations. The lowest number of aberrations per
metaphase are simple trisomies (Fig. 2a), the highest number
consist of one to three trisomies, one tetrasomy, two to three
monosomies, and two tandem fusions (Fig. 2e–h).

Gastrotheca riobambae
The karyotype of this South American marsupial frog is one

of the best studied among the Anura (Schmid et al., 1983, 1986;
Schmid and de Almeida, 1988; Schmid and Klett, 1994). It is
distinguished by highly heteromorphic XY sex chromosomes.
The Y chromosome is considerably larger than the X chromo-
some and composed almost completely of constitutive hete-
rochromatin. The sole NOR in the karyotype is located in the X
chromosome short arm. This causes a sex-specific difference in
the number of ribosomal RNA genes of about 2(Y):1(=). No
cytogenetic indications were found for a possible inactivation
of one of the two X chromosomes in female cells. The banded
karyotype of G. riobambae has been described in detail by
Schmid et al. (1983), restriction endonuclease banding was
reported by Schmid and de Almeida (1988), and the BrdU/dT
replication banding patterns in metaphase chromosomes were
first presented by Schmid and Klett (1994). 

Thirty-six metaphases (72%) out of 50 metaphases from the
tenth to the 14th cell culture passage yield a normal karyotype.
In each of the remaining 14 cells (28%) at least three chromo-
some aberrations are present (Fig. 3). As in the cell cultures of
S. holbrooki, the most frequent anomalies are monosomies
(28.3%), trisomies (9.5%), and partial trisomies (9.5%). It
should be emphasized that in all 14 aberrant karyotypes the Y
chromosome is missing (Fig. 3). Apparently the loss of the com-
plete Y chromosome has no deleterious effects on cell growth
and function. This is understandable because the huge Y chro-
mosome mainly consists of constitutive heterochromatin with
its non-transcribed repetitive DNA sequences. In all normal
and aberrant karyotypes examined, the X chromosome (i.e.
chromosome no. 4) shows a normal structure (Fig. 3). Tetra-
somies of autosomes occur with a frequency of 2% (Fig. 3e).

Concerning the structural chromosome rearrangements,
again tandem fusions between two chromosomes represent the
most frequent category (25.7%). They involve autosomes 1, 2,
5, 7 and 8 (Fig. 3a, c–e). In two metaphases (6.7%) two pairs of
extremely large chromosomes are present (Fig. 3e) that are
interpreted to be the result of multiple tandem fusions between
more than two autosomes. However, the BrdU/dT replication
banding patterns in these huge chromosomes are too complex
to reveal their origin. Two cells (2.7%) contain a non-reciprocal
translocation between autosomes 3 and 11 (Fig. 3a). A centric
fusion of the acrocentric autosomes 9 and 13 is found in five
cells (6.7%) (Fig. 3e). A further centric fusion between the two
homologous acrocentric autosomes 11 is counted in another
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Fig. 2. (a–h) BrdU/dT-banded karyotypes of a male of Scaphiopus holbrooki prepared from kidney fibroblasts in the sixth to the
eighth culture passage. The chromosomes showing numerical and/or structural aberrations are framed. The abbreviations used are
as follows: (m) monosomy, (t) trisomy, (te) tetrasomy, (tf) tandem fusion. The black arrowheads beside the tandemly fused chromo-
somes mark the fusion site.

five cells (6.7%) (Fig. 3d, e). However, this condition can also
be explained assuming an isochromosome formation by one
homolog 11 plus a simultaneous monosomy of the other homo-
log, which of course, is a more complex chromosomal mutation
event. Finally, in a single metaphase (1.5%), an allocyclic or
prematurely condensed chromosome no. 1 is detectable
(Fig. 3f). 

Discussion

The only method that induces reliable multiple bands along
amphibian metaphase chromosomes, and herewith allows their
exact identification, is the 5-bromodeoxyuridine/deoxythymid-
ine (BrdU/dT) technique (Schmid et al., 1990b). BrdU/dT

replication bands were first obtained in bone marrow meta-
phase chromosomes of Rana esculenta, R. temporaria and Py-
xicephalus adspersus (Schempp and Schmid, 1981), and later
on in distinctly higher quality in chromosomes from cultured
fibroblasts or lymphocytes of 19 anuran species belonging to
the genera Rana, Hyla, Bufo, Xenopus, Gastrotheca, Litoria,
Odontophrynus, and Scaphiopus (Schmid and Steinlein, 1991;
Schmid and Klett, 1994; Miura, 1995; Miura et al., 1995; Wiley
and Little, 2000; Schmid et al., 2002, 2003).

The present work is the very first report focusing on chro-
mosome aberrations spontaneously originating in long-termed,
aging amphibian fibroblast cultures. It shows that the rearran-
gements can be either confined to a single chromosome, like in
B. rubropunctatus, or else involve all chromosomes of the
karyotype, like in S. holbrooki and G. riobambae.
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Fig. 3. (a–e) BrdU/dT-banded karyotypes of a male Gastrotheca riobambae prepared from kidney fibroblasts in the tenth to the
14th culture passage. The chromosomes showing numerical and/or structural aberrations are framed. The abbreviations used are as
follows: (cf) centric fusion, (cf/i?) centric fusion or isochromosome, (m) monosomy, (mtf) multiple tandem fusion, (pt) partial
trisomy, (t) trisomy, (te) tetrasomy, (tf) tandem fusion, (nt) non-reciprocal translocation. The black arrowheads beside the tandemly
fused chromosomes mark the fusion sites. The single chromosome 4 is the X sex chromosome. Note that in all karyotypes the X
chromosome is the only chromosome not involved in numerical or structural anomalies. The Y chromosome is missing in all cells.
(f) Giemsa-stained metaphase with an allocyclic or prematurely condensed chromosome 1.

In the B. rubropunctatus fibroblasts all aberrations detected
are restricted to one of the chromosomes 7. The most frequent
anomaly is an isochromosome 7p which most probably origi-
nated by a singular event (clonal origin) and has spread
throughout the cultures, rather than having arisen indepen-
dently in different cells. Most probably the ring chromosome
7p was derived from this isochromosome 7p. However, there is
no easy parsimonious explanation for the origin of the complex

tandem fusion of two chromosomes 7 with their NORs inserted
at their fusion site.

In both S. holbrooki and G. riobambae a variety of chromo-
some anomalies appear during senescence of their fibroblast
cultures, the most common ones being monosomies and tri-
somies that apparently are quite well tolerated by the cells. The
most frequent structural chromosome aberrations in the cell
cultures of both species are tandem fusions between two chro-



282 Cytogenet Genome Res 104:277–282 (2004)

mosomes that result in unusually large, mostly dicentric chro-
mosomes. The breaks preceding these tandem fusions are
located in the telomeric regions of the chromosomes, which in
all chromosomes of both species consist of constitutive hete-
rochromatin (Schmid et al., 1983, 2003). With regard to this
high rate of spontaneous in vitro tandem fusions it is important
to note the comparative cytogenetic investigation of Morescal-
chi (1973) which demonstrates that tandem fusions played one
of the principal roles during the evolution of amphibian karyo-
types (see Introduction). Furthermore, from a detailed compar-
ison between the late replication banding patterns induced in
the chromosomes of frogs belonging to the genus Rana it was
found that a tandem fusion between the two small chromo-
somes 11 and 13 in an ancestral 2n = 26 species has produced
the larger chromosome no. 6 in the 2n = 24 species (Miura et
al., 1995). It is conceivable that the structural chromosome
aberrations observed in vitro reflect the chromosome muta-
tions which also preferentially took place during amphibian

phylogenesis. This implies that the telomeric regions of am-
phibian chromosomes are prone to be involved in tandem
fusions and non-reciprocal translocations.

It must be emphasized that the various categories of chro-
mosome anomalies accumulating in aging amphibian fibro-
blast cells are not related to the genome size of the species
examined. Thus, although the various numerical and structural
chromosome changes in the fibroblast cultures of S. holbrooki
and G. riobambae are very similar, the genome sizes of the two
species are extremely divergent. Whereas S. holbrooki has one
of the smallest genomes found so far in vertebrates (2.0 pg
DNA per nucleus) (Schmid et al., 2003), the nuclear DNA con-
tent of G. riobambae amounts to 8.5 pg (Schmid et al., 1990a).
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Abstract. In the current study we present a view of events
leading to chemically induced DNA damage in vitro from both
a cytogenetic and molecular aspect, focusing on threshold
mediated responses and the biological relevance of DNA dam-
aging events that occur at low and high cellular toxicity levels.
Current regulatory mechanisms do not take into account chem-
icals that cause significant DNA damage only at high toxicity.
Our results demonstrate a defined threshold for micronucleus
induction after insult with the alkylating agent MMS. Other
results define a significant change in gene expression following
treatment with chemicals that give rise to structural DNA dam-
age only at high toxicity. Pairs of chemicals with a similar mode

of action but differing toxicity levels were chosen, the chemi-
cals that demonstrated structural DNA damage only at high
levels of toxicity showed an increase in heat shock protein gene
expression whereas the chemicals causing DNA damage events
at all levels of toxicity did not induce changes in heat shock
gene expression at identical toxicity levels. The data presented
indicates that there are a number of situations where the linear
dose response model is not appropriate for risk estimation.
However, deviation from linear risk models should be depen-
dent upon the availability of appropriate experimental data
such as that shown here.

Copyright © 2003 S. Karger AG, Basel

Current guidance on the testing of chemicals for their poten-
tial genotoxicity requires the determination of their ability to
induce structural (clastogenic) and numerical (aneugenic) chro-
mosome change as a critical stage of in vitro assessment (see
COM, 2000). A positive result in an in vitro cytogenetic study
can lead to the termination of further development of a com-
pound or to the decision to evaluate further using in vivo mod-
els. The primary model for the in vivo assessment of cytogenet-
ic activity is the rodent bone marrow micronucleus test which
has proved to be an effective test for determining whether cyto-
genetic activity in vitro is reproduced in whole animals.

However, even when in vitro positive results are not repro-
duced in the rodent bone marrow test, questions can arise con-
cerning compound distribution and relevant target tissues. In
such cases the detection of in vitro cytogenetic activity can raise
considerable problems as to the prediction of potential hazards
of exposure to the compound. The decision to terminate com-
pound development on the basis of positive in vitro cytogenetic
data may also lead to the loss of potentially valuable products.

The frequency of positive results obtained in the in vitro
cytogenetic assay in regulatory submissions is illustrated by two
data sets from Germany and Japan. Broschinski et al. (1998)
reported that of 776 new chemicals introduced in Germany
between 1982 and 1997, 25.2% produced positive results when
evaluated for potential genotoxicity using in vitro cytogenetic
assays. Comparable data sets for Japan published by Sofuni et
al. (2000) reported that 38.3% of the 1049 new chemicals eval-
uated under the 1973 chemical substances control law pro-
duced positive results when evaluated using in vitro cytogenet-
ic assays.

These high frequencies of positive results obtained using the
in vitro cytogenetic assays inevitably raise questions as to the
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biological relevance of such data. When positive in vitro cyto-
genetic data has been obtained, the assessment of potential in
vivo activity can involve considerable additional experimental
work. In this paper we address the biological relevance of in
vitro positive cytogenetic results by examining two situations:
i.e. 1) whether thresholds of cytogenetic activity can be demon-
strated at low doses for DNA reactive chemicals and 2) whether
chemicals which produce positive results only at toxic levels
produce patterns of gene expression indicative of a lack of bio-
logical relevance to the intact animal.

DNA reactive compounds may produce modifications
which potentially lead to the production of chromosome aber-
rations that can be observed and quantified in metaphase prep-
arations of in vitro cultured cells (Evans, 1984; Scott et al.,
1991). For such compounds, it has generally been assumed that
the hazard of genotoxic activity is most effectively represented
by a linear dose response model in which an increase in expo-
sure to a compound results in the production of genetic change,
including those of chromosome structure and number (for
review see Parry and Sarrif, 2000) in a dose related way. Such
an assessment is in contrast to that undertaken in most other
areas of toxicological evaluation where (when supported by
appropriate data) the assumption can be drawn that there are
exposure doses below which no adverse effects are produced,
i.e. there are thresholds of toxicological response. However,
there is now increasing information which demonstrates that
mammalian cells possess a range of cellular responses which
may limit the ability of DNA lesions to be processed into genet-
ic changes including the production of chromosome aberra-
tions. These processes include both error-free and error-prone
repair and the destruction of damaged cells by apoptosis and
necrosis (Friedberg et al., 1995). In the yeast Saccharomyces
cerevisiae comparisons between induced mutation frequencies
in repair proficient and repair deficient cultures demonstrate
that repair activity produces substantial reductions in the pro-
portion of DNA lesions resulting in mutations (reviewed by
Moustacchi, 2000). Similarly, Sofuni et al. (2000) demon-
strated that strains of Salmonella typhimurium defective in the
O6-methylguanine DNA methyl transferase genes produce mu-
tations at exposure concentrations of the alkylating agent meth-
yl methanesulphonate which did not show an effect in the
repair proficient strain.

In this paper we evaluate the dose response relationship for
the in vitro induction of micronuclei (as a measure of chromo-
some damage) by the alkylating agent methyl methane sulphon-
ate (MMS) in cultured mammalian cells. MMS preferentially
alkylates the N7 position of guanine (Beranek, 1990) which is
subsequently repaired by the DNA glycosylases of the base
excision pathway (Friedberg et al., 1995). If a threshold of
induction of chromosome aberrations can be demonstrated for
MMS this would provide the impetus to determine the mecha-
nisms and gene activities which reduce the biological relevance
of DNA reactive chemicals at low doses that may be relevant to
potential human exposures.

The concept of the high-toxicity clastogen has been dis-
cussed by a number of authors who have questioned the biolog-
ical relevance of chemicals which induce chromosomal change
only at toxic doses (Kirkland, 1992; Müller and Kasper, 2000).

When such activity is observed for a potential pharmaceutical
then decision as to the biological relevance can be based upon
associated data such as whole animal toxicity and the likeli-
hood of toxic conditions being reproduced under conditions of
clinical usage.

A variety of situations have been described where condi-
tions such as extremes of pH and osmolarity can result in the
induction of chromosome aberrations. These conditions can be
classified as not being relevant to whole animals, including
humans (Scott et al., 1991; Kirkland and Müller, 2000). In such
cases it can be reasonably simple to demonstrate that the
extreme conditions leading to clastogenic activity cannot be
achieved in vivo.

However, a number of chemicals can be shown to be capa-
ble of inducing chromosome aberrations in vitro only under
conditions of high toxicity which cannot be ascribed to extreme
cellular conditions (Armstrong et al., 1992; Galloway et al.,
1998; Vock et al., 1998). To investigate the potential biological
relevance of such high-toxicity effects, we have selected a range
of chemicals which induce micronuclei in cultured cells at eith-
er low or high levels of toxicity. The determination of the con-
centration ranges which result in significant induction of mi-
cronuclei can then be used to determine the profile of gene
expression changes occurring under the relevant exposure con-
ditions.

In this paper we have investigated the relationships between
in vitro dose response relationships for the induction of micro-
nuclei and the gene expression profiles of both low and high
toxicity clastogens to determine whether there are unique pat-
terns which can be associated with the clastogenic activity
under the various conditions. 

Materials and methods

Chemical selection
Methyl methane suphonate CAS 66-27-3 (MMS) was selected as an agent

which primarily produces N7 alkylations (reviewed by Beranek, 1990).
8-hydroxyquinoline CAS 148-24-3 (8-HQ) was selected as a compound

which produces oxidative damage at high levels of toxicity (Leanderson and
Tagesson, 1996) and 4-nitroquinoline-N-oxide CAS 56-57-5 (4-NQO) as a
compound which produces oxidative damage at low levels of toxicity (Nuno-
shiba and Demple, 1993).

Etoposide (4)-Desmethylepipodophyllotoxin 9-[4,6-O-ethylidene-ß-D-
glucopyranoside] Vp-16-213), CAS 33419-42-0 was selected as a topoisomer-
ase II enzyme inhibitor at low toxicity levels (Vock et al., 1998).

Amsacrine (Amsacrine hydrochloride; m-AMSA; 4-[9-Acridinylamino]-
N-[methanesulphonyl]-m-anasidine); CAS 54301-15-4 was selected as a
topoisomerase II enzyme inhibitor at high toxicity levels (Graziano et al.,
1996)

All test substances were freshly prepared as stock solutions in dimethyl
sulphoxide (DMSO). All chemicals were purchased as the highest purity sup-
plied by Sigma UK.

Cell culture and treatment procedure
The cell culture used in this study was a human lymphoblastoid line

AHH-1 (Crespi and Thilly, 1984). These cells were cultured in RPMI 1640
(BD Gentest) supplemented with 9% horse serum (BD Gentest) and 1% L-
glutamine (Gibco). The use of the AHH-1 cell line in the binucleate micronu-
cleus assay has been described in detail (Parry et al., 2002) and is based upon
the protocol developed by Fenech (2000). In this study, AHH-1 cells were
seeded at a concentration of 1.5 × 105 cells/ml in growth medium, gassed
with 5% CO2 and incubated at 37 °C for a cell cycle (22–24 h). Growing cells
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Table 1. Genes analysed on Q-series human stress and toxicity membrane array

Proliferation/carcinogenesis   
 CCNC (cyclin C), CCND1 (cyclin D1), CCNG1 (cyclin G), E2F1, EGR1, PCNA 

Growth arrest/senescence   
  CDKN1A (p2Waf1/p21Cip1), DDIT3, (GADD153/CHOP), GADD45A. GADD45B, IGFBP6, MDM2, PLAB, TP53  

Inflammation   
 CSF2 (GM-CSF), IL1A, IL1B, IL6, IL18, LTA (TNF b/Lt a), MIF, NFKB1, NOS2A (iNOS), SCYA3 (MIP -1a), SCYA4 (MIP-1b), 

SCYA21 (MIP-2), SCYB10 (IP 10), SERPINE1 (PAI-1) 

Necrosis/apoptosis:  
 Oxidative and metabolic stress CAT (catalase), CRYAB (a-Crystallin B), CYP1A1, CYP1B1, CYP2E, CYP7A1, CYP7B1, EPHX2, FMO1, FMO5, GPX1 (glutathione 

peroxidase) GSR (gluthathione reductase), GSTM3 (glutathione S-transferase M3),  HMOX1, HMOX2, MT1A, MT2A, MT1H,  POR, 
PTGS2 (cox-2), SOD1, SOD2 

 Heating stress DNAJA1, DNAJB4, HSF1 (tcf5), HSP105B (hsp105), HSPA1A (hsp70 1A), HSPA1B (hsp70 1B), HSPA1L (hsp70 1L), HSPA2 (hsp70 
2), HSPA4 (hsp 70), HSPA5 (grp78), HSPA6 (hsp70B), HSPA8, HSPA9B (mortalin -2), HSPB1 (hsp27), HSPCA (hsp90), HSPCB 
(hsp90 b), HSPD1 (chaperonin), HSPE1 (chaperponin 10)  

 DNA damage and repair    ATM, DDB1, ERCC1, ERCC3, ERCC4, ERCC5, RAD23A, RAD50, CHEK2 (RAD53), UGT1A9, UNG, XRCC1, XRCC2m XRCC4, 
XRCC5 

 Apoptosis signalling  ANXA5 (annexin v), BAX, BCL2L1 (bcl-x), BCL2L2 (bcl-w), CASP1 (caspasel/ICE), CASP8 (caspase8/FLICE, CASP10 (caspase-
10/mch4), NFKBIA (ikBa/mad3), TNF, TNFRSF1A (TNFR1), TNFSF6 (Fas Ligand), TNFSF10 (TRAIL), TRADD  

were exposed to test chemicals for one cell cycle. Two modified protocols were
used: 1) cells were washed after chemical treatment and then resuspended in
fresh growth medium and grown for a further cell cycle in the presence of
3 Ìg/ml of the actin inhibitor cytochalasin B; or 2) cytochalasin B was added
during the period of treatment with the test chemical. In both protocols, the
presence of cytochalasin B results in the production of binucleate cells from
cells that have undergone nuclear division but not cytokinesis.

Following fixation in 90% methanol, the cells were stained in 12.5 mg/
100 ml of acridine orange, slides were viewed using an Olympus BH2-RFCA
fluorescent microscope. The frequency of micronuclei in binucleate cells was
used as a measure of the induction of clastogenic and/or aneugenic damage
and the relative proportions of mononucleate/binucleate cells as a measure of
compound toxicity.

Gene expression profiles
The GE Assay Q series of membrane arrays contains 96 genes whose

expression changes are potential indicators of cellular stress and toxicity. The
membrane array monitors physiological processes classified into prolifera-
tion/carcinogenesis, growth arrest/senescence, inflammation and necrosis/
apoptosis. The genes analysed are listed in Table 1. 

The basic principles of the methodology are described in the manufactur-
er’s handbook and include the following steps: analysis of gene expression
using GEarray Q series Human Stress and Toxicity Pathway Finder Gene
Array. 

Preparation of annealing mix: for each RNA sample the following were
combined in a sterile PCR tube (0.2 ml): total RNA 1–5 Ìg/ml, GEAprimer
mix (buffer A), 3 Ìl, RNase-free water to a total volume of 10 Ìl. The sample
was mixed gently by pipetting followed by a brief centrifugation. The sample
was placed in a heating block at 70 °C for 3 min, cooled to 42 °C and kept for
2 min before adding labelling mix. 

Preparation of labelling mix: for each total RNA sample 10 Ìl of labelling
mix was prepared as follows (Table 2): Labelling reagents were combined in a
sterile PCR tube, mixed well by gentle pipetting followed by a brief centrifu-
gation and kept on ice until required.

Labelling reaction: 10 Ìl labelling master mix (pre-warmed to 42 ° C for
2 min) was transferred to each annealing reaction and samples were incu-
bated at 42 ° C for 90 min. The labelling reaction was stopped by the addition
of 2 Ìl of 10× stop solution (buffer C).

Denaturation: Denaturation of the labelled cDNA probe prior to hybrid-
isation on the array: 2 Ìl of 10× denaturing solution (buffer D) was added to
the labelled cDNA probe (20 Ìl) and incubated at 68 °C for 20 min. 20 Ìl of
2× neutralisation solution (buffer E) was added and incubation was contin-
ued at 68 °C for 10 min.

Hybridisation reaction: a) 3 ml of GEAhyb hybridisation solution was
warmed to 60 °C for each sample to dissolve solids. b) Sheared salmon sperm
DNA was denatured at 100 °C for 5 min and then chilled on ice before add-
ing to the prewarmed GEAhyb hybridisation solution to a final concentra-

Table 2. Labelling mix for RNA sampler

1 sample 2 samples 3 samples 

5  GEA BN buffer 4 8 12 
Biotin-16-UTP (1 mM) 2 4 6 
RNase inhibitor 1 2 3 
Reverse transcriptase (                       50 U/  l)       1 2 3 
               RNase free water 2 4 6 
           Final volume 10 20 30 

tion of 100 Ìg DNA/ml and kept at 60 °C until use. c) The array was made
wet by the addition of deionised water. d) 2 ml of GEAhyb hybridisation
solution as prepared in step (b) was added to the hybridisation tube. The
remaining 1 ml of solution was kept at 60 °C until step (g). e) The hybridisa-
tion tube was gently vortexed and placed into a hybridisation cylinder, pre-
hybridised at 60 °C for 1–2 h with continuous agitation at 5–10 rpm. f) The
pre-hybridisation solution was drained and discarded. g) The denatured
DNA probe was mixed with 0.75 ml of GEAhyb hybridisation solution from
step (b) and hybridised over night with continuous agitation at 60 ° C. h) The
membrane was washed twice with 5 ml of pre-warmed wash solution (2×
SSC, 1% SDS) for 15 min at 60 °C each time with agitation. i) The mem-
brane was washed twice with 5 ml of pre-warmed wash solution (0.1× SSC,
0.5% SDS) for 15 min at 60 °C each time with agitation. 

Chemiluminescent detection was performed at room temperature as fol-
lows: The arrays were blocked for 40 min by the addition of 1.5 ml GEA-
blocking solution Q and agitating. Solution Q was discarded and alkaline
phosphatase-conjugated streptavadin was diluted 1:7,500. 2 ml diluted AP-
streptavadin was added to the tube for 10 min with agitation. The membrane
was washed three times with 4 ml of 1× buffer F for 5 min with gentle vortex-
ing. After the final wash the membrane was rinsed twice with 3 ml buffer G.
The detection step was performed by adding 1 ml CDP-star substrate onto
each array for up to 2 min. The membrane was blotted and placed between
plastic sheets for 1 h before being developed and evaluated. 

The gene expression studies were performed under concentration condi-
tions which reduced cellular viability (measured by the binucleate cell fre-
quency) by 50 %.
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Fig. 1. The dose-response relationship for the induction of micronuclei after exposure to low doses of MMS.
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Fig. 2. Micronucleus assay data for the low tox-
icity chemical 4NQO.
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Results and discussion

Analysis of the dose-response relationships of methyl
methanesulphonate
The ability of the alkylating agent MMS to induce micronu-

clei was initially evaluated over a concentration range of 0–
10 Ìg/ml. Following this dose finding study, the relative fre-
quencies of induced micronuclei and reduction in binucleate
cells was measured over a concentration range of 0–2.5 Ìg/ml.
To assess the significance of micronucleus induction in the low

dose range, a minimum of 50 micronuclei were counted per
dose point. Figure 1 illustrates the dose-response relationships
for the induction of micronuclei and the binucleate cell fre-
quencies obtained after exposure to low doses of MMS. The
presence of a potential threshold for the induction of micronu-
clei at MMS exposures below 1 Ìg/ml can be seen in Fig. 1.

Following the demonstration of a potential threshold for the
in vitro clastogenic activity of MMS, we have investigated gene
expression changes following exposure to chemicals which we
have classified into low-toxicity clastogens and high-toxicity
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Fig. 3. Micronucleus assay data for the high toxicity chemical 8-HQ.
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clastogens. The basis for this classification of 4-NQO and eto-
poside as clastogens active at low-toxicity and 8-HQ and amsa-
crine as clastogens active at high-toxicity is described in Mate-
rials and methods.

All four test chemicals were evaluated for their ability to
induce micronuclei and reduce the binucleate cell frequency
over comprehensive dose ranges. Representative results of
these studies are shown in Fig. 2 for the low-toxicity chemical
4-NQO and in Fig. 3 for the high-toxicity chemical 8-HQ.
These results demonstrate substantial differences in dose-
response relationships. In the case of the low-toxicity chemical,
4-NQO, there was an approximately linear relationship be-
tween exposure dose and number of micronuclei over the con-
centration range of 20–80 ng/ml. In contrast, the high-toxicity
chemical induced increases in micronuclei only at the highest
tested dose of 10,000 ng/ml which produced substantial reduc-
tions in the binucleate cell frequency.

The gene expression profiles in the AHH-1 human lympho-
blastoid cells for the test chemicals were determined following
exposure to concentrations determined by their ability to
induce micronuclei in the in vitro binucleate cell micronucleus
assay. All the test chemicals were evaluated for their ability to
produce gene expression changes measured by the change in
intensity of individual gene spots on the array membranes of
the genes shown in Table 1 following 24 h exposure to concen-
trations which reduced the binucleate cell ratio by 50%.

The low-toxicity chemicals 4NQO and etoposide were eval-
uated for their ability to induce changes in the expression of
genes associated with cellular stress and toxicity. In no case
were we able to detect gene expression changes under condi-
tions where significant levels of micronuclei were induced (data
not shown).

Fig. 4. Comparison of gene expression profiles between (a) untreated
AHH-1 cells and (b) AHH-1 cells treated with 10 Ìg/ml 8-HQ for 24 h.

In contrast, under conditions which result in the induction
of micronuclei at high toxicity levels, both 8-HQ and amsacrine
produced a similar pattern of gene expression changes. Figure 4
illustrates a comparison of gene expression profiles of untreated
AHH-1 cells and cells exposed to 10 Ìg/ml of 8-HQ. Analysis of
the arrays indicates that the test chemical which induces micro-
nuclei only under conditions of high toxicity increases the
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expression of two basic classes of genes; i.e. heat shock proteins
HSPA2, HSPA1L, HSPA1B, HSPA1A, HSPA6, and metallo-
thioneins MT2A, MT1H and MT1A.

The gene expression changes produced by the high-toxicity
chemicals were confirmed by real-time PCR (data not shown).
These gene expression changes produced by the high toxicity
clastogens 8-HQ and amsacrine were confirmed in studies
comparing the alkylating agents MNNG (low-toxicity) and
ENU (high-toxicity) (data not shown).

The two groups of genes up-regulated by high-toxicity chem-
icals are classified as those which indicate exposure to severe

cellular stress. The heat shock proteins are usually expressed
under conditions of stress such as elevated temperature and
oxidative damage (Slater et al., 1981; Pelham, 1986; Milner
and Campbell, 1990). The metallothioneins are normally ex-
pressed in cells following heavy metal exposure and some
recent studies indicate that they play a protective role during
exposure to oxidative damage (You et al., 2002).

Our studies indicate that gene expression arrays provide a
valuable tool for the analysis of the biological significance of
chemicals which induce chromosome aberrations in vitro.
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Abstract. A human diploid lung fibroblast cell strain, TIG-
7, has a heteromorphic chromosome 15 with an extra short arm
carrying a homogeneously staining region (15p+hsr). We dem-
onstrated previously that the 15p+hsr consists of an inactive
and G+C-rich rDNA cluster characterized by fluorescence in
situ hybridization (FISH) and various chromosome banding
techniques. Thus, it was suggested that the region could contain
highly methylated DNA. To observe methylation status on the
target region directly under the microscope, we used a demeth-
ylating agent, 5-azacytidine (5-azaC), to induce decondensation
of the chromatin containing methylated DNA. At 24 h after

treatment with 0.5 ÌM 5-azaC, marked decondensation of the
15p+hsr was observed in almost all of the metaphases. Further-
more, we observed micronuclei, which were equivalent to the
rDNA of the 15p+hsr demonstrated by FISH in the same prep-
aration. In contrast, the DNA cross-linking agent mitomycin C
(MMC) preferentially induced 15p+hsr-negative micronuclei.
These findings indicated that chromatin decondensation and
subsequent DNA strand breakage induced by the demethylat-
ing effect of 5-azaC led specifically to 15p+hsr-positive micro-
nuclei.

Copyright © 2003 S. Karger AG, Basel

A human male diploid cell strain, TIG-7, was established at
Tokyo Metropolitan Institute of Gerontology (Yamamoto et
al., 1991). This fibroblast strain was originally derived from the
lung of a fetus from a physically normal Japanese mother. We
reported previously that TIG-7 has a heteromorphic chromo-
some 15 with an extra short arm carrying a homogeneously
staining region (15p+hsr) (Satoh et al., 1998). The 15p+hsr con-
sists of an inactive huge rDNA cluster characterized by rDNA-
specific FISH and Ag-NOR staining, and seemed to be G+C
rich according to the chromomycin A3 fluorescence pattern.
Thus, it was suggested that the region could contain highly
methylated DNA. Such heteromorphic variation of the short-

arm in human acrocentric chromosomes is rarely observed (So-
funi et al., 1980; Babu et al., 1986; Velazquez et al., 1991;
Friedrich et al., 1996). The results, however, are not always
consistent from the cytogenetic viewpoint, because chromo-
some samples with such alterations would be difficult to obtain
from primary cultures, and because it is difficult to perform
detailed examinations. The TIG-7 cells could be useful as a
model system in vitro for understanding the biological signifi-
cance of the heteromorphism.

The cytosine analogue 5-azacytidine (5-azaC) induces very
distinct decondensation in mammalian constitutive hetero-
chromatin, in particular in human chromosomes 1, 9, 15, 16,
and Y, as well as in facultative heterochromatin (inactive X
chromosome), when incorporated into late-replicating DNA
during the last hours of cell culture (Schmid et al., 1984a; Haaf
and Schmid, 2000). In addition, the decondensation results in
DNA strand breakage and micronucleus formation (Gutten-
bach and Schmid, 1994). Such demethylating effects of the
genome, which can be directly observed under the microscope,
have been restricted to large heterochromatic blocks. On the
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other hand, such chromatin decondensation is induced by oth-
er non-demethylating base analogs (Zakharov et al., 1974;
Tommerup, 1984; Ott et al, 1998) or AT-specific DNA ligands
(Marcus et al., 1979; Rocchi et al., 1979; Schmid et al., 1984b;
Haaf et al., 1989). So, if demethylation-specific chromatin
decondensation can be detected directly under the microscope,
it will be helpful to understand the relationship between gene
expression and chromatin condensation from an epigenetic
viewpoint.

In the present study, in order to observe demethylating
effects on the target 15p+hsr (a huge rDNA cluster) of TIG-7
directly in the microscope, we set up an experiment involving a
combined 5-azaC treatment and FISH technique. Not only
metaphase but also interphase cytogenetic analyses were per-
formed, focusing especially on micronucleus formation. Cells
were also treated with mitomycin C (MMC), a DNA cross-link-
ing agent. Possible applications of micronucleus assay using
TIG-7 cells to evaluate demethylating effects of chemicals are
discussed.

Materials and methods

Cell culture, chemical treatment and sample preparation
Human lung fibroblasts, TIG-7 cells (Yamamoto et al., 1991) were main-

tained as exponentially growing cultures in Eagle’s minimum essential
medium (MEM) supplemented with 10% fetal bovine serum. The cultures
were incubated at 37 °C in 5% CO2 and 100% humidity. In this experiment,
we used cells after 30 passages. The chromosome number was 46 (= 2n), and
the cell doubling time was approximately 20–22 h. The cells were seeded into
60-mm plastic plates with 5 ml of culture medium and 1 × 104 cells/ml, cul-
tured for 48 h, and then continuously treated with 0.25, 0.5 and 1.0 ÌM
5-azaC (Sigma) or 0.1 Ìg/ml MMC (Sigma) for 24 h until cell harvest (24–
0 h). The chemicals were dissolved in saline and added to cultures at an
appropriate final concentration, in such a way that the final concentration of
saline in cultures was 10% (v/v). In another set of experiments cells treated
with 0.5 ÌM 5-azaC or 0.1 Ìg/ml MMC for 24 h were washed with phos-
phate-buffered saline (PBS) and cultured with fresh medium for a further
24 h (24–24 h) or 48 h (24–48 h).

The cells were treated with 0.1 Ìg/ml colcemid for 2 h and harvested by
trypsinization (0.25%) at each sampling time, 24–0, 24–24, and 24–48 h. In
the 5-azaC-treated 24–0 h group, survivors were counted by trypan blue
staining to evaluate the cytotoxic effects of 5-azaC. Metaphase and inter-
phase slide preparations were made by the air drying technique involving
hypotonic treatment with 0.075 M KCl for 20 min followed by fixation with
cooled methanol-acetic acid (3:1).

FISH and cell observation
To visualize rDNA, two different human rDNA plasmid probes were

prepared; pHr21Ab (5) portion) containing a 5.8-kb EcoRI fragment consist-
ing of a portion of the 18S gene and the nontranscribed spacer sequence
(NTS) region, and pHr14E3 (3) portion) containing a 7.3-kb EcoRI fragment,
mainly 28S (Health Science Research Resources Bank). The whole plasmid
was nick translated with digoxigenin (DIG)-11-dUTP (Roche) according to
the manufacturer’s instructions.

The DIG-labeled DNA probe (200 ng) was added to SpectrumGreen
direct-labeled chromosome 15-specific ·-satellite hybridization mixture (Vy-
sis), and applied to each slide. Hybridization was performed according to the
manufacturer’s instructions. The DIG-labeled probe was visualized by the
standard DIG-rhodamine detection system (Roche), which produces a fluo-
rescent signal at the site of hybridization.

After the hybridization, the slides were counterstained with 0.1 Ìg/ml
4,6-diamidino-2-phenylindole (DAPI) solution. Slide preparations were ob-
served using a 100× objective lens (Olympus BX51), and chromatin decon-
densation and micronuclei were checked in 100 metaphase and 1000 inter-
phase cells, respectively. The dual-color hybridization signals were captured

by a monochrome cooled CCD camera (Roper Scientific CoolSNAP HQ)
and merged by image analysis software (MetaMorph) attached to the fluores-
cence microscope system.

Results and discussion

Chromatin decondensation of 15p+hsr induced by 5-azaC
treatment
rDNA probes for FISH analysis hybridized with secondary

constrictions of the D- and G-group chromosomes, and with
the target 15p+hsr (Fig. 1a).

After 5-azaC treatment for 24–0 h at a dose of 0.5 ÌM,
15p+hsr of TIG-7 cells was specifically decondensed when
compared to the solvent-treated group (Fig. 1b, c). This result
suggested that 15p+hsr contains highly methylated DNA. Since
15p+hsr is constructed of a G+C-rich and inactive rDNA clus-
ter (Satoh et al., 1998), it is possible that 15p+hsr could be
formed by rDNA amplification due to unequal sister chroma-
tid exchange (SCE) as discussed for human cells by Holden et
al. (1987) and Friedrich et al. (1996) and by Satoh and Obara
(1995) for other mammalian cells. At treatments with 0.25–
1.0 ÌM 5azaC for 24–0 h, almost all metaphases showed the
specific decondensation (1 80%), and surviving cells were not
significantly decreased even at the highest dose of 1.0 ÌM 5-
azaC (1 80%) (Fig. 3). In this experiment, demethylation by
5-azaC did not affect rDNA activation of 15p+hsr when
checked with Ag-NOR-staining (data not shown). As we have
no data regarding successive changes after treatment, it could
be important to analyze whether the 15p+hsr will express
rDNA activity. For this purpose, 5-azadeoxycytidine treatment
or combination with CpG demethylation by 5-azaC analogs
and inhibition of histone deacetylation by trychostatin A may
be more effective as previously described (Ferraro and Lavia,
1985; Giancotti et al., 1995; Malheiro et al., 1995; Glyn et al.,
1997; Belyaev et al., 1998).

On the other hand, the chromosome 15 ·-satellite region
was not susceptible to the demethylating effect of 5-azaC
(Fig. 1). This finding is consistent with previous reports that
5-azaC decondenses paracentromeric heterochromatin con-
taining classical satellite DNA sequences, whereas centromeric
·-satellite DNAs remain compact (Kokalj-Vokac et al., 1993;
Fernandez et al., 1994). In our investigation with 5-azaC treat-
ment for 24–0 h, centromeric heterochromatin decondensation
of chromosomes 1, 9, 15, 16, and Y (Schmid et al., 1984a, Haaf
and Schmid, 2000) was only rarely observed. Since these hete-
rochromatin decondensations occur when 5-azaC was added
during the late S phase, cells with chromosome loss might not
survive during cell cycle progression. The decondensation re-
sponse of the 15p+hsr could be essentially different from that of
the constitutive heterochromatin.

Micronucleus formation after treatment of 5-azaC and
MMC
In almost all interphase cells of solvent control, the clustered

rDNA FISH signal specific to 15p+hsr (Fig. 2a colored in red)
was tightly associated with one of the chromosome 15 ·-satel-
lite FISH signals (Fig. 2a colored in green). In contrast, after
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Fig. 1. rDNA/chromosome 15 ·-satellite
FISH (upper panel) and inverted DAPI (lower
panel) images of metaphase spreads. (a, a)) Nor-
mal metaphase with the 15p+hsr-not decon-
densed from the solvent control group. (b, b)) The
15p+hsr-specific chromatin decondensation after
0.5 ÌM 5-azaC treatment (24–0 h). (c, c)) Partial
metaphase with 15p+hsr decondensation. rDNA
signals of 15p+hsr are identified by red (arrows)
and chromosome 15 ·-satellite signals by green
fluorescence (asterisks).

Fig. 2. Micronuclei images with rDNA/chro-
mosome 15 ·-satellite FISH of interphase cells
after 0.5 ÌM 5-azaC treatment (24–0 h). (a) Nor-
mal interphase without micronucleus formation
from the solvent control group. (a)) Inverted
image of (a) counterstained with DAPI.
(b–d) rDNA-positive micronuclei derived from
15p+hsr. (b)) Inverted DAPI image of (b).
(e, f) rDNA-positive micronuclei including
15p+hsr and other chromosome materials.
(g, h) Micronucleus formation derived from chro-
mosome breakage within 15p+hsr. (i) Micronu-
cleus including 15p+hsr and chromosome 15 ·-
satellite. (j) rDNA-negative micronucleus forma-
tion. rDNA signals of 15p+hsr are colored in red
and chromosome 15 ·-satellite signals are colored
in green. Arrows indicate micronuclei.

treatment with 0.5 ÌM 5-azaC for 24–0 h, the clustered rDNA
was separated from the ·-satellite and predominantly excluded
into micronuclei (Fig. 2b). The rDNA-positive micronuclei
showed several variations depending on the chromatin break-
points (Fig. 2c–i). On the other hand, most of 0.1 Ìg/ml MMC-
induced micronuclei were rDNA negative (Fig. 2j).

The frequencies of micronuclei following treatment with 5-
azaC and/or MMC are shown in Fig. 4. At doses of 0.25–
1.0 ÌM and 24–0 h treatment times approximately 20% of

5-azaC-treated cells had micronuclei. MMC at a dose of
0.1 Ìg/ml for the same treatment time induced cells with micro-
nuclei at a lower frequency (! 5%) (Fig. 4, left). After treatment
with 5-azaC at a dose of 0.5 ÌM, we recovered the cells for 24–
24 and 24–48 h. At both recovery periods, micronucleus forma-
tion was maintained, although their frequencies were slightly
decreased (approximately 15%). In contrast, MMC-induced
micronuclei were observed with a relatively higher frequency
(110%) when compared with that at 24–0 h (Fig. 4, right).
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Fig. 3. Cell survival (%) and percent of meta-
phases with 15p+hsr decondensation in cultures
treated with 5-azaC at 0 (solvent control), 0.25,
0.5 and 1.0 ÌM for 24–0 h. One hundred meta-
phase spreads were observed at each chemical
treatment.

Fig. 4. Percent of interphase cells with micronuclei induced by 5-azaC or MMC treatment. One thousand interphase cells were
observed at each experimental condition. (right) 0* indicates the solvent control group at 24–0 h.

Table 1. Distribution of 15p+hsr (rDNA)-specific hybridization signals in micronuclei after 5-azaC or MMC treatment in
TIG-7 cells for 24–0 h

Treatment        

Saline (solvent) (100) a - - - - - - 
5-azaC 0.25 M 8 84 2 2 2 - 2 
5-azaC 0.5  M 6 82 4 4 2 - 2 
5-azaC 1.0   M 8 78 4 6 - 2 2 

MMC 0.1 g/ml 8 12 - 4 - - - 

Large open circle, cell nucleus; small open circle, rDNA-negative micronucleus; small closed circle, rDNA-positive micronucleus; a small 
closed circle inside a large open circle; a rDNA-positive FISH signal within a cell nucleus (not micronucleus). Numbers are percentages. 
a In the case of solvent control only one interphase with an rDNA-negative micronucleus was observed. 
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Table 2. Distribution of 15p+hsr (rDNA)-specific hybridization signals in micronuclei after 5-azaC or MMC treatment in
TIG-7 cells for 24–0, 24–24 and 24–48 h

Treatment        

5-azaC 0.5 M        
24–0 6 82 4 4 2 - 2 
24–24 8 68 2 20 - - 2 
24–48 10 72 - 12 2 - 4 

MMC 0.1 g/ml        
24–0 8 12 - 4 - - - 
24–24 82 8 4 4 - - 2 

Large open circle, cell nucleus; small open circle, rDNA-negative micronucleus; small closed circle, rDNA-positive micronucleus; a small 
closed circle inside a large open circle; a rDNA-positive FISH signal within a cell nucleus (not micronucleus). Numbers are percentages. 

Furthermore, we classified cells with micronuclei according
to rDNA FISH patterns as described by Guttenbach and
Schmid (1994) (Tables 1 and 2). In total, 50 interphases with
micronuclei at each cell preparation were observed. As shown
in Table 1, in the 5-azaC-treated groups, more than 90% of
micronuclei were rDNA positive at all doses. In contrast to this,
MMC-induced micronuclei were predominantly rDNA nega-
tive (1 80%). These results suggested that DNA of 15p+hsr was
demethylated by 5-azaC treatment and subsequent DNA
strand breakage specific to the 15p+hsr induced rDNA-positive
micronuclei. MMC treatment induced DNA strand breakage
on other chromosome materials and rarely attacked the
15p+hsr. The recovery experiments gave the same results
(Table 2).

Micronucleus formation after treatment with the demethy-
lating agent, 5-azaC was reported previously (Guttenbach and
Schmid, 1994; Cimini et al., 1996; Fauth et al., 1998). In these
reports, the investigators paid special attention to chromosom-

al breakage in constitutive heterochromatin. In our experimen-
tal system using TIG-7 cells, the most important point was that
only one target 15p+hsr within the genome was detected as a
huge rDNA cluster in interphase cells. Since this region was not
constitutive heterochromatin but a methylated rRNA gene-
coding region, evaluation of the demethylating effect could be
performed more clearly in relation to epigenetic significance.

Recently, a validation study of the in vitro micronucleus test
to evaluate environmental mutagens has been performed posi-
tively (Matsushima et al., 1999). Chromosomal aberration
assays require very high technical skill and scientific experi-
ence. In contrast, a micronucleus assay is relatively simple and
clearer judgement is possible compared to the former. The
15p+hsr-targeted micronucleus formation and rDNA detection
assay using TIG-7 might be a useful cytogenetic screening sys-
tem to evaluate epigenetic influences on the genome, especially
the demethylating effect of novel chemicals.
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Abstract. We studied micronucleus frequencies in former
German uranium miners of the Wismut SDAG (Sowjetisch-
Deutsche Aktiengesellschaft). Various other groups were ana-
lyzed for comparison (individuals with lung tumors or lung
fibrosis, controls). We had shown previously that micronucleus
frequencies were not different among the various groups. Dif-
ferences were observed, however, when centromere-positive
and -negative micronuclei were distinguished. In the analyses
presented here, we looked for the effects of smoking habits,
alcohol consumption, vitamin uptake, chronic diseases, aller-
gies, doing sports, Á-GT (gamma-glutamyltranspeptidase), lym-
phocyte numbers, CEA (carcinoembryonic antigen), X-ray

diagnostics, computer tomographies, and scintigraphies. With
the exception of more than one scintigraphy carried out during
the last four months before micronucleus analysis, none of the
factors mentioned above significantly affected micronucleus
numbers. One result deserves specific attention: individuals
with low percentages of binucleated lymphocytes after in vitro
cytochalasin B exposure showed higher micronucleus frequen-
cies than those individuals with high percentages of binu-
cleated cells. The same result was obtained for various other
populations that we monitored in the past.

Copyright © 2003 S. Karger AG, Basel

Some years ago, we, together with a couple of other groups,
published results of a biomarker study in former German uran-
ium miners (Popp et al., 2000). Our contribution to this study
was, among some other endpoints, the evaluation of micronu-
clei in peripheral lymphocytes. In that study, it was reported
that no significant differences in micronucleus numbers were
observed, when controls, uranium miners, lung tumor patients,
and patients with lung fibrosis were compared. Figure 1 sum-
marizes those results. Marked differences between controls and
uranium miners, however, were observed, when centromere-
positive and -negative micronuclei were distinguished (Streffer
et al., 1998; Kryscio et al., 2001). These differences were attrib-
uted to a possible genomic instability in uranium miners.

The publication mentioned above (Popp et al., 2000) was
intended as a pilot study comparing various biomarkers and,
thus, did not give very detailed information on the micronu-
cleus results. This will be done in the article presented here.

Materials and methods

Details of the micronucleus analysis in peripheral blood lymphocytes
based upon the cytochalasin B technique (Fenech and Morley, 1985) have
been published already (Gantenberg et al., 1991). Information on the various
groups analyzed in the pilot study of the usefulness of biomarkers in uranium
miners have also been published (Popp et al., 2000). The Wismut group com-
prised 106 individuals; for various reasons, only 85 could be included in the
analyses presented in this article.

As a measure of radiation exposure so-called “radon equivalents” (Rn
equiv. expressed in WLM = working level months, the unit used to describe
radon and radon daughter exposure) were used. These radon equivalents
include the exposure to radon and radon daughters, by long-living alpha-
emitting radionuclides, and by external Á exposure. The concept was devel-
oped by W. Jacobi based upon data ascertained by F. Lehmann and presents
an update of the concept outlined previously (Jacobi et al., 1997).

For testing statistical differences, the Mann-Whitney U test or the Krus-
kal-Wallis test were performed using GraphPad Prism version 4.00 for Win-
dows (GraphPad Software, San Diego California USA). The same software
package was used to calculate all regressions.
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Fig. 1. Comparison of micronucleus frequen-
cies in age- and gender-matched controls, uran-
ium miners, lung tumor patients (either with a
smoking or asbestos history), and patients with
lung fibrosis.

Results

As mentioned above (Fig. 1) and as published previously
(Popp et al., 2000), we did not find statistically significant dif-
ferences in micronucleus frequencies among the various groups
analyzed (controls, uranium miners, lung tumor patients, and
patients with lung fibrosis). An interesting question is, of
course, whether the amount of radiation exposure is reflected
by the number of micronuclei found in the peripheral lympho-
cytes of the uranium miners. Figure 2 shows that this is defi-
nitely not the case. If at all, then one observes a slight decline in
micronucleus frequency with the increase of exposure; this
decline, however, is statistically not significant.

One has to keep in mind, that most of the workers stopped
being exposed many years ago (e.g. 50 out of the 85 analyzed
were exposed until 1970 only, and from the remaining 25 who
worked after 1970, only 12 worked until the close down of the
facility in 1990). In addition, the workers with the highest expo-
sures per year were those who worked before 1955. In order to
find out, whether there is a time factor involved, we analyzed
separately those miners who were employed before 1955 only,
before and after 1955, and after 1955 only. In addition, we
looked in those three time intervals for the miners that received
an exposure below and above the median of the corresponding
group. Figure 3 shows the results of these analyses. Statistically
there was no difference among all the groups (Kruskal-Wallis
test; P 1 0.05). Even more surprising was that the micronucleus
numbers showed a trend to lower values in the groups with the
highest exposures, although none of these differences was sig-
nificant (Mann-Whitney U test; P 1 0.05).

A result that might need some intense reflection is shown in
Fig. 4. There is a pronounced and statistically significant de-
pendence between micronucleus frequency and the degree of
binucleation. Individuals with a high percentage of binucleated
cells show less micronuclei than those with low binucleation
percentages. When we detected this relationship, we checked
all of our bigger data sets analyzed in the past (controls, individ-
uals handling cytostatica, children in the vicinity of Chernobyl,
Russian children not affected by the Chernobyl accident). In all
cases we found the same relation between micronucleus fre-

Fig. 2. Relation between radiation exposure and micronucleus frequen-
cies in former uranium miners.

Fig. 3. Dependence of micronucleus frequencies on time of employment
and on exposure to radionuclides below and above the median.

quency and binucleation as described in Fig. 4 at high statisti-
cal significance (P ! 0.01).

In the course of the study, many individual characteristics
were recorded: smoking habits, alcohol consumption, vitamin
uptake, chronic diseases, allergies, doing sports, Á-GT (gamma-
glutamyltranspeptidase), lymphocyte numbers, CEA (carci-
noembryonic antigen), X-ray diagnostics, computer tomogra-
phies, and scintigraphies. It is obvious that we were interested,
whether any of these parameters affected micronucleus fre-
quencies, being well aware that such an approach can be used as
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Fig. 4. Relation between micronucleus frequencies and binucleation in
uranium miners (a) and all individuals in the study (b).

a hypothesis generating procedure only, because of the multiple
testing problem. Thus, we looked for the effects of the parame-
ters mentioned above on micronucleus frequencies in the fol-
lowing groups: all individuals in the study (n = 320; please note:
because of missing data not all could be evaluated in all tests;
this also applies to the other groups), uranium miners (n = 106),
all non-uranium miners (n = 214), and controls (23).

Of all the parameters mentioned above, there was only one
that was somewhat conspicuous: more than one scintigraphy
during the past four months before micronucleus analysis
(Fig. 5). The number of individuals receiving more than one
scintigraphy was very small (15 with two and 1 with four scinti-
graphies). This might be the reason why the difference between
the medians was not significant (P 1 0.05; Mann-Whitney U
test). It could be interesting, however, to check the effect of
scintigraphies on micronucleus frequencies in a study designed
specifically for this purpose.

Discussion

At a first glance, it might be surprising that a population like
uranium miners that was exposed to ionizing radiation for
many years does not show higher micronucleus frequencies
than controls. There are, at least, two aspects, however, that

Fig. 5. Effect of the number of scintigraphies
during the last four months on micronucleus fre-
quencies.

must be kept in mind. Firstly, the exposure was a chronic and
not an acute one. Micronuclei are particularly valuable in the
latter case and less so, if at all, after chronic exposures (Müller
et al., 1995). Secondly, the miners with the highest exposures
were working at the Wismut SDAG a long time ago (between
1946 and 1955). Thus, the body had plenty of time to get rid of
damaged lymphocytes. As the working conditions improved
afterwards (better ventilation, wet drilling), markedly lower
exposures were received since about 1955. 

The result described in Fig. 4 was unexpected: individuals
with a low percentage of binucleated cells showed higher micro-
nucleus frequencies than those with high percentages of binu-
cleated cells. In a first attempt to explain this result, one might
suspect a radiation effect on cell proliferation. This, however,
can be ruled out for the following reasons. First of all, there was
no dependence between radiation dose and binucleation (data
not shown; P 1 0.1), so that cell proliferation was not affected
by the radiation doses received by the miners. In addition, the
same result was obtained for Wismut employees (Fig. 4a) and
for the entire cohort of the study presented here (Fig. 4b),
including 237 individuals without a radiation exposure. Fur-
ther support comes from the observation that identical results
were obtained for controls and for various other groups not
exposed to ionizing radiation (e.g. Russian children not af-
fected by the Chernobyl accident, smokers with lung tumors,
individuals with lung fibrosis, technicians handling cytostat-
ica).

A plausible explanation might be the following one. If a low
frequency of binucleated cells is an indication of a compara-
tively high amount of damage to lymphocytes, this high
amount of damage might also be reflected by high micronu-
cleus numbers. Indications for such a mechanism have been
found after radiation exposure (e.g. Hoffmann et al., 2002). As
outlined above, we observed this inverse relation between binu-
cleation and micronucleation also without radiation exposure. 

One must be careful, however, not to be mislead by the
method itself. We do know, for example, that the optimum
time point of the addition of cytochalasin B is crucial and can
be different from individual to individual (Gantenberg et al.,
1991). In the analyses presented here, cytochalasin B was given
at the same time point for all donors. If, in the cases of low
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percentages of binucleated cells, the lymphocytes proliferated
faster than in those cases with high fractions of binucleated
cells, it is most likely those lymphocytes with the least damage,
i.e. the lowest micronucleus numbers, that escaped the cyto-
chalasin B block, resulting in high micronucleus frequencies in
those samples with low percentages of binucleated cells. This
consideration shows that additional analyses are necessary,
before one can draw firm conclusions. In any case, the observa-
tion seems to be interesting and worth being followed.

One of the major goals of the original study was to look
whether employment in a uranium mine resulted in higher
micronucleus frequencies in peripheral lymphocytes compared
to various other populations (controls, individuals with lung
tumors or lung fibrosis). Thus, the study was not designed to
evaluate the effects of specific factors on micronucleus frequen-
cies. On the other hand, we had detailed information on var-
ious characteristics of the individuals included in the study, so
that we could use this information at least for hypothesis gener-
ation. That most of the factors did not affect micronucleus fre-
quencies is not very surprising, because, based on the experi-
ences in the past, effects by most of these factors are either
absent or small, so that in some studies they do show an effect,
in others they do not (Müller and Streffer, 1994). In our analy-

sis, only more than one scintigraphy during the last four
months before micronucleus determination showed an enhanc-
ing effect on micronucleus frequencies. Unfortunately, we do
not have the information on the type of scintigraphy per-
formed, so that we cannot give details with regard to the radia-
tion doses. But it might be interesting to study the role of scinti-
graphies on micronucleus production in an analysis specifically
designed for this purpose.

In the future a second goal of the original study will be
touched: is it possible to predict lung tumors in uranium miners
using micronucleus results? Some of the miners showed con-
spicuously high micronucleus frequencies, and there are indica-
tions that high frequencies of damaged chromosomes indicate a
high tumor risk (Hagmar et al., 1994; Bonassi et al., 1995),
although the data obtained for micronuclei so far are not very
encouraging and statistically far from being significant (Hag-
mar et al., 1998).
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Abstract. We have developed a simple liver micronucleus
assay using young rats (up to 4 weeks old) to assess cytogenetic
damage of chemicals in liver cells. Diethylnitrosamine (DEN)
was used as a model rodent hepatocarcinogen in this study.
Compared to the partial hepatectomy method most commonly
used for the liver micronucleus assay, the present assay method
showed equal or even higher practicability. The young rat liver
micronucleus assay was also characterized for rat strain differ-
ences, sampling time after treatment, single treatment vs. split
treatment, age of animals, administration route, and staining

method. Although based on one model chemical, we propose an
acceptable protocol for the micronucleus assay using young rat
liver as follows: Up to 4-week-old rats should be used; oral or
intraperitoneal administration can be used; single or repeated
treatment protocols can be applied; sampling time is 3–5 days
after the last treatment; hepatocytes are prepared by the colla-
genase perfusion method; and cells are stained with the AO-
DAPI double staining method.

Copyright © 2003 S. Karger AG, Basel

Micronucleus assays have been widely performed using
bone marrow cells to assess the clastogenic potential of chemi-
cals in vivo. Since bone marrow (BM) is one of the continuously
proliferating tissues in adult animals, it has been used as a com-
mon target organ for cytogenetic studies. However, it is well
known that some compounds need metabolic activation in the
liver, and it has been pointed out that some pro-mutagens elicit
a negative response in the BM micronucleus assay (Morita et
al., 1997). It may be considered that some active metabolites
have a very short lifespan and do not reach the BM at sufficient
concentrations to induce micronuclei. In fact, some rodent liv-
er carcinogens, including di-alkyl-nitrosamines, nitro aromatic

compounds, and azo derivatives, gave negative results in a BM
assay (Angelosanto, 1995). It is worthwhile, therefore, to con-
sider the selection of other organs for evaluating genotoxicity of
test chemicals, especially the liver for detecting liver carcino-
gens. The use of suitable organs for genotoxicity determination
is also recommended in the guidance proposed by the Commit-
tee on Mutagenicity of Chemicals in Food, Consumer Products
and the Environment (Committee on the Mutagenicity of
Chemicals, 2000).

In recent years, various investigators have tried to develop a
liver micronucleus assay. Due to extremely low mitotic activity
in adult animals, procedures require mitotic stimulation of liv-
er cells together with treatment of animals with test chemicals.
Tates et al. (1980) reported a method comprising partial hepa-
tectomy (PH) before or after chemical treatment for the liver
micronucleus assay. The division of hepatocytes is stimulated
by PH, and positive responses were obtained in induction of
micronuclei in liver cells after treatment with liver carcinogens
that gave negative results in the BM assay. Other investigators
also evaluated the chemical clastogenicity potential in the liver
by the PH method (Cliet et al., 1989; Roy and Das, 1990; Mere-
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to et al., 1994; Zhurkov et al., 1996). There are, however, two
shortcomings in the PH method: 1) Technically it is not easy to
perform successful hepatectomy on all animals used in the
assay, and 2) it has been reported that cytochrome P450, sty-
rene mono-oxygenase, epoxide hydrolase, and glutathione-S-
epoxide transferase activities decreased by 50, 35, 50, and 35%,
respectively 12 h after PH (Rossi et al., 1987). 

Another method used 4-acetyl aminofluorene (4AAF), a
mitogen for liver cells (Braithwaite and Ashby, 1988), to acti-
vate cell proliferation. In this method, the possibility of interac-
tion with the test chemical has not been ignored (Parton and
Garriott, 1997). An in vivo/in vitro assay system has also been
reported, i.e., after treatment of animals with test chemicals in
vivo, hepatocytes were collected and primary cell cultures were
established with growth factors before cell harvest for slide
preparation (Sawada et al., 1991). However, this in vivo/in
vitro method is labor-intensive, costly and time consuming;
thus it has not been used as a routine method to evaluate chem-
ical clastogenicity in the liver.

The use of proliferating tissue is a prerequisite for the micro-
nucleus assay. In 4-week-old rats, the hepatocytes are still pro-
liferating, and the percentage of S phase cells is more than 40
times higher than in adult rat liver (Parton and Garriott, 1997).
Sipes and Gandolfi (1993) reported that P450 levels reach a
maximum at 4 weeks of age in the rat. Considering these points,
we developed and evaluated the young (4-week-old) rat liver
micronucleus assay. We used diethylnitrosamine (DEN), which
is a well-known rodent liver carcinogen, as a model compound.
DEN was negative in the conventional BM micronucleus assay
(Morita et al., 1997), but positive in the liver micronucleus
assay using the PH method (Tates et al., 1980). This paper
describes the comparison of the PH and young rat methods and
investigations of technical points in the young rat liver micro-
nucleus assay.

Materials and methods

Animals
Male Fischer 344 (F344) and Sprague Dawley (SD) rats were purchased

from Charles River Japan. The animals were housed under a 12-hour light-
dark cycle and allowed free access to food and water.

Chemicals 
Diethylnitrosamine (DEN, CAS No. 55-18-5), was purchased from

Wako Pure Chemical Industries, Ltd. (Osaka, Japan). DEN was dissolved in
physiological saline immediately before treatment and given once or twice by
intraperitoneal injection or gavage to rats.

Comparison of the young rat method with the partial hepatectomy (PH)
method
F344 or SD rats were treated orally with 50 mg/kg of DEN at 3 or 4 weeks

of age in the young rat method, and at 6 weeks of age in the PH method. In
the former method, slide preparations were made 2–5 days after single treat-
ment, and peripheral blood samples were collected and supravitally stained
with acridine orange (AO)-coated slides (Hayashi et al., 1990) before and 1,
2, and 3 days after treatment. In the latter method, PH was performed 7 days
after treatment, and the slides were prepared 2–5 days after PH.

Dose dependency and age effect
DEN at dose levels of 12.5, 25, and 50 mg/kg was administered to 4-

week-old rats, and hepatocytes were isolated 5 days after treatment. To inves-
tigate the effect of age, F344 rats at 3–9 weeks of age were treated with DEN

(50 mg/kg) once and slide preparations were made on the 5th day after treat-
ment as with the dose-response assay.

Administration route difference and treatment times
4-week-old F344 rats were treated by gavage or intraperitoneally with

DEN once at 40 mg/kg or twice at 20 mg/kg with a 24-hour interval. Hepato-
cytes were isolated 2–5 days after the last treatment.

Preparation of hepatocytes
Hepatocytes were isolated from anesthetized rats by the collagenase per-

fusion method, rinsed with 10% neutral buffered formalin 2 or 3 times and
centrifuged at 50 g (500 rpm) for 1 min (Cliet et al., 1989). Hepatocytes were
suspended with 10 % neutral buffered formalin and stored in a refrigerator
until analysis. In the case of PH, two-thirds of the liver was removed accord-
ing to the published method (Higgins and Anderson, 1931). The hepatocytes
were suspended with 10% neutral buffered formalin, and kept in a refrigera-
tor until analysis.

Microscopy and micronucleus determination
Immediately prior to analysis, 10–20 Ìl of hepatocyte suspensions were

mixed with an equal volume of AO-4),6-diamidino-2-phenylindole dihy-
drochloride (DAPI) stain solution for fluorescent microscopy. The AO-DAPI
stain solution contains one part of 500 Ìg/ml of AO aqueous solution and one
part of 10 Ìg/ml of DAPI aqueous solution. Approximately 10–20 Ìl of
stained hepatocyte suspension was dropped onto a glass slide and covered
with a coverslip (24 × 40 mm).

Hepatocytes were analyzed under a fluorescent microscope (×400 or
higher) equipped with a UV excitation system. The number of micronu-
cleated hepatocytes (MNHEPs) was recorded based on analysis of 2000
hepatocytes (in two fields) from each animal. In accordance with the meth-
ods of Braithwaite and Ashby (1988) and Cliet et al. (1989), the following
classification criteria for MNHEPs were used: Round or distinct micronuclei
stained with the same color as the nuclei, with diameters of 1/4 or less that of
the main nuclei. The number of mitotic cells was also counted in 1000 hepa-
tocytes in each animal to determine the mitotic index (MI) for administra-
tion route or treatment time differences. Mitotic cells were defined as cells at
any stage from prophase to telophase. 

Peripheral blood micronucleus assay
5–10 Ìl of peripheral blood samples were collected from the tail vein and

dropped on AO-coated slides (Hayashi et al., 1990), covered with a coverslip
and stored overnight in a refrigerator until analysis. Reticulocytes supravital-
ly stained with AO were analyzed under a fluorescent microscope (×600 or
higher) equipped with a blue light excitation system. The number of micro-
nucleated reticulocytes (MNRETs) was recorded by evaluation of 2000 retic-
ulocytes in two fields per animal.

Statistical analysis
The incidences of micronucleated hepatocytes or reticulocytes were ana-

lyzed statistically by using Kastenbaum’s and Bowman’s tables (Kastenbaum
and Bowman, 1970).

Results

AO-DAPI double fluorescent staining
Figure 1 shows fluorescent microphotographs of nuclei in

young rat hepatocytes stained with AO alone (Fig. 1a), DAPI
alone (Fig. 1c), and combination of AO and DAPI (Fig. 1b).
Compared to AO or DAPI alone, the double staining allows
better distinction of micronuclei and cytoplasm. 

Comparison of the young rat method with the partial
hepatectomy method
The results of the assay with DEN at 50 mg/kg are shown in

Fig. 2. Both methods revealed significant increases in the num-
bers of MNHEPs in comparison with concurrent controls. The
frequencies of MNHEPs in young rats were generally higher
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Fig. 1. Fluorescent microphotographs of he-
patocyte nuclei from young rats stained with (a)
AO alone, (b) a combination of AO and DAPI,
and (c) DAPI alone.

Fig. 2. Frequencies of MNHEPs (micronuclei/1000 hepatocytes) 2 to 5
days after administration of 50 mg/kg DEN to (a) F344 rats and (b) SD rats
in the young rat method and PH method. Mean of 4–5 animals. * P ! 0.05,
** P ! 0.01, significantly different from the concurrent solvent control.

than those of the PH method and it was shown that the
MNHEP frequencies of F344 rats (Fig. 2a) were higher than
those of SD rats (Fig. 2b) in both methods. There was no statis-
tically significant difference in MNRET induction observed in
peripheral blood at any treatment time in either F344 or SD
rats (data not shown).

Fig. 3. MNHEP frequencies (evaluation of 2000 hepatocytes) 5 days after
administration of DEN (12.5, 25 and 50 mg/kg) to F344 rats (column with
standard deviation bar). Body weight (BW) gain was only marginally affected
at the highest dose.

Dose dependency and age effect
The MNHEP frequencies after administration of DEN

(12.5, 25, 50 mg/kg) to 4-week-old F344 male rats increased
dose dependently and reached approximately 9- to 20-fold the
concurrent solvent control (Fig. 3). During this study, the rate
of body weight gain was only marginally decreased at the high-
est DEN dose. The MNHEP frequency after 50 mg/kg DEN
administration to F344 rats aged between 3 and 9 weeks
decreased age-dependently, with the highest value (2.3%) at 3
weeks of age, and lowest (0.17%) at 9 weeks of age (Fig. 4). 

Route difference and treatment times
To determine the influence of administration route, DEN

was given either orally or intraperitoneally to 4-week-old F344
rats. MNHEP frequency was similar for both routes, 2–5 days
after single (40 mg/kg) or the second treatment for a split-dose
(2 × 20 mg/kg) regime (Fig. 5a, b). The MNHEP frequency
increased depending on the time after DEN treatment (up to 5
days). On days 2, 3, and 4, split DEN dosing resulted in higher
MNHEP frequencies compared to the single dose protocol.
Mitotic cells were observed in 1.2 B 0.30% to 1.5 B 0.74% of
cells in the solvent control group 5 days after treatment, and in



302 Cytogenet Genome Res 104:299–303 (2004)

Fig. 4. MNHEP frequencies (evaluation of
2000 hepatocytes) after administration of 50 mg/
kg DEN to F344 rats aged 3 to 9 weeks. Data are
the mean of five animals with standard devia-
tion.

Fig. 5. DEN-induced MNHEP frequency
(evaluation of 2000 hepatocytes) 2 to 5 days after
a single 40 mg/kg dose or two 20 mg/kg doses 24 h
apart in 4-week-old F344 rats by (a) gavage or (b)
intraperitoneal injection. Results are the mean of
five animals with standard deviation.

Fig. 6. Frequencies of mitotic indexes (evalua-
tion of 1000 hepatocytes) 2 to 5 days after a single
40 mg/kg dose or two 20 mg/kg doses 24 h apart in
4-week-old F344 rats by (a) gavage or (b) intra-
peritoneal injection. Results are the mean of five
animals with standard deviation.

0.7 B 0.21% to 1.7 B 0.68% of cells in the DEN group (Fig. 6a,
b). The incidence of metaphase cells tended to be lower after
the double treatment of DEN.

Discussion

Since Tates et al. reported a liver micronucleus assay in
1980, a number of variations have been published (Cliet et al.,
1989; Roy and Das, 1990; Mereto et al., 1994; Zhurkov et al.,
1996). In these studies, the PH method, the chemical mitogens
method, and an in vivo/in vitro method have been applied to
assess micronucleus induction in liver cells. These methods
have been used on a case by case basis, but they have not been
used routinely for evaluation of genotoxicity of chemicals.
Some criticisms of these methods are 1) introduction of abnor-
mal physiological conditions (e.g., PH method), 2) increased
unknown factors as a result of interaction between test chemi-
cal and mitogen, 3) laborious and time-consuming (e.g., in
vivo/in vitro method). We have thus paid attention to the
method based on proliferating activity of liver cells in young
rats up to about 4 weeks of age. Although the method using
young rat liver was reported by Parton and Garriott (1997), it
has not been well characterized and evaluated.

We consider the young rat liver micronucleus assay method
as advantageous because it does not require any physical injury

such as PH, nor pretreatment with mitogens that may interact
with a test substance, nor setting up of primary culture that also
may cause damage to the target cells. Therefore, we propose to
use the present method as a tool for evaluation of chemical
genotoxicity that may occur in the liver.

As shown in Fig. 6, we confirmed that there were many
mitotic cells in the liver of 4-week-old rats. The mitotic index
(MI) observed in the present study was comparable to that
reported by Parton and Garriott (1997). As shown in Fig. 4, the
incidence of MNHEP decreased with the age of the rats. This
can be explained by an age-related decrease in proliferation of
hepatocytes and dilution of the cells with micronuclei with
undivided normal hepatocytes. This phenomenon was also
observed in the PH method. The MI in regenerating hepato-
cytes is 3.6% and decreases below 1% at 72 h after PH (Gri-
sham, 1962; Parton and Garriott, 1997). To restrict the cell
population to one cell division after treatment, co-treatment
with cytochalasin B could be considered. It would, however, be
important to consider possible interactions between test chemi-
cal and cytochalasin B. Therefore we believe that it is accepta-
ble to perform the assay without co-treatment of cytochalasin B
as long as rats at 4 weeks of age are used.

The AO-DAPI staining method, which was originally devel-
oped for the testis micronucleus assay (Noguchi, 1997), was
efficient for analysis of micronuclei in cytoplasm of hepato-
cytes. This novel staining method gave clearer distinction of
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micronucleus, nucleus, and cytoplasm than the single fluores-
cent staining with either AO or DAPI. To evaluate the practica-
bility of the staining method, 12 laboratories participated in the
collaborative trial and obtained similar MNHEP frequencies
after treatment with 40 mg/kg DEN. This result indicated that
the new staining method is powerful even for novice users of
the liver micronucleus assay.

We chose the 4-week-old rat for the liver micronucleus assay
based on our present results and also on the knowledge of age-
related changes in metabolic enzyme profiles: Cytochrome P-
450 content in young rats is similar to that in adult rats (Imaoka
et al., 1991); there is no major difference between 30-day-old
and 100-day-old rats in the activity of hexobarbital hydroxyla-
tion, N-demethylation of ethylmorphine, O-demethylation of
p-nitroanisole or hydroxylation of aniline (Furner et al., 1969).
P-450-1A2, 2A1, 2B1, 2B2, 2E1, 3A1, and 3A2 activity levels
reach a maximum at about 30 days of age, thereafter, the levels
of these P-450 species plateau in the liver due to growth hor-
mone action. Conversely, P-4502C7, 2C11, 2C12, and 2C22
are expressed rapidly after 30 days of age (Kato and Yamazoe,
1992). Thus, a compound which is principally activated by

P-4502C family, may not be easily detected by this assay. Fur-
ther confirmation of this notion is being pursued.

Based on the present outcomes using DEN, we propose the
following standard protocol for the young rat liver micronu-
cleus assay:

Animals: Young rats up to 4 weeks old. 
Route: Oral or intraperitoneal administration. 
Chemical dosing: Single, or repeatedly if necessary. 
Sampling time: 3–5 days after the last treatment. 
Hepatocyte preparation: Collagenase perfusion method. 
Staining: AO-DAPI double staining.
An extensive collaborative study for validation of the

present method is still ongoing organized by The Collaborative
Study Group of the Micronucleus Test – Mammalian Mutagen-
icity Study Group/Japanese Environmental Mutagen Society
(CSGMT-MMS/JEMS). This involves evaluating micronu-
cleus induction in young rat liver cells by hepatocarcinogens
and some other related chemicals. The degree of validation will
determine the extent to which the present method becomes rec-
ognized as a useful tool for evaluating genotoxicity of chemicals
in the rat liver.
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Abstract. The DNA lesions responsible for the formation of
sister chromatid exchanges (SCEs) have been the object of
research for a long time. SCEs can be visualized by growing
cells for either two rounds of replication in the presence of 5-
bromo-2)-deoxyuridine (BrdU) or for one round with BrdU
and the next without. If BrdU is added after cells were treated
with a DNA-damaging agent, the effect on SCEs can only be
analyzed in the second post-treatment mitosis. If one wishes to
analyze the first post-treatment mitosis, cells unifilarily labeled
with BrdU must be treated. Due to the highly reactive bromine
atom, BrdU interacts with such agents like ionizing and UV

radiation enhancing the frequency of SCEs. However, its pre-
cise role in this process was difficult to assess for a long time,
because no alternative technique existed that allowed differ-
ential staining of chromatids. We have recently developed a
method to differentially label sister chromatids with biotin-16-
2)-deoxyuridine-5)-triphosphate (biotin-dUTP) circumventing
the disadvantage of BrdU. This technique was applied to study
the SCEs induced by ionizing and UV radiation as well as by
mitomycin C, DNaseI and AluI. This article is a review of the
results and conclusions of our previous studies.

Copyright © 2003 S. Karger AG, Basel

Sister chromatid exchanges (SCEs) were discovered 65 years
ago by Barbara McClintock in ring chromosomes of maize
(McClintock, 1938). In linear chromosomes SCEs were first
observed by Taylor et al. (1957), via differential labeling of sis-
ter chromatids by incorporation of tritiated thymidine and sub-
sequent autoradiography. Disadvantages of the 3H-thymidine
approach are the poor autoradiographic resolution and the fact
that 3H itself induces SCEs. The resolution of differential stain-
ing of sister chromatids was drastically improved when it was
discovered that 5-bromo-2)-deoxyuridine (BrdU) can be used
to substitute thymidine (Huang, 1967). The development of the
fluorescence plus Giemsa (FPG) staining technique by Perry
and Wolff (1974) simplified the detection of SCEs within dif-
ferentially BrdU-labeled chromosomes and led to a great num-
ber of studies aiming at elucidating the mechanisms of

SCEs as well as at verifying the application of SCEs for testing
of mutagens (Latt, 1981).

SCEs can be visualized by growing cells for either two
rounds of replication in the presence of BrdU or for one round
with BrdU and the next without. If BrdU is added after treat-
ment of cells with a DNA-damaging agent, the effect on SCEs
can only be analyzed in the second post-treatment mitosis. If
one wishes to analyze the first post-treatment mitosis, cells uni-
filarily labeled with BrdU must be treated. Similarly to 3H-thy-
midine, BrdU itself induces SCEs because the bromine atom in
BrdU dissociates easily, generating a highly reactive uracilyl
radical in the DNA. The influence of BrdU on the SCE frequen-
cy was clearly demonstrated when the development of mono-
clonal antibodies against BrdU allowed a reduction of its con-
centration (Pinkel et al., 1985). The exact contribution of BrdU
to “spontaneous” and “induced” frequencies of SCEs remains a
matter of debate (Morris, 1991). In addition, it was realized
that not all mutagenic agents lead to SCE formation. These dis-
coveries resulted in a decline of interest in the nature of SCEs
and their use to test potential mutagens.

We have for several years carried out experiments to study
the nature of SCEs induced by ionizing and UV radia-
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tion. We developed a novel method of differential staining of
sister chromatids with biotin-16-2)-deoxyuridine-5)-triphos-
phate (biotin-dUTP). This DNA analog lacks the reactive
halogen atom and can be used to study the role of BrdU in the
formation of SCEs. The present article is a review of our
studies.

Are radiation-induced SCEs inversions?

SCEs are assumed to be a consequence of DNA replication
on a damaged template and can arise only when a DNA lesion
is not removed before the cell enters S-phase (Shafer, 1977;
Painter, 1980; Cleaver, 1981; Schubert, 1990). Ionizing radia-
tion is a poor inducer of SCEs and it is only effective when
applied to cells in G1 with chromosomes unifilarily substituted
with BrdU (Littlefield et al., 1979; Renault et al., 1982). This
fact gave rise to many debates about the nature of radiation-
induced lesions responsible for SCEs, because ionizing radia-
tion induces mainly single and double strand breaks which,
when induced in G1, are expected to be repaired before the cell
enters S-phase (Szumiel, 1998). Wolff et al. (1974) were the first
to suggest that radiation-induced SCEs could be “false”, result-
ing from chromosomal aberrations. Indeed, when cells are irra-
diated in G1 following one round of replication in the presence
of BrdU, paracentric inversions are visible as double internal or
interstitial SCEs (Fig. 1). The hypothesis of false SCEs was sub-
stantiated by the results of Mühlmann-Diaz and Bedford
(1995). These authors found similar frequencies of interstitial
deletions and interstitial SCEs in fibroblasts pre-labeled with
BrdU for one round of replication and irradiated with gamma
rays in G1. Under the assumption that the ratio of interstitial
deletions to paracentric inversions is 1:1, the authors concluded
that all interstitial SCEs are paracentric inversions and that
exposure of G1 cells to ionizing radiation does not cause “true”
SCEs.

In order to test this hypothesis and to evaluate how many
interstitial SCEs are “true” and how many are “false”, we have
labeled human lymphocytes with BrdU for one round of repli-
cation, irradiated in G1 with X-rays and recovered for a further
cell cycle in the absence of BrdU (Wojcik et al., 1999). Chromo-
some preparations were hybridized with an in situ hybridiza-
tion probe specific for the p14 band of chromosome 3. Simulta-
neously, differential staining of chromatids was achieved with
an anti-BrdU antibody (Fig. 1). Using this protocol, we ana-
lyzed those paracentric, interstitial SCEs which occurred in the
p arm of chromosome 3, inside which the probe signal was posi-
tioned asymmetrically. SCEs resulting from an inversion event
would be accompanied by a shift of the hybridization signal. In
case of “true” SCEs the position of the hybridization signal
would remain unchanged. The results revealed that the vast
majority of SCEs within the p arm of chromosome 3 are not
inversions (Fig. 2) clearly showing that X-rays can induce
“true” SCEs.

These data do not answer the question about the nature of
radiation-induced DNA lesions responsible for SCEs. It is gen-
erally agreed that the DNA lesion ultimately responsible for the
production of chromosomal aberrations is a DNA double

Fig. 1. Scheme of the labeling pattern of chromosome 3 with a FISH
probe for band p14. (A) A “true” SCE not resulting from an inversion (correct
position of the probe), (B) “false” SCE resulting from an inversion (probe
displaced). Data from Wojcik et al. (1999).

Fig. 2. “True” SCE and inversions in the p-arm of chromosome 3. The
number of analyzed cells was probably too low for a good dose-response of
inversions. From Wojcik et al. (1999).

strand break (DSB) (Pfeiffer et al., 2000). Ionizing radiation is
one of the few known agents inducing DSBs in a direct manner.
Chemical agents (with the exception of the so called radiomi-
metic compounds like bleomycin) as well as UV-C radiation
induce lesions, which are only transformed into DSBs when the
cell passes through S-phase. Consequently, when cells are
exposed to ionizing radiation in G1, only chromosome type
aberrations are visible in the first post-treatment mitoses. How-
ever, when cells are exposed to chemical agents or UV-C radia-
tion only chromatid-type aberrations are seen. S-phase depen-
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Fig. 3. Spontaneous and radiation-induced SCEs in CHO cells pre-
labeled with BrdU or biotin-dUTP. The frequencies of “false” SCEs were
calculated on the basis of the frequencies of exchange-type aberrations. Data
from Bruckmann et al. (1999b).

Fig. 4. SCE frequencies and types of chromosomal aberrations in cells
pre-labeled with BrdU and irradiated with 4.8 Gy X-rays at various phases of
the cell cycle. The horizontal line represents the control frequency of SCEs.
Columns show the induced SCEs. Curves show the percentages of cells with:
chromosome type aberrations (solid curve), mixed types of aberrations
(dashed curve) and chromatid type aberrations (dashed-dotted curve). Error
bars represent standard deviations from 3 independent experiments. Data
from Bruckmann 2000.

dent agents are generally strong inducers of SCEs, whereas ion-
izing radiation is a poor inducer of SCEs. Interestingly, it has
been noticed, that when cells are pre-labeled with BrdU for one
round of replication and exposed to X-rays, both chromosome
and chromatid-type aberrations appear (Natarajan et al.,
1980a; Sayed Aly et al., 2002). This suggests that radiation
damage to BrdU gives rise to lesions which last until S-phase
when they are transformed into DSBs. These could be the
lesions responsible for SCEs. 

The role of BrdU in SCEs induced by X-rays

The role of BrdU in the formation of SCEs could be assessed
by an alternative technique for differential staining of chroma-
tids. We found that cells electroporated in the presence of bio-
tin-dUTP incorporated the analogue and remained viable.
When cells were harvested after two rounds of replication, bio-
tin could be detected with fluorochrome-labeled avidin yield-
ing high quality differential staining of chromatids (Bruck-
mann et al., 1999a). Unlike BrdU, biotin-dUTP should not
interact with ionizing radiation in damaging DNA, because it
lacks the reactive halogen atom which easily dissociates giving
rise to uracilyl radicals. This new labeling technique was
applied to see how ionizing radiation induces SCEs without
BrdU.

CHO cells with DNA unifilarily labeled with either biotin-
dUTP or BrdU were exposed to X-rays in G1. Both the frequen-
cies of SCEs and chromosomal aberrations were evaluated
(Bruckmann et al., 1999b). It is expected, that under such
experimental condition, when SCEs are scored in all chromo-
somes and chromosome fragments, each dicentric chromosome
with an accompanying acentric fragment will either give rise to
two “false” SCEs or no SCEs (see Sayed Aly et al., 2002 for
details). The same is true for symmetrical translocations. If we
assume that the frequencies of dicentrics and translocations are
1:1, the frequency of “false” SCEs can be calculated to be twice
the frequency of dicentrics. Similar calculations can be made
for rings and double minutes. Thus, the frequency of aberra-
tions was used to calculate the expected level of “false” SCEs
both in cells pre-labeled with BrdU and biotin-dUTP.

Our results revealed a lower frequency of radiation-induced
SCEs in cells pre-labeled with biotin-dUTP than with BrdU
(Fig. 3). More than half of the SCEs induced by radiation in
cells pre-labeled with BrdU were “true” SCEs. In contrast all
SCEs observed in cells pre-labeled with biotin-dUTP were due
to chromosomal aberrations. This clearly shows that only dam-
age to BrdU gives rise to lesions which can lead to “true” SCEs.
It should be mentioned that we did not observe an enhancing
effect of BrdU in cells treated with mitomycin C or the restric-
tion enzyme AluI (Stoilov et al., 2002).

In order to investigate the relationship between the SCE fre-
quency and the phase of the cell cycle in which damage is
induced, experiments were performed using cells pre-labeled
with BrdU and exposed to 4.8 Gy of X-rays at various times
before fixation (Bruckmann 2000). The results are presented in
Fig. 4. Scoring was restricted to cells with uniform differential
labeling of sister chromatids. In addition to SCEs, percent fre-
quencies of cells showing chromosome-type aberrations, chro-
matid-type aberrations and both are plotted. The cell cycle
phase in which cells were irradiated was determined on the
basis of the types of aberrations observed and the time between
exposure and harvest. The highest frequency of SCEs was
observed in cells treated in G1-phase, followed by S-phase. Irra-
diation during G2-phase did not induce SCEs above the control
level. A striking observation was that during G1 the frequency
of SCEs remained at a similar level, irrespective of whether
cells in early or late G1-phase were irradiated. In accordance
with the data shown in Fig. 3, a part of the SCEs are due to
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aberrations. Nevertheless, it seems that following X-ray irradia-
tion the lesions responsible for SCE formation arise very quick-
ly and their frequency does not decline during the G1-phase.

Furthermore we analyzed the relationship between chromo-
somal aberrations and SCEs following treatment of cells with
DNaseI. This endonuclease was shown to be a very efficient
inducer of both chromosomal aberrations and SCEs (Obe et al.,
1994) when cells were treated in G1. CHO cells were labeled
with BrdU for one round of DNA replication and treated with
DNaseI in G1-phase. Using a computer-aided metaphase relo-
cation system, mitoses were first analyzed for SCEs, destained,
stained again with orcein and reanalyzed for chromosomal
aberrations. Thus, a precise correlation between the frequen-
cies of aberrations and SCEs could be established. For compari-
son, similar experiments were performed with X-rays. The
results showed that the frequencies of SCEs induced by DNaseI
were due to chromosomal aberrations. In contrast, X-rays
induced more SCEs than expected on the basis of aberrations
(Sayed Aly et al., 2002). The fact that radiation does induce
“true” SCEs was clearly visible when SCE dose response curves
were plotted for cells without any aberrations (Fig. 5). While no
clear dose-relationship was visible in cells treated with DNaseI,
the frequency of SCEs increased linearly with the X-ray dose.

The role of BrdU in SCEs induced by UV radiation

UV radiation is known as a strong inducer of SCEs (Latt,
1981). There is no agreement which type of UV-induced DNA
damage is responsible for SCEs. Some authors suggested that
cyclobutane pyrimidine dimers (CPDs) and (4-6) photopro-
ducts (PDs), located at the same strand, are the ultimate lesions
responsible for SCE formation (Kato, 1974; Chao et al., 1985).
A further argument for the involvement of CPDs in UV-
induced SCEs is based on the fact that cells deficient in excision
repair of CPDs display high SCE frequencies (Latt 1981). How-
ever, in chicken embryonic fibroblasts no quantitative relation-
ship between CPDs and SCEs was observed after exposure to
UV radiation and photoreactivating light: the frequency of
SCEs was only reduced by 30–65%, although 75–95% of CPDs
were removed (Natarajan et al., 1980b). This suggests that oth-
er lesions may also be involved in SCE formation. Similarly as
for ionizing radiation, due to the lack of an alternative differ-
ential labeling technique, it was difficult to assess the exact role
of BrdU in the process.

Applying our biotin-dUTP labeling technique we analyzed
the influence of BrdU on the frequency of SCEs induced by UV
radiation (Wojcik et al., 2002). CHO cells unifilarily labeled
with either BrdU or biotin-dUTP were irradiated in the G1-
phase of the cell cycle either at 254 or 313 nm. UV radiation at
254 nm is absorbed by all DNA bases including bromouracil
(BrU), whereas radiation at 313 nm is predominantly absorbed
by BrU. Elevated SCE frequencies were observed in cells irra-
diated at 254 nm which were pre-labeled with BrdU or biotin-
dU. Following irradiation at 313 nm a statistically elevated
SCE frequency was observed only in cells pre-labeled with
BrdU. Upon irradiation at 254 nm, BrdU had a strong sensitiz-
ing effect on SCE induction: the net SCE frequencies (following

Fig. 5. Frequencies of SCEs in cells without chromosomal aberrations
following treatment with X-rays or DNase I. Vertical bars represent standard
deviations of per cell values. Concentrations of DNaseI are given per 800 Ìl
of electroporation buffer. Plots were fitted by linear regression (method of
least squares). Data from Sayed Aly et al. (2002).

Fig. 6. UV-induced SCEs in CHO cells pre-labeled with BrdU or biotin-
dUTP. UV radiation was performed at 254 and 313 nm wavelength. Due to
the small cross-section for uracilyl formation at 313 nm UV, higher doses (in
comparison to 254 nm UV) had to be applied in order to see a biological
effect. *: difference to control significant with P ! 0.05; o: difference to con-
trol not significant. Data from Wojcik et al. (2002).
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Fig. 7. Uracilyl radical formation upon action of UV (reaction 1) and
ionizing (reaction 2) radiation on BrdU. Data from Wojcik et al. (2002).

subtraction of spontaneous SCEs) observed in cells pre-labeled
with BrdU are F6 times higher than in cells pre-labeled with
biotin-dUTP (Fig. 6). Thus BrdU-induced damage is responsi-
ble for more than 80% of the SCEs formed in UV-irradiated
cells unifilarily labeled with BrdU. The remaining 20% may be
due to DNA-lesions induced by UV radiation: pyrimidine
dimers and (6-4) photoproducts.

The possible lesion responsible for SCE formation
following exposure to UV and ionizing radiation

The interesting question is what type of DNA damage is
responsible for SCE formation in cells pre-labeled with BrdU
and irradiated with UV and ionizing radiation. There is con-
vincing evidence that the major photochemical lesion in BrdU-
substituted DNA is a single-strand break (SSB) (Hutchinson,
1973). SSBs can also arise during the repair of DNA lesions
such as apurinic sites. However, SSBs are repaired quickly:
comet assay studies show that no damage is seen after about
three hours (Wojcik et al., 1996). In the experiments with UV
radiation we allowed 19 h to pass between irradiation and har-

vest, and restricted scoring to cells with differential staining of
chromatids indicative of treatment in G1-phase of the cell
cycle. Since SCEs are formed when DNA replication is stalled
at a damaged template (Shafer, 1977; Painter, 1980), it seems
unlikely that SSBs induced in G1 persist until S-phase when
becoming transformed into SCEs. The results presented in
Fig. 4 indicate that the lesions leading to SCEs are formed
shortly after exposure to ionizing radiation. Therefore, it ap-
pears unlikely that SSBs are the major lesions responsible for
SCE formation.

DNA interstrand crosslinking agents such as mitomycin C
are very potent inducers of SCEs (Kaina and Aurich, 1985). It
has also been reported that psoralen interstrand cross-links
more effectively induce SCEs than monoadducts (Bredberg and
Lambert, 1983). These results indicate that interstrand cross-
links are a major DNA lesion responsible for SCE formation.
Are interstrand DNA crosslinks formed in cells unifilarily
labeled with BrdU and exposed to UV or ionizing radiation?

Compared with UV, ionizing radiation is a poor inducer of
SCEs. This indicates that it cannot be the reactions of the uraci-
lyl radical alone that lead to SCEs, otherwise they would also be
formed by ionizing radiation to a large extent. The main differ-
ence between UV and ionizing radiation is the formation of a
bromine atom in addition to an uracilyl radical in the case of
UV irradiation (Fig. 7, reaction 1). Most probably the bromine
atom oxidizes a purine base of the opposing DNA strand (Woj-
cik et al., 2002). This would yield two radicals at opposing
strands in close proximity, i.e. the precondition of an inter-
strand cross-link. Interestingly, interstrand cross-linking could
possibly also be induced by the uracilyl radical without another
neighboring radical as a counterpart (Fig. 7, reaction 2). It is,
therefore, likely that besides causing SSBs the uracilyl radical
itself also induces some interstrand cross-links that may give
rise to SCEs (Wojcik et al., 2002). This assumption explains
why ionizing radiation is a weaker inducer of SCEs than UV
radiation.

Chemical agents which form DNA interstrand cross-links
are among the most potent inducers of SCEs. We suggest that
DNA interstrand cross-links may also be the major lesions lead-
ing to SCE formation in cells unifilarily labeled with BrdU and
irradiated with UV or ionizing radiation. Clearly, this hypothe-
sis needs experimental verification.
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Abstract. Sister chromatid exchanges (SCEs) are symmetri-
cal exchanges between newly replicated chromatids and their
sisters. While homologous recombination may be one of the
principal mechanisms responsible for SCEs, the full details of
their molecular basis and biological significance remain to be
elucidated. Following exposure to ultraviolet light B (UVB),
mitomycin C (MMC) and cisplatin, we analyzed the location of
SCEs on metaphase chromosomes in Chinese hamster CHO
cells. The frequency of SCEs increased over the spontaneous
level in proportion to the agent’s dose. UVB-induced SCEs
occurred frequently in telomere regions, as cisplatin-induced
SCEs did, differing from MMC-induced ones. The remarkable
difference of intrachromosomal distribution among the three

mutagens may be attributed to the specificity of induced DNA
lesions and structures of different chromosome regions. Telo-
meric DNA at the end of chromosomes is composed of multiple
copies of a repeated motif, 5)-TTAGGG-3) in mammalian
cells. Telomeric repeats may be potential targets for UVB and
cisplatin, which mainly form pyrimidine dimers and intra-
strand d(GpG) cross-links, respectively, resulting in SCE for-
mation. UVB irradiation shortened telomeres and augmented
the telomerase activity. The possible implications of the fre-
quent occurrence of SCEs in telomere regions are discussed in
connection with the maintenance of telomere integrity.

Copyright © 2003 S. Karger AG, Basel

Sister chromatid exchanges (SCEs) are symmetrical ex-
changes between sister chromatids, which can be visualized
cytologically in higher eukaryotic cells. They occur sponta-
neously and can be induced by various mutagens. SCE is widely
used as an efficient index of the genotoxicity of environmental
agents (Tucker et al., 1993). The phenomenon of SCE has long
been established (McClintock, 1938; Taylor, 1958) and numer-
ous studies on the induction of SCEs have suggested their tight
link with DNA replication, recombination and repair (Kato,
1974; Wolff et al., 1974; Ikushima, 1977; Latt and Loveday,

1978; Ishii and Bender, 1980; Painter, 1980; Cleaver, 1981). It
was recently shown that spontaneous and mitomycin C-
induced SCE levels were significantly reduced not only in
chicken DT40 B cells lacking the key homologous recombina-
tion (HR) genes, RAD51 and RAD54 (Sonoda et al., 1999), but
also in Rad54-deficient murine cells (Dronkert et al., 2000).
The involvement of the HR pathway mediated by hMre11/
hRad50/Nbs1 complex has also been reported in human cells
(Limoli et al., 2000). While these findings suggest that HR
between sister chromatids mediates SCE formation, our under-
standing of their molecular basis and biological significance is
not complete.

The distribution pattern of SCEs in mitotic chromosomes
has been analyzed for several mutagens, providing insights into
the mechanism of SCE induction (Carrano and Johnston, 1977;
Ockey, 1980; Ikushima, 1984). Irradiation with ultraviolet light
(UV) induces SCEs as well as the formation of chromosomal
aberrations, the majority of which are caused by pyrimidine
dimers in vertebrate cells (Kato, 1974; Natarajan et al., 1980;
Ikushima et al., 1998). As there is no data about intrachromoso-
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mal distribution of SCEs induced by ultraviolet light B (UVB),
a major component of solar UV radiation, we decided to exam-
ine the SCE levels along metaphase chromosomes from Chi-
nese hamster cells, in comparison with those of spontaneous
and mitomycin C (MMC)- or cisplatin-induced SCEs. Distribu-
tion of SCEs induced by UVB led to an increased frequency of
SCEs in telomere regions. These observations prompted us to
study the alteration of telomere length and telomerase activity
following UVB irradiation.

Materials and methods

Cell culture
Chinese hamster CHO cells and mouse BALB cells were cultured in ·-

modified Eagle’s minimum essential medium (Sigma) supplemented with
10 % fetal bovine serum (Biological Industries), 100 Ìg/ml streptomycin and
100 units/ml penicillin at 37 ° C in a humidified atmosphere of 5 % CO2 in
air.

SCE analysis
For labeling with 5-bromo-2)-deoxyuridine (BrdU), cells were cultured in

the presence of 10 ÌM of BrdU for 32 h (two cell cycle periods) and 0.2 Ìg/ml
of Colcemid (Gibco) was added 2 h before harvesting the cells. Cells were
irradiated with UVB emitted from two FL20E-S lamps (Toshiba; emission
range: 290–400 nm with a peak at 315 nm) in plastic tissue culture flasks
(Falcon) before addition of BrdU into the medium. Prior to UVB irradiation,
the cells were rinsed with phosphate-buffered saline. Treatments with MMC
and cisplatin were done during the last cell cycle. Harvested cells were treated
with 75 mM KCl for 10 min and then fixed in methanol-acetic acid (3:1) for
30 min. Cells were dropped onto wet glass slides and air-dried. Dried slides
were immersed in 10–4 M Hoechst 33258 for 10 min, rinsed with distilled
water and mounted with 0.174 M Na2HPO4, 0.013 M Na citrate (pH 7.0).
The slides were then exposed to black light for 20 min on a 45 °C plate before
staining with 2 % Giemsa stain (pH 6.8) for 20 min. The slides were serially
rinsed in acetone, acetone-toluene (1:1), toluene and air-dried (Perry and
Wolff, 1974). The SCE frequency was determined in 100 metaphases and
SCEs were separately localized on the images of the largest chromosome in
CHO cells.

Analysis of telomere length
Telomere lengths were analyzed by determining the mean length of the

Terminal Restriction Fragments (TRF). Mouse BALB cells were used in this
experiment, because the terminal telomere repeats of Chinese hamster cells
are hard to be detected by this technique due to the short telomere length and
the large amount of interstitial telomere-like sequences (Slijepcevic et al.,
1997; Faravelli et al., 2002). Genomic DNA was isolated from UVB-irra-
diated and non-irradiated control cells by a standard phenol/chloroform
extraction method (Sambrook et al., 2001). Cells were lysed in 10 mM Tris-
HCl/1 mM EDTA/0.5% SDS/0.1 mg/ml proteinase K (Sigma) at 55 ° C for
2 h. DNA was isolated by phenol/chloroform extraction, treated with
100 Ìg/ml RNase A, and resuspended in TE buffer. Integrity of the isolated
DNA was confirmed by ethidium bromide gel electrophoresis and the con-
centration was determined spectrophotometrically. DNA (3 Ìg) was com-
pletely digested with the restriction enzyme HaeIII (1 unit/Ìg of DNA; New
England Biolabs) to generate TRF. DNA was electrophoresed on a 0.8 % aga-
rose gel and processed for Southern blotting and chemoluminescence detec-
tion according to the instruction of the AlkPhos Direct Labeling and Detec-
tion System with CDP-Star (Amersham Pharmacia Biotech). Telomere
probes were made by direct-labeling of the PCR-amplified telomere se-
quences. Gel profiles were scanned by NIH Image (ver. 1.6.1).

Telomerase assay
To detect changes in telomerase levels, UVB-irradiated mouse BALB

cells were assayed for telomerase activity using stretch PCR assay (Tatemat-
su et al., 1996) according to the instructions of TeloChaser (TOYOBO). After
PCR reaction, the amount of amplified products was determined by absor-
bance at 260 nm.

Fig. 1. Induction of SCEs by UVB, MMC and cisplatin in Chinese ham-
ster ovary (CHO) cells. Bars at each point show standard errors of the mean.
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Results

Intrachromosomal distribution of SCEs
The frequency of SCEs increased over the spontaneous level

in proportion to the dose of UVB, MMC and cisplatin (Fig. 1).
The distribution pattern on the largest chromosome was sepa-
rately investigated for the SCEs induced by each mutagen.
SCEs induced by UVB and cisplatin but not by MMC are high-
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Fig. 2. Intrachromosomal distribution of
SCEs induced by UVB, MMC and cisplatin in the
largest chromosome of CHO cells. The vertical
line shows the numbers of SCEs. The figures
under the UV doses show the total number of
SCEs analyzed. Under the UVB column a scheme
of the chromosome analyzed is given.
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ly localized (Fig. 2). Interestingly UVB- and cisplatin-induced
SCEs occurred at high frequency in telomere regions. This pat-
tern was clearly different from that observed in spontaneous
and MMC-induced SCEs, in which they distributed relatively
uniformly along the chromosome except centromere regions. In
all cases very few SCEs were found in centromere regions, as
described previously (Ikushima, 1984). The results of these
experiments indicate a mutagen-specific intrachromosomal
distribution of SCEs.

Alteration of telomere length and telomerase activity after
UVB irradiation
The observation of frequent occurrence of UVB-induced

SCEs in telomere regions prompted us to examine the telomere
damage after UVB irradiation. Since Chinese hamster cell lines
are unfortunately unsuitable for analyzing the telomere length
as described above, we used mouse BALB cells instead. The
telomere length of this mouse cell line was estimated to be
about 30 kb. Either 1 or 24 h after UVB-irradiation at 40, 75
and 140 J/m2, the length of TRF was analyzed by Southern
hybridization with a telomere probe. The telomeric signals in
UVB-irradiated cells are displayed in Fig. 3. UVB-irradiated
cells exhibited a dose-dependent increase in the signals corre-

sponding to shortened telomeres 1 h after UVB-irradiation.
The faintest telomere signal was detected at the lowest dose
(40 J/m2). At 24 h after irradiation, the telomere signals were
similar to the ones in non-irradiated cells, a slight decrease in
the signal intensity was seen only after the highest dose
(140 J/m2). Almost all cells irradiated with these doses of UVB
radiation completed cell division and survived at 100% (data
not shown).

To know whether the telomerase activity changes in re-
sponse to UVB-irradiation, we examined the telomerase activi-
ty 1 or 24 h after exposure to 40, 75 and 140 J/m2 of UVB
radiation. The telomerase activity increased sharply 1 h after
irradiation in proportion to the dose (Fig. 4). At 24 h after UVB
exposure, the level of activity decreased but was still 2- to 3-fold
higher than the control level. These results indicate that UVB
irradiation induced telomerase activity.

Discussion

The present observation of frequent occurrence of UVB-
and cisplatin-induced SCEs in telomere regions indicates that
long repeats of telomere sequences, which include doublets of
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Fig. 3. Southern blotting analysis of TRF after
UVB irradiation. (a) Immediately after irradia-
tion. 1: non-irradiated; 2: 40 J/m2; 3: 75 J/m2;
4: 140 J/m2. (b) 24 h after irradiation. 1: non-irra-
diated; 2: 40 J/m2; 3: 140 J/m2.

thymine and cytosine residues and triplets of guanine residues,
are good targets for UVB and cisplatin (Fig. 2). The clustered
pyrimidine dimers and intrastrand d(GpG) cross-links will be
formed by UVB and cisplatin in telomere regions, respectively
(Friedberg et al., 1995), which may cause SCEs, despite the
argument that pyrimidine dimers may not be the major lesion
responsible for SCE formation in cells irradiated with UV
(Wojcik et al., 2003). Since MMC forms interstrand cross-links
at any site and blocks DNA replication, MMC-induced SCEs
may distribute relatively uniform along chromosomes. Al-
though SCEs clustered in telomere regions, they are not neces-
sarily within telomere repeats, but they reflect the nature of
DNA lesions formed by each mutagen.

With these results, we examined telomere damage after
UVB irradiation. Telomeres are essential chromosomal com-
ponents that stabilize chromosome ends and are required for
cell cycle progression (Greider, 1996). While there was a dose-
dependent decrease in the telomere signals 1 h after UVB irra-
diation, they turned back to the control level after 24 h (Fig. 3).
Most UVB-induced DNA lesions in the telomere regions will
be removed by nucleotide excision repair independently of
transcription. Although the precise mechanism is not known, it
has been reported that UV-damaged telomeric DNA is less well
repaired than a transcriptionally active gene (Kruk et al., 1995).
Unrepaired UVB lesions will cause daughter strand gaps during
DNA replication. DNA replication across a gap is likely to pro-
duce a double-strand break (DSB) in one of the sister chroma-
tids (Wang and Smith, 1986), resulting in substantial loss of
terminal telomere repeats or telomere shortening. Telomeres in
cisplatin-treated HeLa cells are markedly shortened for a long
time and degraded (Ishibashi and Lippard, 1998). The decrease
in the telomere signal observed 1 h after UVB irradiation
(Fig. 3) can not be attributed to the telomere shortening and
degradation alone. It is more likely to be a result of concomitant
nucleotide excision repair, clearly seen at the lowest dose that
led to the weakest telomere signal. After completion of cell divi-

Fig. 4. Relative telomerase activity after UVB
irradiation.
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sion (24 h) after UVB irradiation, telomere lengths shortened
only at the highest dose (Fig. 3). We therefore conclude that
UVB irradiation at low doses does not cause deleterious telo-
mere shortening and degradation. Usually, UVB-generated
strand breaks initiate the HR pathway which is processed by
pairing of the two homologous DNA molecules, strand inva-
sion followed by DNA strand exchanges and formation of Hol-
liday structures (Holliday, 1964; Meselson and Radding, 1975).
Holliday junctions are normally resolved in a non-recombino-
genic way by reverse branch migration to a nick or a gap in
DNA (Whitby et al., 1993). Otherwise, Holliday junctions
could be resolved to generate either a non-crossover or a cros-
sover product, depending on which of the two strands are
cleaved. Since the sister chromatid is used as a substrate for HR
rather than the homologous chromosome (non-sister chroma-
tid) (Arbel et al., 1999), the crossover product is visualized by
SCEs after another round of DNA replication. In telomere
regions, it is likely that HR between telomere repeats of sister
chromatids mediates the occurrence of SCEs.

The level of telomerase activity increased sharply 1 h after
UVB irradiation in a dose-dependent manner (Fig. 4). The
result is consistent with the finding that Chinese hamster cells
show an increase in telomerase activity following exposure to
UVC radiation (Hande et al., 1997). Telomerase stabilizes the
telomere length by extending the telomeric DNA at the 3) G-
rich overhang (Greider and Blackburn, 1985). The excision of
UVB lesions on 3) G-rich strands will result in the loss of termi-
nal telomere repeats, because 5) strands complementary to 3)
overhangs do not exist. Our present result suggests that the loss
of terminal telomere repeats in 3) overhangs may be repaired by
telomerase whose activity is enhanced by UVB irradiation.
Telomeres are maintained by telomere recombination (alterna-
tive lengthening of telomere) in addition to telomere DNA syn-
thesis catalyzed by telomerase (Dunham et al., 2000). Telomere
recombination may also lead to SCEs in telomere regions, but
information of whether UVB or cisplatin induce telomere
recombination is missing. In conjunction with this, the fre-
quent occurrence of telomeric SCEs (t-SCEs) have been admir-
ably demonstrated in T-banded terminal segments of CHO and
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human chromosomes with computer graphic imaging analysis
(Drets et al., 1992). Also, it has been reported that the termini
of human chromosomes display elevated frequencies of mitotic
recombination (Cornforth and Eberle, 2001). SCEs in telomere
regions may also be a cytological visualization of telomere
recombination. Further studies in telomerase-negative cells
should be helpful to prove our speculative hypothesis.
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Abstract. Several studies have been carried out to evaluate
the mutagenic and carcinogenic potential of atrazine, the most
prevalent of triazine herbicides classified as a “possible human
carcinogen”. The majority of these studies have been negative
but positive responses have been also reported including mam-
mary tumors in female Sprague-Dawley rats. Sister chromatid
exchanges (SCEs) caused by the presence of DNA lesions at the
moment of DNA replication have been extensively used for
genotoxicity testing, but for non-cytotoxic exposures to atra-
zine controversial results have been reported. Even though
exposures to higher concentrations of atrazine could provide
clear evidence for its genotoxicity, conventional SCE analysis
at metaphase cells cannot be used because affected cells are
delayed in G2-phase and do not proceed to mitosis. As a result,
the genotoxic potential of atrazine may have been underesti-
mated. Since clear evidence has been recently reported relating
SCEs to homologous recombinational events, we are testing
here the hypothesis that high concentrations of atrazine will

cause a dose-dependent increase in homologous recombina-
tional events as quantified by the frequency of SCEs analyzed
in G2-phase. Towards this goal, a new cytogenetic approach is
applied for the analysis of SCEs directly in G2-phase prema-
turely condensed chromosomes (PCCs). The methodology en-
ables the visualization of SCEs in G2-blocked cells and is based
on drug-induced PCCs in cultured lymphocytes. The results
obtained for high concentrations of atrazine do not demon-
strate a dose-dependent increase in homologous recombina-
tional events. They do not support, therefore, a genotoxic mode
of action. However, they suggest that an important part in the
variation of SCE frequency reported by different laboratories
when conventional SCE analysis is applied after exposure to a
certain concentration of atrazine, is due to differences in cell
cycle kinetics of cultured lymphocytes, rather than to a true bio-
logical variation in the cytogenetic end point used.

Copyright © 2003 S. Karger AG, Basel

Human exposure to agricultural chemicals such as pesti-
cides and herbicides has been linked to undesirable health
effects including increased cancer incidence and genetic dis-
eases. The triazine herbicides, which are used both for pre-
emergence and post-emergence control of grasses during culti-
vation of maize, wheat, sorghum, sugar cane, conifers and oth-

ers, have made their way into surface and groundwater supplies
due to their widespread use in agriculture (Goldman, 1994).
Atrazine is the most prevalent triazine found in rural ground-
water and through its occurrence in food such as corn, nuts,
fruit, and wheat, is a potential hazard to humans. To evaluate
its genotoxic and mutagenic potential, several studies have
been carried out in different experimental systems ranging
from bacterial to mammalian assays. The majority of these
studies have been negative but positive responses have been
also reported. Atrazine has been found to induce mammary
tumors in female Sprague-Dawley rats and it has been classified
by the US Environmental Protection Agency (EPA) as a “possi-
ble human carcinogen” (Goldman, 1994).
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Sister chromatid exchanges (SCEs) caused by the presence
of DNA lesions at the moment of DNA replication have been
extensively used for genotoxicity testing. Although SCEs are
observed in cells treated with radiation or chemical agents
which produce various types of DNA lesions (Latt, 1981; Nata-
rajan, 2002), it has been suggested that DNA interstrand cross-
links may be the major lesions leading to SCE formation in cells
irradiated with UV or ionizing radiation (Wojcik et al., 2003).
Since it was indicated that atrazine induces DNA damage (Ri-
bas et al., 1995; Clements et al., 1997) a number of in vitro and
in vivo studies have been carried out to investigate the muta-
genic potential of atrazine using the analysis of SCEs as a cyto-
genetic end point. Contradictory findings have been reported,
however, and the results are not always conclusive. Particu-
larly, when the frequency of SCEs is slightly increased with
respect to the controls, the activity of atrazine has been charac-
terized as minimal. Even though the use of higher doses could
confirm a more profound effect of this chemical, they cannot be
applied since cells will be arrested in G2-phase and not proceed
to mitosis, preventing thus their analysis by scoring of SCEs at
metaphase. As a result, using exclusively the conventional
methodology for the analysis of SCEs, the genotoxic and muta-
genic potential of atrazine may have been underestimated. To
overcome this shortcoming, a methodology is needed to enable
the analysis of SCEs in interphase and particularly in the G2-
phase of cultured peripheral blood lymphocytes. The visualiza-
tion of interphase chromosomes in peripheral blood lympho-
cytes and their use for biomonitoring purposes following expo-
sure to genotoxic agents became possible using a method for
cell fusion and premature chromosome condensation (PCC)
induction (Pantelias and Maillie, 1983, 1984). Thus far, re-
searchers have examined interphase chromosomal damage in
lymphocytes using the PCC methodology which has been prov-
en to be a powerful cytogenetic tool for the identification of
factors involved in the conversion of DNA damage into chro-
mosomal damage (Terzoudi and Pantelias, 1997), affecting
thus sensitivity to genotoxic agents (Terzoudi et al., 2000).

In this report, a new cytogenetic approach for the analysis of
sister chromatid exchanges directly in the G2-phase of cultured
peripheral blood lymphocytes has been applied. The methodol-
ogy is based on the induction of PCC using Calyculin-A, a
potent inhibitor of protein phosphatases type 1 and 2A (Coco-
Martin and Begg, 1997; Asakawa and Gotoh, 1997; Durante et
al. 1998; Gotoh et al., 1999) and the visualization of SCEs in
G2-phase prematurely condensed chromosomes (G2-PCCs)
using a modified fluorescent-plus-Giemsa (FPG) technique
(Perry and Wolff, 1974; Jan et al., 1982; Terzoudi et al., 2003).
This cytogenetic approach enables in a unique way the testing
of the hypothesis that high concentrations of atrazine will cause
a dose-dependent increase in homologous recombinational
events, as quantified by the frequency of SCEs in G2-PCCs.
Since clear evidence has been provided relating SCEs to homol-
ogous recombinational events (Sonoda et al., 1999), an increase
in homologous recombination repair processes is expected to
result in an increase in the frequency of SCEs; this finding
would favor a genotoxic activity of atrazine.

Materials and methods

Culture conditions and premature chromosome condensation induction
in G2-phase
Peripheral blood was taken with heparinized syringes from healthy indi-

viduals. 0.5 ml of whole blood was added to each culture tube containing
5 ml of McCoy’s 5A medium supplemented with 10 % fetal calf serum, 1 %
glutamin, 1% antibiotics (penicillin, streptomycin), 1 % phytohemagglutinin,
and incubated at 37 ° C for 72 h in a humidified incubator, in an atmosphere
of 5% CO2 and 95% air. For PCC induction in G2-phase lymphocytes, caly-
culin-A (Sigma-Aldrich) was used. In order to determine the optimum condi-
tions for PCC induction and scoring, calyculin-A was added to the whole
blood cultures at various doses and treatment times. Replicate cultures were
also made containing 0.05 Ìg/ml colcemid throughout the last 3 h culture
period, and these were not treated with calyculin-A.

Sister chromatid exchanges in G2-and M-phase lymphocytes
5-Bromodeoxyuridine (Sigma) was added at a final concentration of

20 ÌM 24 h after culture initiation. Cultures were incubated at 37 ° C for 72 h
prior to cell harvest. During this culture period, incorporation of BrdU into
replicating cells allows for the unequivocal identification of second division
metaphase cells. The cultured cells were treated with hypotonic (0.075 M)
KCl, fixed with methanol-acetic acid (3:1) and 20 Ìl of cell suspension were
dropped on wet slides. Air dried slides were stored in the dark. For visualiza-
tion of SCEs, the slides were stained by the Fluorescence-Plus-Giemsa (FPG)
technique according to Perry and Wolff (1974) and Jan et al. (1982). A few
drops of Hoechst 33258 (5 Ìg/ml) in Sorensen buffer (pH 6.8) were placed on
each slide and covered with coverslips. They were then placed on a slide
warmer set at 55 °C and exposed to a black light fluorescent lamp (Radium
SupraBlack HBT 125-281) at a distance of 2 cm for 10 min. Coverslips were
removed by soaking the slides in Sorensen’s buffer and the slides were then
stained with 3% Giemsa solution (Gurr R66 in Sorensen’s buffer) for 15 min.
The slides were finally mounted with cover slips and coded for analysis to
avoid bias. For SCE scoring, the criteria suggested by Carrano and Natarajan
(1988) were applied. Only second-division metaphases and G2-phase PCCs,
identifiable by their uniform differential staining pattern, containing 46
chromosomes were analysed.

For testing whether the mutagenic potential of atrazine may be underes-
timated when the conventional SCE analysis is applied, and also for the
assessment of exposures that arrest cells at G2-phase, whole blood cultures
were treated for the last 24 h of the total 72 h culture period. Atrazine (2-
chloro-4-ethylamino-6-isopropylamino-1,3,5,triazine), obtained from Sig-
ma-Aldrich, Germany, was used at the concentrations of 5 Ìg/ml to 220 Ìg/
ml and prepared in dimethyl sulphoxide (DMSO). Mitomycin-C (MMC,
Kyowa Hakko Kogyo Co. Ltd., Japan) was prepared in RPMI medium and
used as a positive control at a final concentration of 0.1 Ìg/ml. Calyculin-A
was dissolved in absolute ethanol.

For each experiment and chemical concentration within an experimental
set, a minimum of 3 lymphocyte cultures was run. Routinely, 30–50 cells
were scored for SCEs for each culture. Standard deviations of the mean val-
ues from three independent experiments were calculated for each experimen-
tal point. Data were evaluated statistically by Student’s t test.

Results

Drug-induced PCC in cultured peripheral blood lympho-
cytes was used to visualize and quantify the frequency of SCEs
in G2-phase. Treatment of cultured cells with 50 nM calycu-
lin-A for 1 h was chosen as optimum for PCC induction and
analysis of SCEs in G2-phase lymphocytes, considering chro-
mosome morphology as well. SCEs as visualized in G2-PCCs
after atrazine exposure are shown in Fig. 1. As a positive con-
trol, lymphocyte cultures were treated with 0.1 Ìg/ml of mito-
mycin-C, and the SCEs in G2 lymphocyte PCCs are shown in
Fig. 2. In contrast to the appearance of chromosomes at meta-
phase (Fig. 3), the sister chromatids in drug-induced prema-
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Fig. 1. SCEs as visualized in G2-PCCs of
peripheral blood lymphocytes exposed to 20 Ìg/
ml of atrazine. The sister chromatids in drug-
induced PCCs are parallel to each other and their
centromeres are not clearly visible.

turely condensed chromosomes are aligned in close contact,
parallel to each other, and their centromeres are not clearly visi-
ble.

In order to test whether high concentrations of atrazine will
cause a dose-dependent increase in homologous recombina-
tional events, four sets of experiments were carried out. In the
first set of experiments it was examined whether the genotoxic
potential of atrazine can be evaluated in G2-phase lymphocytes
even at exposures exceeding cytotoxic limits that cause accu-
mulation of cells in the G2-phase. The results are shown in
Table 1. Even though at concentrations of atrazine of 120 and
220 Ìg/ml no cells at mitosis were present to be studied by con-
ventional SCE analysis, using premature chromosome conden-
sation enough G2-PCCs were present to analyze SCEs.

The second set of experiments was designed to test whether
in vitro exposure of peripheral blood to atrazine from 5 to
200 Ìg/ml will cause a dose-dependent increase in homologous
recombinational events, as quantified by the frequency of SCEs
obtained at each experimental point. As shown in Table 2, the
results obtained in particular using high exposures to atrazine,
do not demonstrate a dose-dependent increase in the frequen-
cies of SCEs.

In the third set of experiments it was examined whether
SCE analysis in metaphase chromosomes is a more sensitive
method to estimate the genotoxic potential of atrazine. The
results are presented in Table 3. A higher SCE yield per cell was
scored in G2-PCCs than in cells at metaphase. In the fourth set
of experiments, the involvement of cell cycle kinetics in the
variation of SCEs among individuals after exposure to 20 Ìg/ml
of atrazine was examined. The results are also shown in
Table 3. A lesser SCE variability, CV = 8.5%, (CV = SD/mean
value × 100%) was observed when the analysis was carried out
in G2-phase prematurely condensed chromosomes than in me-
taphase cells (CV = 20%). The range for SCEs per cell among

Fig. 2. SCEs as visualized in G2-PCCs of
peripheral blood lymphocytes treated with 0.1 Ìg/
ml of Mitomycin-C. 

Fig. 3. SCEs as visualized in peripheral blood
lymphocytes at metaphase. The clear appearance
of the centromeres in metaphase chromosomes
differentiates them from the drug-induced G2-
PCCs.

healthy individuals after atrazine exposure was 5.5–9.9 when
analyzed in cells at metaphase, whereas the range was 8.4–10.4
when SCEs were scored in G2-phase PCCs.

Discussion

Even though the evidence for the mutagenic and carcino-
genic potential of triazines is still equivocal, the extensive
human exposure to these herbicides is likely to continue and
possibly increase in the near future. For USA alone there are
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Table 1. Yield of SCEs as scored in G2-PCC
cells after exposure to atrazine at high
concentrations

 [Chemical] in cell culture SCEs / metaphase cell 
(Mean ± SD) 

SCEs / G2-phase cell 
(Mean ± SD) 

Control  6.10 ± 0.60   6.60 ± 0.52  

Atrazine 60 µg/ml 8.50 ± 1.10   9.90 ± 0.71 
Atrazine 120 µg/ml No metaphasesa  10.30 ± 0.90 
Atrazine 220 µg/ml No metaphasesa  10.25 ± 0.80 
MMC 0.1 µg/ml 15.30 ± 0.91 27.42 ± 1.23  

a At these chemical concentrations no metaphases were observed.  
Standard deviations of the mean values from three independent experiments using the same donor were calculated 
for each experimental point. 

Table 2. SCEs per G2-PCC cell, in
comparison to SCEs per metaphase cell, after
exposure to atrazine

[Atrazine] in cell culture SCEs / metaphase cell 
Rangea (Mean ± SD)  

Coefficient of 
variation (%) 

SCEs / G2-phase cell 
Rangea (Mean ± SD) 

Coefficient of 
variation (%) 

Control (w/o atrazine) 4.4 – 8.9  (6.0 ± 1.6) 26.7 6.0 – 7.2  (6.4 ± 0.5) 7.8 
5 µg/ml 5.2 – 7.8  (6.5 ± 1.2) 18.5 7.2 – 8.3  (7.7 ± 0.6)  7.8 
10 µg/ml 6.0 – 9.2  (8.0 ± 1.4)  17.5 7.9 – 10.0  (8.9 ± 0.9) 10.1 
20 µg/ml 5.5 – 9.9  (7.5 ± 1.5) 20.0 8.0 – 10.4  (9.3 ± 0.8) 8.5 
50 µg/ml 7.1 – 10.5  (8.1 ± 1.4) 17.3 9.4 – 10.0  (9.6 ± 0.7) 7.3 
100 µg/ml No metaphases  - 9.9 – 12.5  (10.5 ± 0.9) 8.6 
150 µg/ml No metaphases  - 9.9 – 11.9  (10.1 ± 0.9) 8.9 
200 µg/ml No metaphases  - 11.6 – 12.0  (10.4 ± 0.8) 7.7 

a Range of SCEs / cell from 4-6 donors.  
Standard deviations of the mean values from six different donors were calculated for each experimental point 

Table 3. Variation of SCE frequencies among normal individuals as scored in metaphase cells and in G2-phase cells using
premature chromosome condensation after exposure to 20 Ìg/ml of atrazine

Donor No. SCEs / metaphase cell (Meana ± SD)  SCEs / G2-phase cell (Meana ± SD) Difference in sample meansb 

1 6.7 ± 0.5 9.2 ± 1.0 2.5 
2 6.9 ± 0.7 8.4 ± 0.6 1.5 
3 9.9 ± 1.2 10.4 ± 0.9 0.5 
4 6.6 ± 0.9 8.4 ± 0.5 1.8 
5 5.5 ± 0.8 9.0 ± 0.8 3.5 
6 8.2 ± 0.9 9.3 ± 0.9 1.1 
7 8.7 ± 1.0 10.2 ± 1.2 1.5 

 Overall mean ± SD 7.5 ± 1.5  9.3 ± 0.8 1.77 ± 0.98 

 Coefficient of variation CV = 20 % Coefficient of variation CV = 8.5 %  

a  Mean from 3 independent experiments 
b  Significance of the difference in sample means, t-test, a = 0.05 (t = 4.78, 0.0     1 < p < 0.001) 

.

estimates ranging from 90 to 121 million pounds of active
ingredient used annually (Goldman, 1994; Kligerman et al.,
2000). Most of the studies reported in the literature tend to sup-
port the concept that triazines are either not genotoxic or have
minimal genotoxic activity (Kligerman et al., 2000; Tennant et
al., 2001). Although the precise mechanism of action of atra-
zine at the cell level has not been clearly defined, the experi-
mental data indicate that atrazine may either cause some form
of DNA damage or affect cell cycle kinetics. Two studies have
indicated that atrazine can cause DNA damage as measured by
the alkaline single cell gel (SCG) assay. Clements et al. (1997)
reported that atrazine caused significant DNA damage in bull-
frog tadpole erythrocytes. Atrazine was also shown to cause
DNA damage with and without S9 activation in human lym-
phocytes treated in vitro (Ribas et al., 1995). The EPA has pro-

posed to upgrade the classification of atrazine to a “likely
human carcinogen”, and re-evaluate of the mutagenic and car-
cinogenic potential of atrazine (Ribas et al., 1995).

In an attempt to study the genotoxicity of atrazine, in this
report a new cytogenetic approach is used for testing the
hypothesis that high concentrations of atrazine will cause a
dose-dependent increase in homologous recombinational
events, as quantified by the frequency of SCEs in G2-PCCs.
For this purpose it was examined whether the genotoxic poten-
tial of atrazine can be evaluated in G2-phase lymphocytes even
at exposures exceeding cytotoxic limits that cause cell accumu-
lation in the G2-phase. Even though it is known that some
chemicals are effective inducers of SCEs in the first post treat-
ment mitosis (M1) and not in the second (M2) or vice versa
(Kaina and Aurich, 1985), the effect of atrazine was studied
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only in M1 since high exposures to atrazine induce G2-block,
affecting cell progression to M2. The results shown in Table 1
demonstrate that at high concentrations of atrazine, SCEs
could not be scored using conventional analysis since no cells
were present at metaphase. However, using premature chromo-
some condensation the yields of SCEs in G2-phase lympho-
cytes were easily obtained. With respect to whether in vitro
exposure of peripheral blood to atrazine from 5 to 200 Ìg/ml
would cause a dose-dependent increase in homologous recom-
binational events, as quantified by the frequency of SCEs
obtained at each experimental point, the results presented in
Table 2 do not support this hypothesis. Particularly, the fact
that an increase of chemical concentration from 50 to 200 Ìg/
ml did not increase the frequency of SCEs, as scored in G2 lym-
phocyte PCCs, does not support a genotoxic activity of atra-
zine.

The results presented in Table 3 show that a higher SCE
yield per cell was scored in G2-PCCs than in cells at metaphase.
This suggests that SCE analysis in G2-PCCs is a more sensitive
method to estimate the genotoxic potential of atrazine since it
includes in the analysis the G2-blocked cells as well. On the
average the SCE frequency obtained in the G2-phase is signifi-
cantly higher (0.001 ! p ! 0.01) than that obtained in meta-
phase. In Table 3 results are also shown from experiments
designed to test whether the variability in the kinetics of cul-
tured peripheral blood lymphocytes among individuals may
affect the frequency of SCEs when conventional SCE analysis
in metaphase cells is exclusively applied. A lesser SCE variabili-
ty was observed when the analysis was carried out in G2-PCCs

than in metaphase cells. The range for SCEs per cell among
healthy individuals after atrazine in vitro exposure was 5.5–
9.9, with a coefficient of variation (CV) value of 20% when
analyzed in cells at metaphase, whereas the range was 8.4–10.4,
with a CV value of 8.5% when SCEs were scored in G2-phase
PCCs. Similar CV values were also obtained for the other atra-
zine concentrations used as shown in Table 2. These results
suggest that an important part in the variation of SCE frequen-
cy reported by different laboratories when conventional SCE
analysis is applied after exposure to a certain concentration of
atrazine, is due to differences in cell cycle kinetics of cultured
lymphocytes rather than to a true biological variation in the
cytogenetic end point used.

In conclusion, the use of a simple protocol for SCE analysis
in G2-phase lymphocyte PCCs enables the evaluation of the
genotoxic potential of atrazine even at high concentrations of
this pesticide. Even though a minimal genotoxic activity was
observed at the low dose range, the fact that an increase of
chemical concentration from 50 to 200 Ìg/ml did not increase
the frequency of SCEs, as scored in G2 lymphocyte PCCs, does
not support a genotoxic activity of atrazine. Furthermore, since
a lesser SCE variability is observed when the analysis is carried
out in G2-phase, it is possible that an important part in the
variation of the SCE frequencies and the discrepancies between
different laboratories reporting on the genotoxic effect of a cer-
tain dose of atrazine, is due to differences in cell cycle kinetics
of cultured lymphocytes rather than to a true variation in the
induction of SCEs.
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Abstract. X chromosome inactivation-mediated cellular
mosaicism was applied to study the clonal nature of experimen-
tal and human tumors and to judge whether apparently recur-
rent tumors which appear after therapeutic treatment are truly
due to recurrence or due to new induction of a second tumor.
Results show that the majority of experimental and human

tumors, including benign tumors, are monoclonal and that the
majority of apparently recurrent tumors are due to true recur-
rence. A series of experimental studies on this topic are
reviewed.

Copyright © 2003 S. Karger AG, Basel

We observed a 100% recurrence of mouse tumors of autoch-
thonous origin induced with 3-methylcholanthrene (MCA) af-
ter experimental radiation therapy while, in marked contrast
100% of transplanted tumors from the same origin treated in
the same manner were cured (Tanooka et al., 1980). It then
became necessary to judge whether apparently recurrent tu-
mors can be attributed to true recurrence or are due to induc-
tion of new tumors at treated sites. We employed cellular
mosaicism produced by random inactivation of the X chromo-
some first to judge the clonal origin of tumors and then to test
the clonal nature of the recurrent tumors after experimental
radiation therapy. This review shows that almost all of the
tumors, as judged from the mice carrying X chromosome inac-
tivation-mediated mosaicism, were monoclonal, i. e., of a sin-
gle-cell origin, except for a few cases. Furthermore, the majority
of the apparently recurrent tumors were true recurrent tumors.

Recurrence of autochthonous tumors after radiation
therapy

Chemically induced mouse tumors were used as a target of
experimental therapy with chemotherapeutic and immuno-
suppressive agents, and ionizing radiation. As a model, we used
solid tumors induced by subcutaneous injection of MCA in the
groin of ICR mice. These tumors were induced in a dose-depen-
dent manner (90% yield with 0.5 mg MCA per mouse) and
grew to a palpable size 50–200 days after MCA injection (Ta-
nooka et al., 1982). Their growth rates did not depend on the
time of their appearance, and the tumors were monoclonal (Ta-
nooka and Tanaka, 1982, 1984). Tumor growth curves are
shown in Fig. 1a. Histologically, the majority of tumors were
fibrosarcomas and some squamous cell carcinomas were also
observed. When they had reached a diameter of 8–10 mm, the
tumors were irradiated with an X-ray beam generated from a
6-MeV linear accelerator (NEC/Varian) with a sharp collima-
tion to a 10 × 10 mm irradiation area. With a therapeutic dose
of 65 Gy, the tumors stopped growing and started to regress
with an average time of six days for regression to half of their
volume, and then disappeared as shown in Fig. 1b (Tanooka et
al., 1980). However, all the tumors reappeared at the treated
sites 60–110 days after treatment and they grew at a volume-
doubling time of 2.7 days, the same growth speed as the original
tumors.
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Fig. 1. Growth of MCA-induced autochthon-
ous tumors (a) and volume changes after local
irradiation with a collimated beam of X-rays (b).
Growth of transplanted tumors (c) and volume
changes after local irradiation (d). Radiation
dose: 65 Gy. (Tanooka et al., 1980; quoted with
permission of publisher).

In contrast, tumors transplanted from an MCA-induced pri-
mary tumor into recipient mice (Fig. 1c) responded differently.
When treated in an identical manner as the primary tumors
with linear accelerator-generated X-rays, they disappeared and
showed a complete cure, i. e., no reappearance for 120 days
after treatment by definition of the cure for experimental
tumors (Fig. 1d). The 50% tumor cure dose (TCD50) was
42 Gy and a complete cure was achieved with 65–74 Gy (Ta-
nooka et al., 1980) which is in accord with results obtained
from other experimental systems with transplanted tumors.
Gross radiation sensitivity of tumor cells in the autochthonous
tumors was the same as that for the transplanted tumors, as
estimated from tumor recurrence time, i. e., D37 = 4 Gy. Some
intrinsic factors involved in the radiation response of tumors
are different between autochthonous and transplanted tumors.
This raises the question of whether the transplanted tumor sys-
tem is an appropriate test system to determine a treatment regi-
men for the achievement of a true cure of tumors.

To answer this question, the clonal nature of apparently
recurring tumors has to be clarified. The question is: Are they
true recurrent tumors or newly induced tumors? If tumors are
true recurrent tumors, they will maintain the same clonal
nature as the primary tumor. On the other hand, if apparently
recurrent tumors are actually newly induced second tumors, a
new clonal nature should be seen.

To pursue this problem, application of the mouse system
with X chromosome inactivation-mediated cellular mosaicizm
is a powerful method. The first step is the examination of the
clonal nature of experimentally induced tumors.

Clonal nature of experimental tumors

Studying the clonal nature of tumors themselves is an
important task in cancer research as discussed earlier (Tanoo-
ka, 1988). X chromosome inactivation-mediated mosaicism of
somatic cells is created by random inactivation of one of a pair
of X chromosomes (Lyon, 1961) through methylation (Mohan-
das et al., 1981). Under the assumption that X chromosome
inactivation is not disturbed during tumorigenesis, if a tumor is
a clone of a single somatic cell, all tumor cells grown from this
origin should show the same X inactivation pattern. This sys-
tem was first applied by Fialkow (1976) to test the clonal nature
of human tumors formed in females with a cellular mosaicism
for the X chromosome-linked gene of glucose-6-phosphate
dehydrogenase (G6PD). The results showed that almost all
tested human tumors were monoclonal. New markers for
human tumors are now available as described later.

In mice, a variety of X chromosome-linked markers are
available. In a series of our experiments, we employed a mutant
of the X-linked gene for phosphoglycerate kinase (pgk-1a). The
mutant pgk-1a mice were supplied by Dr. Chapman (Nielsen
and Chapman, 1977). Female mice heterozygous at the pgk-1
allele on X-chromosome (pgk-1a/pgk-1b) carry somatic cells of
two PGK types in a mosaic manner. The mutant and normal
PGK phenotypes are distinguishable from electrophoretic pat-
terns. Tumors induced by subcutaneous injection of MCA in
the mosaic mice showed a single PGK pattern (A or B) and,
with a higher dose of MCA shifted into a polyclonal pattern
(AB) (Tanooka et al., 1982). Using PGK mosaic mice, a variety
of tumors produced with different carcinogenic agents have
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Fig. 2. A time schedule of tumor recurrence test. Tumor was induced in a pgk-1a /pgk-1b mosaic cell mouse by subcutaneous
injection of MCA into the groin. A part of tumor was resected and examined for PGK and histological types. After tumor regrew to
10 mm diameter, it was irradiated locally with a therapeutic dose. Tumor disappeared once and reappeared after a latent period.
PGK and histological types were examined and compared with those of the primary tumor (Tanooka and Tanaka, 1985; quoted
with permission of publisher).

Table 1. Experimental tumors that were
proven to be monoclonal with mice
X chromosome inactivation-mediated cellular
mosaicism

Organ Tumor Carcinogena Reference 

Skin Fibrosarcoma  MCA Tanooka and Tanaka 1982, 1984 
   Woodruff et al. 1982 
   Deamant and Iannaccone  
 Papilloma DMBA+(TPA) Reddy and Fialkow 1983a 
   Taguchi et al. 1984  
 Squamous cell carcinoma  DMBA+(TPA) Taguchi et al. 1984 
 Spindle cell carcinoma UV Kim-Burnham et al. 1986 
Bladder Adenocarcinoma BHBN Kakizoe et al. 1983 
Liver  Preneoplastic nodule AAF  Rabes et al. 1982  
 Hepatocellular carcinoma PB alone or with NDEA Williams et al. 1983 
   Howell et al. 1983  
Stomach  Papilloma DEN Fukushima et al. 1986  
Colon  Adenocarcinoma  DMH Inoue et al. 1986 
Blood forming organ  AKR leukemia virus Collins and Fialkow 1982 
 Rauscher leukemia  virus Reddy and Fialkow 1983b 
 Thymic lymphoma X rays Bessho et al. 1984 
 Myeloid leukemia  X rays Bessho and Hirashima 1987  
Mammary gland Adenocarcinoma MTV  Tanaka et al. 1984 
   Ootsuyama et al. 1987 

a AAF:2-acetylaminofluorene; BHBN: N-butyl-N-(4-hydroxybutyl)nitrosamine; DEN: diethylnitrosamine; 
DMBA: 7,12-dimethylbenz[a]anthracene; DMH: 1,2-dimethylhydrazine; MCA: 3-methylcholanthrene; MTV: 
mammary tumor virus; NDEA: N-nitrosodiethanolamine; PB: phenobarbitone; TPA: 12-O-tetradecanoylphorbol-
13-acetate. 

been shown to possess a monoclonal nature (Table 1). It is
noted that benign tumors such as preneoplastic nodules in the
liver (Rabes et al., 1982), papillomas in the skin (Taguchi et al.,
1984), and preleukemic cells (Bessho and Hirashima, 1987) are
already monoclonal before becoming malignant. However, be-
nign tumors are different from hyperplasia of a polyclonal
nature, a cell population formed by uniform cell growth. 

Mice carrying Cattanach translocation (T[X;7]1CT) be-
tween an autosome and the X chromosome which provides a
visible pattern of X inactivation mosaicism are useful for such
studies (Cattanach, 1961). MCA-induced tumors in these mice
showed a monoclonal pattern (Takagi et al., 1986). One case
was found where two Cattanach chromosomes were simulta-
neously replicating in each of the single cells of a tumor, indi-
cating the possibility that a monoclonal tumor might have orig-

inated from a single fused cell. To test this hypothesis, a hybrid
of Mus caroli with G6PD-mosaic cells carrying the X-linked
G6PD mutation was used to look for the presence of the G6PD
dimers which are expected to be formed in the fused cells (Ta-
naka et al., 2000). 

Another useful X-linked marker is a restriction fragment
length polymorphism (Vogelstein et al., 1985, 1987), by which
the monoclonal nature of experimental tumors has been shown.
Recently, a new molecular X chromosome-linked marker, a
repeat of the trinucleotide sequence GAC in the androgen-
receptor gene which is susceptible to methylation in association
with X chromosome inactivation (Allen et al., 1992) was used
to study the clonal nature of human tumors. The population of
females who are heterozygous for this gene locus and carry the
cellular mosaicism is very high, i. e., 90%. From restriction pat-
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terns of tumor DNA, the monoclonal nature has been shown
for seborrheic keratosis in the skin (Nakamura et al., 2001).
Interestingly, with this genetic marker it could be shown that
diffuse proliferation of interstitial cells of Cajal in patients with
familial and multiple gastrointestinal stromal tumors was poly-
clonal, while gastrointestinal stromal tumors were monoclonal
(Chen et al., 2002). 

The question to be asked here is why only one clone appears
as a tumor in the background of many mutated cells or many
tumor origins. A clonal-selection model was proposed by Woo-
druff et al. (1982). A full answer to this question remains to be
obtained by future study. 

Test for clonal nature of recurrent tumors

Our test system is shown in Fig. 2. The tumors were induced
by subcutaneous injection with MCA into the groin of pgk-1a /
pgk-1b mosaic mice. After they appeared and grew to 1 cm in
diameter, parts of the tumors were resected for histology and
determination of PGK types. When tumors had regrown to
10 mm in diameter, they were locally irradiated with a colli-
mated X-ray beam from a linear accelerator with a dose of 40 or
60 Gy. The tumors disappeared, but regrew at the treated site
after a latent period. These regrown tumors were subjected to
histology and determination of PGK types for comparison with
those of the original tumors. Only one tumor out of 17 showed a
discrepancy of PGK types and histology between the primary
tumor and the secondary tumor, indicating the induction of a
new tumor after radiation treatment. The majority, 13 cases,
showed the same PGK types and histology. The possibility that
a newly induced tumor shows the same characteristics as the

primary tumor cannot be ruled out. However, this result indi-
cates that the majority of tumors reappearing after radiation
treatment are due to true recurrence. 

Such a clonality test is useful to determine the recurrence of
human tumors. The recurrence of leukemia after chemothera-
py has been examined for G6PD mosaic females (Fialkow,
1976). A new molecular marker in the androgen receptor gene
is now available to test for tumor recurrence in human females
(Kitamura et al., 2003). The development of a new system with
X chromosome-mediated cellular mosaicism will provide a fur-
ther powerful method for the identification of the true recur-
rence of cancers. 

Conclusion

X chromosome inactivation-mediated cellular mosaicism is
a useful tool to examine the clonal nature of experimental and
human tumors, the majority of which have been shown to be
monoclonal. Furthermore, this method can be applied to differ-
entiate between true recurrence and new tumor induction in
tumors of experimental animals and humans after therapeutic
treatment. The question of why only one single cell can develop
into a tumor still remains to be answered. The achievement of a
true cure is the final goal of cancer therapy. 
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Abstract. Chromosomal mutagen sensitivity is a common
feature of cells from patients with different kinds of cancer. A
portion of breast cancer patients also shows an elevated sensi-
tivity to the induction of chromosome damage in cells exposed
to ionizing radiation or chemical mutagens. Segregation analy-
sis in families of patients with breast cancer indicated heritabil-
ity of mutagen sensitivity. It has therefore been suggested that
mutations in low-penetrance genes which are possibly involved
in DNA repair predispose a substantial portion of breast cancer
patients. Chromosomal mutagen sensitivity has been deter-
mined with the G2 chromosome aberration test and the G0

micronucleus test (MNT). However, there seems to be no clear
correlation between the results from the two tests, indicating
that the inherited defect leading to enhanced G0 sensitivity is
different from that causing G2 sensitivity. Less than 5% of
breast cancer patients have a familial form of the disease due to
inherited mutations in the breast cancer susceptibility genes
BRCA1 or BRCA2. Heterozygous mutations in BRCA1 or
BRCA2 in lymphocytes from women with familial breast can-
cer are also associated with mutagen sensitivity. Differentia-
tion between mutation carriers and controls seems to be much
better with the MNT than with the G2 assay. Mutagen sensitivi-

ty was detected with the MNT not only after irradiation but
also after treatment with chemical mutagens including various
cytostatics. The enhanced formation of micronuclei after expo-
sure of lymphocytes to these substances suggests that different
DNA repair pathways are affected by a BRCA1 mutation in
accordance with the proposed central role of BRCA1 in main-
taining genomic integrity. Mutations in BRCA1 and BRCA2
seem to predispose cells to an increased risk of mutagenesis and
transformation after exposure to radiation or cytostatics. This
raises a question about potentially increased risks by mammo-
graphy and cancer therapy in women carrying a mutation in
one of the BRCA genes. Lymphoblastoid cell lines (LCLs) from
breast cancer patients have been used to study the mechanisms
and genetic changes associated with tumorigenesis. With re-
spect to mutagen sensitivity, conflicting results have been
reported. In particular enhanced induction of micronuclei does
not seem to be a general feature of LCLs with a BRCA1 muta-
tion in contrast to lymphocytes with the same mutation. There-
fore, LCLs are of limited utility for studying the mechanisms
underlying chromosomal mutagen sensitivity.

Copyright © 2003 S. Karger AG, Basel

DNA repair mechanisms constantly monitor the genome
and repair DNA damage resulting from exposure to environ-
mental and endogenous mutagens. Cells deficient in DNA
repair capacity become hypersensitive towards mutagens, hy-
permutable and more susceptible to transformation (for review

see Hoeijmakers, 2001). Mutagen sensitivity, i.e. enhanced
response of cells to the DNA-damaging action of mutagens/car-
cinogens has been described repeatedly as a potential marker of
susceptibility to cancer in humans. Most studies are based on
an approach that compares induced DNA damage to lympho-
cytes from subjects with cancer with induced DNA damage to
lymphocytes from subjects without cancer (for review see Ber-
wick and Vineis, 2000; Berwick et al., 2002). Cytogenetic end-
points such as chromosome aberrations, micronuclei and sister
chromatid exchanges (SCEs) have frequently been used for the
determination of DNA damage on the chromosome level
(Tucker and Preston, 1996). Chromosomal sensitivity to radia-
tion and chemical mutagens has been proposed as a marker for
low penetrance predisposition to various common cancers



326 Cytogenet Genome Res 104:325–332 (2004)

including breast cancer (Baria et al., 2001b). Breast cancer
patients have been tested for mutagen sensitivity in various
studies (Helzlsouer et al., 1995, 1996; Parshad et al., 1996;
Patel et al., 1997; Rao et al., 1998; Scott et al., 1998, 1999;
Roberts et al., 1999; Burrill et al., 2000; Rothfuss et al., 2000;
Roy et al., 2000; Baria et al., 2001a, b; Baeyens et al., 2002;
Buchholz et al., 2002; Trenz et al., 2002, 2003b). Compared
with normal healthy controls, a clearly increased portion of
breast cancer patients has an enhanced sensitivity to the chro-
mosome-damaging effects of ionizing radiation and other mu-
tagens. The amount of mutagen-sensitive individuals was
much higher than the known percentage of individuals with a
strong genetic predisposition, caused by highly penetrant genes
such as BRCA1 and BRCA2. Therefore, it has been suggested
that similar to some other common cancers, a substantial por-
tion of breast cancer patients may carry mutations in low pene-
trance genes, which may be genes involved in the processing of
DNA damage (Parshad et al., 1996; Roberts et al., 1999; Scott
et al., 1999; Burrill et al., 2000). Only few studies investigated
chromosomal mutagen sensitivity in cells from patients with
mutations in BRCA1 or BRCA2 (Rothfuss et al., 2000; Baria et
al., 2001a; Baeyens et al., 2002; Buchholz et al., 2002; Trenz et
al., 2002, 2003b). Mutagen sensitivity was determined in vari-
able portions of the studied groups depending on the method
used to measure mutagen sensitivity. These data will be criti-
cally reviewed and the possible mechanisms involved in mutag-
en sensitivity of cells from breast cancer patients with muta-
tions in BRCA1 or BRCA2 will be discussed.

Detection of chromosomal mutagen sensitivity in cells
from breast cancer patients

Various approaches have been used to determine mutagen
sensitivity in cultivated cells from breast cancer patients. The
most common test for the detection of mutagen sensitivity is
the G2 chromosome aberration test (Scott et al., 1994, 1999).
This assay is based on the induction of chromosome damage in
lymphocytes in the G2 phase of the cell cycle by ionizing radia-
tion and the analysis of metaphase chromosomes in the next
mitosis. An increased frequency of induced chromatid breaks is
assumed to express enhanced mutagen sensitivity and reduced
DNA repair capacity. Alternatively, the G0 micronucleus test
(MNT) has been used (Scott et al., 1998, 1999; Rothfuss et al.,
2000; Baria et al., 2001a; Baeyens et al., 2002; Trenz et al.,
2002, 2003b). In this assay, cells in G0 rather than in G2 are
exposed to radiation or chemical mutagens and the frequency
of micronuclei is determined after one cell division in the next
G1 phase. Cytochalasin B is usually used in this assay to allow
identification of postmitotic cells as binucleates (Fenech,
1997). The MNT simplifies and speeds up the assessment of
mutagen sensitivity because it requires less time and cytogenet-
ic expertise than the analysis of metaphase chromosomes. Both,
chromosome aberrations and micronuclei mainly reflect the
erroneous result from a cell’s attempt to handle DNA damage
and thus indirectly also indicate repair capacity. With respect
to irradiation, high dose rate (HDR) and low dose rate (LDR)
were comparatively investigated under the assumption that

LDR allows more repair and thus better discriminates between
sensitive and non-sensitive individuals (Scott et al., 1998;
Baeyens et al., 2002).

Besides these two endpoints for chromosome mutations,
indicator endpoints such as sister chromatid exchanges (SCE
test) and DNA strand breaks (comet assay) have been used to
study mutagen sensitivity in cells from breast cancer patients
(Cianciulli et al., 1995; Jaloszynski et al., 1997; Abrahams et
al., 1998; Alapetite et al., 1999; Rajeswari et al., 2000; Roy et
al., 2000; Nieuwenhuis et al., 2002; Trenz et al., 2002, 2003b;
Smith et al., 2003). Effects in indicator tests mainly represent
the amount of induced DNA damage after mutagen exposure.
The comet assay is also used for measuring repair (e.g. monitor-
ing the time-dependent removal of lesions) but this approach
just measures the speed of damage removal and not the fidelity
of strand break rejoining (Speit and Hartmann, 1999). Con-
flicting results have been reported for the SCE test and the com-
et assay with regard to effects in cells from breast cancer
patients. These studies have been discussed previously (Trenz
et al., 2002, 2003b) and will not be considered in detail here.

Breast cancer and mutagen sensitivity

Breast cancer is the most common type of cancer in females
but only about 2% of breast cancer cases are related to rare but
highly penetrant genes, such as BRCA1 and BRCA2 (Peto et
al., 1999). Low-penetrance cancer susceptibility genes, which
are more common, might therefore mainly contribute to a large
proportion of breast cancer cases (Teare et al., 1994; Roberts et
al., 1999). In particular, genetic variability in DNA repair genes
might contribute to mutagen sensitivity and cancer susceptibil-
ity (Hu et al., 2002; Mohrenweiser, 2002). Like other inherited
cancer-prone conditions, a portion of breast cancer patients
showed an elevated sensitivity to the induction of chromosome
damage in cells exposed to ionizing radiation (Scott et al., 1994,
1999; Parshad et al., 1996; Patel et al., 1997; Terzoudi et al.,
2000; Baria et al., 2001b; Riches et al., 2001; Baeyens et al.,
2002). In these studies, the G2 chromosome aberration test was
used to evaluate chromosomal radiosensitivity and enhanced
chromosome breakage was observed in sporadic breast cancer
patients in all of these studies. Using the 90th percentile of the
population of healthy donors as a cut off value for radiosensi-
tivity, approximately 40% of breast cancer cases showed ele-
vated chromosomal radiosensitivity (Scott et al., 1994; Parshad
et al., 1996; Baeyens et al., 2002).

The MNT has been used in some studies (Scott et al., 1998,
1999; Burrill et al., 2000; Baeyens et al., 2002). It has been
shown in all of these studies that the MNT also detects breast
cancer patients compared with healthy controls as having ele-
vated radiation sensitivity. Using the 90th percentile of the
population of healthy donors as a cut off value for radiosensi-
tivity, between 15 and 60% of breast cancer cases showed ele-
vated chromosomal radiosensitivity in the MNT. Interestingly,
LDR irradiation led to a better discrimination between breast
cancer patients and controls than HDR irradiation in one study
(Baeyens et al., 2002) but not in another study (Scott et al.,
1998). Baeyens et al. (2002) also reported a much higher pro-
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portion of radiosensitive breast cancer patients (45% with
HDR and 61% with LDR) in comparison with Scott et al.
(1998) who detected 31% with HDR and 15% with LDR. In
both studies, there was only a weak correlation between HDR
and LDR responses in patients and controls. This difference
may in part be due to experimental variability but may also
indicate that the HDR and the LDR assay detect different
mechanisms of chromosomal radiosensitivity. Lack of correla-
tion was also observed between the results from the G2 chromo-
some aberration test and the (G0) MNT (Scott et al., 1999;
Baeyens et al., 2002). It has been suggested by Scott et al. (1999)
that the inherited defect leading to enhanced G0 sensitivity is
different from that responsible for G2 sensitivity. Possibly, dif-
ferent DNA repair mechanisms are affected after G0 or G2

phase mutagen exposure but both contribute to mutagen sensi-
tivity.

One important aspect in such kind of studies is the potential
influence of the presence of a tumor and previous radio- and/or
chemotherapy on the determination of mutagen sensitivity.
Roberts et al. (1999) did not find significant differences in the
G2 chromosome aberration test between pre- and post-therapy
samples. In accordance with these data, Baeyens et al. (2002),
using the G2 assay, did not find significant differences in chro-
mosomal radiosensitivity between groups of patients with and
without therapy. In contrast to these observations, the mean
spontaneous micronucleus frequency in the group of breast
cancer patients was significantly increased compared to the
mean spontaneous micronucleus yield in controls in the same
study and associated with previous radio- and/or chemothera-
py (Baeyens et al., 2002). However, it might also be possible
that increased spontaneous micronucleus frequencies reflect
genomic instability of cells from cancer patients.

Segregation analysis in families of patients with breast can-
cer showed evidence of heritability of radiosensitivity (Roberts
et al., 1999; Burrill et al., 2000). The proportion of sensitive
cases in all of these studies was higher than the expected
amount of mutation carriers in BRCA1 or BRCA2. However,
since the presence of mutations in BRCA1 and BRCA2 was not
determined in these studies, it remained unclear whether muta-
tions in these breast cancer susceptibility genes are related to
radiosensitivity.

Mutagen sensitivity associated with mutations in BRCA1
and BRCA2

Besides other cellular functions, BRCA1 and BRCA2 main-
tain genomic stability through an involvement in DNA repair
processes (Venkitaraman, 2001). It was known that deficiency
in BRCA1 leads to radiosensitivity in cell lines (Abbott et al.,
1999). We therefore evaluated the effect of a heterozygous
mutation in BRCA1 or BRCA2 on radiation sensitivity of lym-
phocytes in the MNT and the utility of the MNT as a screening
test for mutations in the breast cancer susceptibility genes
BRCA1 and BRCA2 in breast cancer families. Our first results
indicated a close relationship between the presence of a hetero-
zygous BRCA1 mutation and sensitivity for the induction of
micronuclei by gamma irradiation and H2O2 (Rothfuss et al.,

2000). In this study, ten of eleven women with a BRCA1 muta-
tion showed elevated radiation sensitivity in the MNT when
compared to a concurrent control. However, using the +2 stan-
dard deviations from the mean micronucleus frequency of the
control group as a cut off, 58% (7 out of 12) of BRCA1 muta-
tion carriers were sensitive. In their reply to this study, Baria et
al. (2001a) compared healthy BRCA1 mutation carriers (n = 9)
with controls (n = 5) from families with BRCA1 mutations who
did not themselves carry these mutations with the G2 chromo-
some aberration test and did not find a difference between the
two groups. The authors concluded that also with respect to the
BRCA1 gene, the two assays seem to detect independent kinds
of radiosensitivity and suggested that the BRCA1 gene product
is involved in the G0 but not in the G2 defense mechanism. In
their comparative study with the G2 assay and the MNT,
Baeyens et al. (2002) included women (n = 11) carrying either a
BRCA1 or a BRCA2 mutation. Among them 27% were sensi-
tive in the G2 assay, 33% in the MNT with HDR and 78% in
the MNT with LDR. The combined investigation of carriers
with BRCA1 or BRCA2 mutations seems to be justified in
accordance with our results indicating that there is no funda-
mental difference between BRCA1 and BRCA2 mutation car-
riers with respect to chromosomal radiosensitivity in the MNT
(Trenz et al., 2002). An association between radiation sensitivi-
ty and mutations in BRCA1 and BRCA2 was also confirmed in
a study with lymphocytes and fibroblasts (Buchholz et al.,
2002). With lymphocytes, the G2 chromosome aberration test
was performed while for fibroblasts the surviving fraction of
cells after 2 Gy irradiation was determined. Both endpoints
clearly indicated increased radiosensitivity of the two cell types
carrying a mutation. There was no apparent difference in the
radiosensitivity between cells with BRCA1 and BRCA2 muta-
tions. However, the sample size was small and the percentage of
sensitive cases was not calculated. In the meantime, we tested
24 cases with a BRCA1 mutation, nine cases with a BRCA2
mutation and 22 controls (Rothfuss et al., 2000; Trenz et al.,
2002, 2003b; unpublished results). The results of this ongoing
study are summarized in Fig. 1. Using the 90th percentile as a
cut off point for sensitivity, 54% of the BRCA1 cases, 78% of
the BRCA2 cases and 5% of the controls are sensitive (Fig. 2).
A direct comparison of cases with concurrent controls as sug-
gested earlier (Rothfuss et al., 2000) identified 78% of the
BRCA1 cases and 79% of the BRCA2 cases as being sensitive
in the sample shown in Fig. 1. This difference indicates that
methodological factors influence the outcome of the test and
reduction of inter-test variability can improve the discrimina-
tion between mutation carriers and controls. The source and
type of irradiation might be of crucial importance for the detec-
tion of mutagen sensitivity in the MNT but it is still unclear
which kind of irradiation is optimal. While the results of
Baeyens et al. (2002) indicate a better discrimination with LDR
we identified a similar percentage of mutation carriers with
HDR. However, we did not have the chance to perform com-
parative experiments with LDR up to now.

Although some data suggest that the presence of a tumor
and cancer therapy do not fundamentally modify mutagen sen-
sitivity (Roberts et al., 1999; Baeyens et al., 2002), the available
results do not completely exclude a significant influence of the
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Fig. 1. Box plot of the spontaneous and radia-
tion-induced (2 Gy 137 Cs gamma rays; 4 Gy/min)
micronucleus (MN) frequencies in women with
BRCA1 (n = 24) or BRCA2 (n = 9) mutations and
controls (n = 22). The solid line indicates the
median for each group, the box edges mark the
25th and 75th percentile of the observed values
and the T-bars indicate the 10th and 90th percen-
tiles.

Fig. 2. Induced micronucleus frequencies
(2 Gy 137 Cs gamma rays; 4 Gy/min) in (A) control
subjects (n = 22), (B) women with BRCA1 muta-
tion (n = 24) and (C) in women with BRCA2
mutations (n = 9). Dashed line, mean MN fre-
quency of the control group; solid line, mean +
2 SD.
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test outcome. It is interesting to note that Baria et al. (2001a)
tested nine healthy mutation carriers with the G2 assay and did
not find mutagen sensitivity in any of the cases. In contrast,
Baeyens et al. (2002) used blood samples from women after
breast surgery and radio/chemotherapy (range: 9 months to 21
years) and identified three radiosensitive cases out of eleven
patients. This might indicate that mutagen sensitivity in the G2

assay is more closely related to the presence of the tumor than
to a mutation in a BRCA gene. However, in our sample three
out of four healthy women with a mutation exhibited radiosen-
sitivity in the MNT. These inhomogenous results again indi-
cate differences between the two cytogenetic tests. The high
association between the presence of a BRCA1 mutation and
radiosensitivity in the MNT suggests a causal relationship, but
chromosomal radiosensitivity is obviously not strictly related
to specific types or locations of mutations. Our sample included
eleven different mutations, the majority being truncating
and, therefore, inactivating. The mutations were distributed
throughout the coding region of the BRCA1 gene. Therefore, a
genotype–phenotype relationship for mutagen sensitivity can-
not be established at present. Although there is considerable
variability in chromosomal mutagen sensitivity in the MNT
among individuals, independently repeated tests (two or three)
for 15 of our patients indicated good reproducibility of the first
test result (unpublished results). Further studies are needed to
prove a causal relationship between heterozygous BRCA muta-
tions and chromosomal mutagen sensitivity and the utility of
the MNT as a functional assay of the BRCA mutation status.

Lymphoblastoid cell lines (LCLs) with BRCA 1 mutations
as a model for studying mutagen sensitivity

Chromosomal mutagen sensitivity has mainly been studied
with human lymphocytes. However, blood from women with
breast cancer is not always repeatedly available for various rea-
sons and the use of blood samples is limited due to the limited
lifespan of lymphocytes in culture. Therefore, the utilization of
permanent cell cultures is desirable particularly for in vitro
studies on the mechanisms involved in mutagen sensitivity.
Cell lines provide an unlimited source of cells for basic research
and can be widely distributed to facilitate comparative studies.
However, the use of cell lines can be limited due to problems
related to the establishment and long-term cultivation of the
cells. Specific features of the primary cells may be changed or
lost as a consequence of genetic changes occurring in cell lines.
Lymphoblastoid cell lines (LCLs) should be an appropriate in
vitro model because they can be established easily and transfor-
mation with Epstein-Barr virus (EBV) in general does not lead
to gross genomic instabilities and loss of genetic characteristics.
LCLs from breast cancer patients have been used repeatedly to
study radiation sensitivity (Lavin et al., 1994; Ramsey and Bir-
rell, 1995; Foray et al., 1999; Speit et al., 2000; Baldeyron et al.,
2002; Trenz et al., 2003a).

Lavin et al. (1994) have demonstrated enhanced radiation
sensitivity of LCLs from breast cancer patients when screening
for enhanced levels of radiation-induced arrest in the G2 phase
of the cell cycle as is observed in ataxia telangiectasia (AT) het-

erozygotes. Among the LCLs from 108 female patients with
breast cancer only 20% exhibited a clear increase in the number
of cells in G2 18 h after irradiation with 3 Gy, while already 8%
of control LCLs showed this effect. Ramsey and Birrell (1995)
assessed LCLs from 56 breast cancer patients for in vitro radio-
sensitivity. Surviving fractions after 2 Gy irradiation were gen-
erated from survival curves and showed a high degree of varia-
tion. Only 16% of the breast cancer LCLs had an equal or great-
er sensitivity than an LCL derived from an AT heterozygote.
Radiosensitivity has also been determined for LCLs with var-
ious BRCA1 (n = 5) and BRCA2 (n = 4) genotypes (Foray et al.,
1999). In this study, heterozygous BRCA1 and BRCA2 muta-
tions led to impaired proliferative capacity, reduced survival
rate and higher yields of micronuclei after irradiation with
gamma rays. Increased induction of micronuclei after 6 Gy
irradiation was only shown for two cell lines with a BRCA1
mutation and two cell lines with a BRCA2 mutation. In accor-
dance with these findings, our preliminary study (Speit et al.,
2000) indicated that LCLs with a BRCA1 mutation have the
same mutagen sensitivity in the MNT as found for lympho-
cytes. Enhanced induction of micronuclei was measured after
gamma irradiation or treatment with H2O2 in an LCL with a
BRCA1 mutation. However, these results were only based on
the comparison of one pair of LCLs with and without BRCA1
mutation and could not be generalized after testing further
LCLs (Trenz et al., 2003a). Six LCLs (three with and three
without a BRCA1 mutation) were comprehensively character-
ized with regard to differences in the induction of micronuclei
and cytotoxic effects. No systematic difference in radiation sen-
sitivity between LCLs with and without a BRCA1 mutation
was found. Spontaneous and gamma radiation-induced micro-
nucleus frequencies were in the same range and the effect of
radiation on cell proliferation and viability was similar. The
LCLs tested carried BRCA1 mutations (T300G and 5382insC),
which were clearly associated with mutagen sensitivity in the
MNT with lymphocytes (Rothfuss et al., 2000). Obviously,
chromosomal mutagen sensitivity does not seem to be a general
feature of LCLs and the utility of LCLs to study the mecha-
nisms underlying mutagen sensitivity requires careful charac-
terization of the cell lines used.

Mutagen sensitivity and the functions of BRCA genes

It has been reported that a lack of functional BRCA1 protein
leads to highly increased radiosensitivity and the accumulation
of chromosome aberrations in mouse embryonic fibroblasts
and a human tumor cell line deficient in BRCA1 (Shen et al.,
1998; Abbott et al., 1999; Foray et al., 1999; Scully et al., 1999).
Surprisingly, human lymphocytes and some lymphoblastoid
cell lines heterozygous for a BRCA mutation also showed
increased chromosomal mutagen sensitivity in the MNT (Fo-
ray et al., 1999; Rothfuss et al., 2000; Speit et al., 2000). Both,
mutations in BRCA1 and in BRCA2 are associated with
mutagen sensitivity and there seems to be no fundamental dif-
ference between cells carrying either a mutated BRCA1 or
BRCA2 allel (Trenz et al., 2002). These results indicated that
heterozygous BRCA mutations may be associated with a haplo-
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Table 1. Enhanced sensitivity of peripheral blood lymphocytes from
women carrying a BRCA1 mutation towards chemical mutagens in the
micronucleus test

Subjects (n) Mutagen Concentration MN/1000 BNCa 

BRCA1 (5) bleomycin 5 µg/ml 151 ± 18.9d 
Controls (5) bleomycin 5 µg/ml 83 ± 5.0 

BRCA1 (6) H2O2 2 mM 33 ± 2.6d 
Controls (6) H2O2 2 mM 13 ± 0.8 

BRCA1 (5) cisplatin 20 µM 105 ± 15.3d 
Controls (5) cisplatin 20 µM 54 ± 6.4 

BRCA1 (7) BCNUb 10 µM 38 ± 6.5d 
Controls (7) BCNUb 10 µM 17 ± 1.6 

BRCA1 (5) cyclophosphamidec 200 µM 114 ± 12.7d 
Controls (5) cyclophosphamidec 200 µM 68 ± 7.5 

a BNC: binucleated cells. 
b BCNU: bischloroethylnitrosurea. 
c Treatment in the presence of rat liver S9-mix. 
d Significantly different from concurrent controls (P < 0.05; unpaired t-test). 

type insufficiency for DNA repair functions. From the lack of
correlation between the G0 MNT and the G2 aberration test it
has been concluded that the BRCA1 gene product is mainly
involved in the G0 defense mechanism or that it is involved in
the processing of chromosome damage both in G0 and G2 but
requires the presence of both wild type allels to be fully effective
in G0 cells (Baria et al., 2001a). The obvious differences
between the G0 MNT and the G2 aberration assay in detecting
chromosomal mutagen sensitivity should be further investi-
gated and may lead to a better understanding of the underlying
mechanisms.

Chromosomal mutagen sensitivity has mainly been studied
with ionizing radiation. Ionizing radiation typically induces
DNA double-strand breaks (DSBs) which are the ultimate
DNA lesions leading to the formation of chromosome aberra-
tions and micronuclei if not adequately repaired (Obe et al.,
2002). Consequently, chromosomal mutagen sensitivity has
mainly been discussed in the context of impaired DNA DSB
repair and it has been suggested that low penetrance mutations
in different genes are responsible for mutagen sensitivity in
breast cancer patients in general (Scott et al., 1998, 1999;
Baeyens et al., 2002). With respect to mutagen sensitivity asso-
ciated with mutations in BRCA1 and BRCA2, impaired func-
tions of these genes in DSB repair have been discussed (Trenz
et al., 2002, 2003b). There are two major DSB repair pathways
in mammalian cells, homologous recombination (HR) and
non-homologous end-joining (NHEJ) but NHEJ seems to be
the major pathway in adult and differentiated cells (for review
see Hoeijmakers, 2001). BRCA2 seems to be mainly involved
in HR through its interaction with RAD51, which is the homo-
log of the bacterial RecA protein and plays a central role
in homologous recombination (Venkitaraman, 2002). The
BRCA1 gene product also co-localizes with RAD51 in nuclear
foci, suggesting that BRCA1 may also be involved in the HR
pathway of DSB repair (Scully et al., 1997). However, because
of a physical interaction between BRCA1 and RAD50, involve-
ment of BRCA1 in NHEJ has been proposed (Zhong et al.,

1999). Recently, impaired fidelity of NHEJ was demonstrated
in LCLs heterozygous for a BRCA1 mutation (Baldeyron et al.,
2002). While the overall end-joining efficiency was not substan-
tially affected in cells with a BRCA1 mutation, the error-prone
end-joining was significantly enhanced. Based on comparative
studies with the MNT and the comet assay, Rothfuss et al.
(2000) already concluded that a BRCA1 mutation directly or
indirectly leads to a disturbed fidelity of DNA repair in lym-
phocytes. However, it still has to be established whether the
described defect in DSB repair is directly related to the
enhanced formation of micronuclei. Possibly, BRCA1 in-
fluences both DSB repair pathways because it might act up-
stream of the DNA repair functions. It has been reported that
BRCA1 together with other repair-related proteins forms a
complex at sites of DNA damage to protect broken DNA ends
from degradation and to favor correct rejoining (Paull et al.,
2001). Obviously, BRCA1 is a multifunctional protein but its
functions are not yet completely elucidated. Increasing evi-
dence suggests that besides a possible involvement in DNA
DSB repair, it plays a role in transcription-coupled repair and
in the recognition of abnormal DNA structures such as mis-
matched DNA and stalled replication forks (for review see Ven-
kitaraman, 2001, 2002). In accordance with these various func-
tions, mutagen sensitivity in BRCA1 heterozygous cells is not
limited to ionizing radiation but also occurs after exposure to
other mutagens. Experiments with H2O2 indicated that muta-
gen sensitivity of cells with a BRCA1 mutation is not exclusive-
ly related to DSBs because, in contrast to ionizing radiation,
H2O2 does not induce DNA DSBs in abundance (Rothfuss et
al., 2000; Trenz et al., 2002). The observed hypersensitivity of
lymphocytes carrying a BRCA1 mutation towards H2O2 was in
agreement with the proposed role of BRCA1 in the transcrip-
tion-coupled repair of oxidative DNA damage (Gowen et al.,
1998; Abbott et al., 1999; Le Page et al., 2000). In the mean-
time, it has also been shown that lymphocytes heterozygous for
a BRCA1 mutation are also hypersensitive towards various
DNA-damaging cytostatics such as bleomycin (BLM), cisplatin
(CDDP), bischloroethylnitrosurea (BCNU) and cyclophospha-
mide (CP) (Trenz et al., 2003b). Some of these results demon-
strating mutagen sensitivity towards chemical mutagens are
summarized in Table 1. BLM acts radiomimetically, i.e. it
mainly induces DNA strand breaks and is frequently used to
investigate mutagen sensitivity as a substitute for ionizing
radiation (Berwick and Vineis, 2000; Berwick et al., 2002).
Increased induction of chromosome aberrations by BLM has
been reported in breast cancer families (Roy et al., 2000).
Therefore, the observed effect in the MNT is not unexpected.
However, the other DNA-damaging substances tested (CDDP,
BCNU, CP) have a quite different mode of action and cause
alkylation and/or crosslinking of DNA. These types of DNA
damage are mainly removed by nucleotide excision repair
(NER) and mismatch repair (Hoeijmakers, 2001). The en-
hanced formation of micronuclei after exposure of lympho-
cytes to these substances which induce different types of DNA
damage and activate different repair mechanisms are in accor-
dance with the recently published idea that BRCA1 forms a
multi-subunit protein complex (referred to as the BRCA1-asso-
ciated genome surveillance complex: BASC) which includes
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DNA repair proteins involved in double-strand break repair,
mismatch repair and recombination (Wang et al., 2000; Futaki
and Liu, 2001). The presence of BRCA1 in the BASC might
indicate that BRCA1 acts as a coordinator between alternative
DNA repair pathways required for the maintenance of genomic
integrity. Such a complex model suggests that different genes
acting downstream of BRCA1 and BRCA2 influence mutagen
sensitivity and thus explain the inhomogeneous results ob-
tained in different studies evaluating different groups of pa-
tients with different tests for mutagen sensitivity.

A final aspect of chromosomal mutagen sensitivity associat-
ed with BRCA mutations are potential practical implications.
Many breast cancer patients with BRCA germ line mutations
receive ionizing radiation as a component of their breast cancer
care. Some of the chemical mutagens that caused enhanced
induction of micronuclei are regularly used in breast cancer
chemotherapy and high dose chemotherapy (HDC) with stem
cell support. Possibly, women with breast cancer carrying a
BRCA1 mutation are at higher risk for the induction of (chro-
mosome) mutations and secondary cancers following standard
breast cancer therapies.
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Abstract. A large proportion of epithelial cancers show the
chromosome-instability phenotype, in which they have many
chromosome abnormalities. This is thought to be the result of
mutations that disrupt chromosome maintenance, but the
causative mutations are not known. We identified cell lines
known to have mutations that might cause chromosome insta-
bility, and examined their karyotypes. Two cell lines, the breast
cancer line HCC1937 and the pancreatic cancer line CAPAN-
1, that have mutations respectively in BRCA1 and BRCA2,
had very abnormal karyotypes, with many structural and nu-
merical chromosome changes and substantial variation be-
tween metaphases. However, two colorectal cancer lines with
mutations in BUB1, a spindle checkpoint protein involved in
chromosome segregation, had rather simple near-tetraploid

karyotypes, with minimal loss or gain of chromosomes other
than the endoreduplication event, and minimal structural
change. Apart from tetraploidy, these karyotypes were typical
of colorectal lines considered to be chromosomally stable. Two
lines derived from the same tumour, DLD-1 and HCT-15, with
bi-allelic mutation of CHK2, had karyotypes that were typical
of near-diploid colorectal lines considered chromosomally sta-
ble. The karyotypes observed supported the proposed role for
BRCA1 and BRCA2 mutations in chromosomal instability,
but showed that the tested mutations in BUB1 and CHK2 did
not result in karyotypes that would have been predicted if they
were sufficient for chromosomal instability.

Copyright © 2003 S. Karger AG, Basel

The majority of human epithelial cancers have many abnor-
malities of chromosome number and structure (Dutrillaux,
1995). This has been labelled the chromosomal instability phe-
notype (Lengauer et al., 1998), and is thought to be the result of
defects in DNA repair, mitotic spindle mechanisms or some
other aspect of chromosome maintenance. For technical rea-
sons it is difficult to demonstrate that this is an increased rate of
change, rather than accumulation of changes over a larger num-
ber of divisions, or lack of selection against variants (see for

example Lengauer et al., 1997; Roschke et al., 2002). However,
broadly speaking, it is possible to distinguish one group of car-
cinomas that have near-normal karyotypes (which includes
most of those showing microsatellite instability), from the
majority, which have highly abnormal karyotypes and there-
fore seem to have a specific tendency to acquire chromosome
abnormalities (Dutrillaux, 1995; Lengauer et al., 1997, 1998;
Eshleman et al., 1998; Abdel-Rahman et al., 2001).

The mutations that cause chromosome instability in human
cancer have not yet been identified. At issue is not just whether
mutating a particular gene can give genetic instability in model
systems, but whether the mutations that actually occur in
human tumours necessarily contribute to genetic instability.

To see whether mutations found in human tumours are
associated with gross chromosomal instability, we looked for
human tumour cell lines with relevant mutations and exam-
ined their karyotypes and karyotype variability. We identified
six such cell lines, with mutations in BRCA1, BRCA2, BUB1,
and CHK2 (Table 1).
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Table 1. Cell lines with candidate chromosome-instability mutations

Gene Cell line Cancer type Mutation Other mutationsb

Base change Coding change Somatic?a Primer Sequence Reference

BRCA1 HCC1937 Breast 5382insC homozygous Stop1793 GLHeta 5'-TGCTCCACTTCCATTGAAGG-3'

5'-GAGTGGAATACAGAGTGGTG-3'

1,2 p53, PTEN 

(1)
BRCA2 CAPAN-1 Pancreatic 6174delT homozygous Stop2002 ND 5'-ATAATGATGAATGTAGCACG-3'

5'-CTTGTGAGCTGGTCTGAATG-3'
3 p53, p16 (7,8)

BUB1 VACO40
0 (V400)

Colorectal IVS4+1G A 
heterozygous 

Deletion of exon 4, 
followed by 
frameshift

Yes 5'-GTACAACAGTGACCTCCATC-3'
5'-TGTATTATCCACATTGTCCA-3'

4

BUB1 VACO42
9 (V429)

Colorectal 1524C A 
heterozygous

S492Y Yes 5'-GTGTAGCACCTGATGACAAG-3'
5'-TCTGTGATAACCACCTATAA-3'

4

CHK2 DLD-1c Colorectal  As HCT-15 (below)c As HCT-15c ND As HCT-15c As HCT-
15c

p53 (9); Microsatellite 
unstable by GTBP 
mutation (10);
p300 (11)

Two heterozygous 
mutations on separate 
allelesc

463G T R145W GDNAF 5'-
GTAAGAGTTTTTAGGACCCA-3'
GDNAR 5'-
ACAGAATGTGTGAATGACAA-3'
CDNAF 5’-
ATATCCAGCTCCTCTACCAG-3’
CDNAR 5’-
TGCCACTGTGATCTTCTATG-3’

CHK2 HCT-15c Colorectal

740C A A247D

ND

GDNAF 
5’-CCAGGAGTGGTAGGTCTCAT-3’
GDNAR 
5’-AATTCATCCATCTAAGCAGG-3’
CDNAF 
5’-TATCCTAAGGCATTAAGAGA-3’
CDNAR 
5’-CTCTCTTGCTGAACCAATA-3’

5,6 p53 (12);
Microsatellite unstable 
by GTBP mutation 
(10);
p300 (13)

a Somatic: whether mutation was somatic or germline. GLHet, heterozygous in germline; Yes, not in germline, but shown present in primary tumour; ND not known.
b These 'Other mutations' were not verified in the present study.
c The CHK2 mutations were originally reported in cell line HCT-15. DLD-1 and HCT-15 are from the same tumour though cultured separately (Chen et al., 1995). We 
confirmed the presence of the two mutations in both DLD-1 and HCT-15, though we did not confirm that they were on separate alleles.
References: 1, Tomlinson et al., 1998; 2, Chen et al., 1998; 3,  Goggins et al., 1996; 4, Cahill et al., 1998; 5, Bell et al., 1999; 6, Lee et al., 2001; 7, Redston et al., 1994; 8, 
Caldas et al., 1994; 9, Abdel-Rahman et al., 2001; 10, Wheeler et al., 1999; 11, Gayther et al., 2000; 12, O’Connor et al., 1997; 13, Özdag et al., 2002.

There is good evidence that Brca1 and Brca2 proteins are
involved in chromosome maintenance. Both are implicated in
DNA strand break repair and cell cycle checkpoint control (re-
viewed in Venkitaraman, 2002). More specifically, mouse cells
homozygous mutant for BRCA1 or BRCA2 show structural
aberrations in metaphase chromosome spreads, consistent with
ongoing structural instability (Patel et al., 1998; Xu et al., 1999;
Yu et al., 2000). The breast cancer cell line HCC1937 is homo-
zygous for a frameshift mutation in BRCA1, and is derived
from a breast tumour in a patient with a germline mutation
(Table 1). It is radiation sensitive and defective for repair of
double strand breaks, and wild type BRCA1 alleviates these
defects (Scully et al., 1999). The pancreatic cancer cell line
CAPAN-1 has a homozygous truncation of BRCA2 (Table 1).
The cells are hypersensitive to ionising radiation, and are defec-
tive in repair of double strand breaks by homologous recombi-
nation, while retaining normal levels of non-homologous end
joining (Moynahan et al., 2001; reviewed in Venkitaraman,
2002).

Bub1 functions in the mitotic spindle checkpoint, and
defects in spindle assembly might result in numerical, and pos-

sibly also structural, instability. In yeast, Drosophila and C. ele-
gans, cells mutant for BUB1 show chromosome mis-segrega-
tion and sometimes fragmentation (Musacchio and Hardwick,
2002; Warren et al., 2002). The cell lines studied here,
VACO400 and VACO429, have somatic, heterozygous muta-
tions of BUB1 (Cahill et al., 1998).

CHK2 mutations might also result in genetic instability.
Chk2 is involved in DNA-damage signalling, passing signals
from ATM protein to various targets including Brca1 and caus-
ing G1-S and S phase arrest (Kastan, 2001; Hirao et al., 2002).
Apparent mutations in CHK2 have been reported in some fam-
ilies with Li-Fraumeni syndrome that do not have detectable
TP53 mutations (Bell et al., 1999); however the significance of
some of these mutations is now uncertain (Schutte et al., 2003;
Sodha et al., 2002). The cell line HCT-15 has both alleles of
CHK2 mutated, and shows a defective S-phase checkpoint that
is restored by wildtype Chk2 (Falck et al., 2001; see also Wu et
al., 2001). DLD-1 was derived from the same colorectal cancer
(Chen et al., 1995), and we show here that it has the same muta-
tions.
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Materials and methods

Cell lines are detailed in Table 1. HCC1937 was obtained from Dr A.
Ashworth; CAPAN-1 and HCT-15 from ATCC; VACO400 and VACO429
from James K.V. Willson (Willson et al., 1987); and DLD-1 from W.F.
Bodmer.

Mutation analysis
Generally, genomic DNA was amplified by PCR (Table 1) using a 55 ° C

annealing temperature, and the product sequenced directly in both direc-
tions using Amersham DyeET Terminators and an ABI3100 genetic analyzer
(Applied Biosystems, Foster City, CA USA). All samples were re-amplified
and re-sequenced. The CHK2 mutations were confirmed in cDNA as well as
gDNA because there are CHK2 pseudogenes (Sodha et al., 2002). For the
463G→ T CHK2 mutation in cDNA, touchdown PCR was used with succes-
sive annealing temperatures of 70, 68, 65, 62, and 58 ° C.

Cell culture, metaphase preparation and fluorescence in situ
hybridization (FISH)
These were as described (Davidson et al., 2000). Spectral Karyotyping

(SKY) analysis (Schröck et al., 1996) was as described (Davidson et al., 2000)
using the SD-200 and SD-300 spectrometers and SKY chromosome paint
kits (Applied Spectral Imaging, Migdal HaEmek, Israel). At least ten meta-
phases were analysed for each cell line. Where fluorescence colours overlap at
the junction between chromosomes, the spectral karyotyping software some-
times misidentifies the overlap as an insertion of a strip of an irrelevant chro-
mosome (Davidson et al., 2000). Although inspection of the spectra identi-
fies most of these errors, we confirmed representative examples of the rear-
ranged chromosomes, by conventional two- or three-colour chromosome
painting as described.

Metaphase heterogeneity
Variability of centromere number was measured, as we (Abdel-Rahman

et al., 2001) and others (Roschke et al., 2002) have done previously. We
counted the number of centromeres of each chromosome (including those in
translocated chromosomes) in each metaphase analysed by SKY. For each
chromosome, the percentage of metaphases deviating from the modal num-
ber was calculated; this was then averaged over all chromosomes. This
approach is similar to that of Lengauer et al. (1997), except that metaphases
rather than interphases are used. It gives similar (Roschke et al., 2002) or
slightly lower (Abdel-Rahman et al., 2001) figures.

Results

The reported mutations were confirmed by sequencing (Ta-
ble 1), and the CHK2 mutations reported in HCT-15 were
shown to be present in DLD-1.

The chromosome constitution of the lines was determined
by 24-colour fluorescence in situ hybridisation, using the SKY
system, and selected chromosomal abnormalities were verified
by conventional two- and three-colour FISH. SKY karyotypes
are shown in Fig. 1, in order of increasing abnormality, except
for DLD-1 which we have reported previously (see Fig. 3 of
Abdel-Rahman et al., 2001). The karyotypes are summarised in
Table 2.

BRCA1-mutant cell line HCC1937
As expected, the two cell lines with BRCA1 and BRCA2

mutations had highly abnormal karyotypes, typical of chromo-
somally unstable lines. As others have briefly reported (Popovi-
ci et al., 2002), HCC1937 had an extensively rearranged karyo-
type, with a modal chromosome number of 86 and many de-
leted or translocated chromosomes (Fig. 1E, Table 2). About
47% of the chromosomes showed structural alterations and all
chromosomes except 17 were affected. The high degree of chro-

mosome rearrangement was confirmed on representative chro-
mosomes using conventional two- and three-colour chromo-
some painting. Figure 1F shows examples of the more complex
rearrangements: the two derivatives of chromosome 6,
der(6)t(5;6;1;6;5) (Fig. 1Fa) and der(6)t(5;6;1) (Fig. 1Fb), and
the der(4)t(13;4;8;9;12) (Fig. 1F, d and e).

In a few metaphases, variants of these complex transloca-
tions were observed, which are an indication of ongoing
exchange events. For example two cells analysed by SKY that
did not have the der(4)t(13;4;8;9;12) had a der(4) t(13;4;8;9)
and one had a der(4)t(13;4;8). In 3 of about 50 metaphases ana-
lysed by two-colour FISH, the der(6)t(5;6;1;6;5) was replaced
by a der(6)t(5;6;5;6;?;6;5) (Fig. 1Fc), and in 2 metaphases two-
colour FISH showed a variant der(6)t(5;6;?;6;?;6;5), the ? in
both cases representing segments that did not hybridize with
chromosome 5 or 6 paint, presumably from chromosome 1.

Most of the rearrangements were unbalanced translocations
and deletions, but one of the translocations, t(8;10), appeared
reciprocal (Fig. 1Ff). It was present in two copies, so it might
have been an early event that preceded an endoreduplication.
We have previously shown that this translocation targets the
NRG1 gene (Adelaide et al., 2003). Other translocations, the
t(X;3), and t(3;5) could well have been reciprocal translocations
that have rearranged further, but the great majority of translo-
cations were non-reciprocal as usual in carcinomas (Dutrillaux,
1995; Abdel-Rahman et al., 2001).

BRCA2-mutant cell line CAPAN-1
CAPAN-1 had an extremely abnormal karyotype, as sum-

marised previously by others (Ghadimi et al., 1999) (Fig. 1G;
Table 2). 70% of the chromosomes were rearranged, and 20%
of the chromosomes were multiply translocated, mostly con-
sisting of fragments of three or more chromosomes. The over-
lap of fluorescence between multiple small fragments of chro-
mosome led to a number of errors in identification of chromo-
some fragments by the SKY software. However, two- or three-
colour FISH was able to confirm the complexity of the rearran-
gements in representative examples, including the der(1)t(1;
15), der(1)t(1;15;10;5) (Fig.1Ha), der(4)t(16;4;5) (Fig. 1Hb),
der(8)t(6;8;17?) (Fig. 1Hc), der(7)t(7;4;7;4) (Fig. 1Hd), and the
der(17)t(13;17;8?;17) (Fig. 1Hf). As in HCC1937, there was
also evidence of ongoing rearrangement. For example a variant
of the der(7)t(7;4;7;4) with a terminal chromosome 1 fragment
was observed in 2/20 metaphases by three-colour FISH
(Fig. 1Hf). Two of the rearrangements appeared reciprocal: the
t(6;15) and t(7;10).

BUB1-mutant cell line VACO400
The karyotypes of the two cell lines with mutations in BUB1

were surprisingly unlike those expected for chromosomally-
unstable lines. VACO400 had a close to tetraploid karyotype
(Fig. 1B, Table 2), with a modal chromosome number of 86
(range 80–90). There were three translocated chromosomes:
der(4)t(4;11), der(13)t(11;13), and der (14)t(13;14). Since these
translocations were present in one copy per cell, the line pre-
sumably became tetraploid and later acquired the structural
abnormalities. There were few numerical changes: after allow-
ing for the chromosomes replaced by translocations, only three
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Fig. 1. Karyotypes of the cell lines. Typical metaphases analysed by 24-
colour FISH (“SKY”) and confirmation of representative abnormalities by
conventional two- or three-colour chromosome painting. (A) HCT-15. Only
abnormal chromosomes are shown. a, normal 8 and translocated 8,
der(8)t(8;17); b, normal and inverted 11; c, normal and deleted 17. Inverted
DAPI banding and false-coloured image from SKY analysis. (B) VACO400,
SKY karyotype. This metaphase has an additional nonclonal 21;22 translo-
cation. (C) VACO429, SKY karyotype. This metaphase shows the t(1;6)
reciprocal translocation that is the only structural abnormality present in all
metaphases, and also the chromosome 1 rearrangement that is present only
in clone 2. (D) Verification of reciprocal translocations by two-colour FISH.
a, t(1;6), chromosome 1 green, chromosome 6 red; b, t(12;19) present in clone
3, chromosome 12 red, chromosome 19 green. (E) HCC1937, SKY karyo-
type. (F) Examples of verification of representative structural abnormalities

by two-and three-colour FISH. a and b, the two large derivatives of chromo-
some 6: a, der(6)t(5;6;1;6;5) chromosome 5 blue, chromosome 6 red, chro-
mosome 1 green, b, der(1)t(5;6;1) chromosome 5 blue, chromosome 6 red,
chromosome 1 green; c, t(5;6;5;6;?;6;5), an example of a variant of the der(6)
shown in a, found in three metaphases, chromosome 5 green, chromosome 6
red (note change of colours). The unlabelled chromosome “?” is presumed to
be 1 as in a. d and e, the complex chromosome 4 derivative, der(4)t(13;4;8;
9;12). d, chromosome 13 blue, chromosome 9 green, chromosome 12 red.
e, chromosome 4 blue, chromosome 8 red. f, reciprocal translocation t(8;10),
chromosome 8 red, chromosome 10 blue. (G) CAPAN-1, SKY karyotype.
(H) Examples of verification of representative abnormalities: a,
der(1)t(1;15;10;5), chromosome 1 green, chromosome 15 red, chromosome
10 blue (chromosome 5 not labelled in this hybridisation). b, der(4)(16;4;5)
chromosome 16 red, chromosome 4 blue, chromosome 5 green. c, der(8)t(6;



Cytogenet Genome Res 104:333–340 (2004) 337

8;17), chromosome 6 green, chromosome 8 red (chromosome 17 not labelled
in this hybridisation). d, der(7)t(7;4;7;4), chromosome 7 red, chromosome 4
blue; chromosome 1 also labelled in green but does not hybridise. This is an
example of misclassification of small chromosome fragments by SKY soft-
ware: the region where chromosome 4 and 7 fluorescence overlap is misiden-
tified as chromosome 1 in G. e, variant of this chromosome found in 2/20
metaphases, der(7)t(7;4;7;4;1), colours as in d. f, der(17)t(13;17;8?;17), chro-
mosome 13 blue, chromosome 17 red (chromosome 8 not labelled in this
hybridisation).

Table 2. Karyotypes of the cell linesa

CAPAN-1: 56 (51–60) X, -Y, 1 1, der(1)t(1;15), der(1)t(1;15;10;5), 2 1, der(2)t(2;10), der(2)t(2;X;9?), inv(3)(pq), 3 0, 
der(3)t(2;3), der(3)t(3;7), 4 0, der(4)t(16;4;5), der(4)t(4;15), 5 1, der(5)del(5)(q3-qter)?, 6 0, der(6)t(6;15)b, 7 0, 
der(7)(7;10)b, der(7)t(7;4;7;4) 2, der(7)t(3;7), 8 1, der(8)t(8:15), der(8)t(6;8;17), 9 1, der(9)t(3;9), der(9)del(9), 10 0, 
der(10)t(7;10)b, der(10)t(10;16), 11 1, der(11)t(11;14), der(11)t(5;11), 12 1, der(12) dup(12)(q14-qter), 13 1, 
der(13)t(11;13), 14 1, der(14)t(7;14), der(14?)t(6?;17;14;7?17;8) 2, 15 0, der(15)t(6;15)b 2, der(15)t(1;15;7;5), 16 2, 
der(16)t(10;16), 17 0, der(17)t(13;17;8;17), der(17)t(11;17;?), 18 1, der(18)t(18;20) 2, 19 2, der(19)t(18;19), 20 1, 
der(20)t(13;20), 21 2, der(21)t(5;21), 22 2, der(22)t(5;22).  

DLD-1: 46 (43–46) XY, dup(1)(p?), dup(2)(p13p23), der(6)t(6;11) 

HCC1937: 86 (74–90) X, X 0/1 der(X)t(X;3), der(X)t(X;5), 1 0, der(1)t(1;4), der(1)del(1) 2, 2 1, der(2)t(2;5), 
der(2)t(10;2;5), 3 2, der(3)del(3)t(X;3), der(3)del(3)t(3;5), der(3)del(3), 4 0, i(4)(q10), der(4)t(4;13), der(4)t(13;4;8;9;12), 
5 2, der(5)del(5)t(3;5), der(5)del(5), 6 2, der(6)t(5;6;1), der(6)t(5;6;1;6;5), 7 2, der(7)del(7)t(7;14), der(7)del(7) 2, 8 2, 
der(8)t(8;10)b 2, der(8)t(8;1;20), 9 2, der(9)del(9), 10 2, der(10)t(8;10)b, der(10)t(3;10), der(10)del(10)t(X;10) 2, 
der(10)del(10), 11 2, der(11)t(11;20), 12 3, 13 3, 14 2, der(14)t(3;14), 15 2, der(15)t(8;15), der(15)dic(15;15), 16 2, 
der(16)t(1;16), 17 3, 18 0/1, der(18)t(1;18), der(18)t(12;18), der(18)t(18;20) 2, 19 0/1, der(19)t(X;19), der(19)t(11;19), 
20 3, 21 1, der(21)t(21;22), 22 3.  

HCT-15: 46 (45–47) XY, der(8)t(8;17), inv(11), der(17)del(17) 

VACO400: 86 (80–90) XXYY, der(4)t(4;11), der(13)t(11;13), der(14)t(13;14), -15, -16, -18.  

VACO429: 85 (85–92) Clone 1: XXYY, t(1;6)b 2, -4, +5, -11, [20%]c/ Clone 2: idem + dic(1;1), ace(1) [40 %]c/ Clone 3: 
85 (85–92) XXYY, t(1;6)b 2, -11, t(12;19)b 2 [40 %]c.

 

 
a     Karyotypes obtained by 24-colour FISH (SKY) analysis, with some additional details judged from the DAPI banding. 
Chromosomes shown are present in the majority of metaphases unless otherwise noted, and modal numbers of each 
chromosome are given. The simpler karyotypes DLD-1, HCT-15, VACO400 and VACO429 are given in ISCN 
nomenclature, i.e. as deviations from diploid or tetraploid. CAPAN-1 and HCC1937 are given more explicitly by listing 
every chromosome, to show clearly the number of apparently normal chromosomes present. In ISCN notation, t(11;13) 
means both copies of a reciprocal 11;13 translocation are present, replacing an 11 and a 13. Non-reciprocal translocations 
are therefore recorded der(11)t(11;13), meaning a derivative of 11 (i.e. the centromere belongs to chromosome 11) which is 
an 11;13 translocation. The derivative is considered to have replaced one copy of chromosome 11. ace(1), acentric fragment 
of 1; der(10)del(10), deleted 10; dic(15;15), dicentric formed by fusion of two 15s; dup, duplicated, i.e. the chromosome 
appears larger than normal and so probably has an internal duplication; queries following chromosome numbers, e.g. 
t(2;X;9?), indicate that SKY classification was inconsistent and not resolved by conventional FISH. 
b     Apparently reciprocal translocations, both products present. 
c      The proportion of metaphases showing the additional changes was deduced from two-colour FISH experiments, counting 
>20 metaphases.

 

of the chromosomes, 15, 16, and 18, showed a modal number
of three copies rather than four.

Two of the translocations appeared to be whole-arm translo-
cations. The derivative 13 is a whole-arm translocation of chro-
mosome 13 and 11q. The remaining part of chromosome 11
(p-arm without centromere) has joined to the q-arm of chromo-
some 4 and could perhaps have been formed in the same pro-

cess. The der(14) is a Robertsonian translocation, formed by
the fusion within the centromeres of chromosomes 13 and 14,
but is a separate event.

BUB1-mutant cell line VACO429
The karyotype of this line (Fig. 1C, Table 2) was even closer

to exactly tetraploid. The modal chromosome number was 85
(range 85–92). In around 20% of cells the only structural abnor-
mality was two copies of a reciprocal translocation t(1;6). Veri-
fication of this translocation by two-colour FISH is shown in
Fig. 1Da. Other metaphases showed in addition either two
copies of a reciprocal translocation t(12;19) (Fig. 1Db) or an
additional rearrangement between both homologues of chro-
mosome 1 (Fig. 1C). There were only two numerical changes
present in the majority of metaphases, loss of one copy of chro-
mosome 4 and gain of one copy each of 5 and 11. The original
line appears therefore to have been diploid with a single struc-
tural abnormality—a reciprocal translocation t(1;6), after
which endoreduplication to tetraploidy occurred, then three
numerical changes.
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Table 3. Metaphase heterogeneity as a measure of numerical instability

Variability of centromere number (%) Cell line 

 Total variabilitya Gains onlyb Gains only, per chromosomec 

VACO400 14 3 1 
VACO429 20 5 1 
HCC1937 32 15 4 
CAPAN-1 20 8 3 
DLD-1d 2 ND ND 
HCT-15 2 0.4 0.2 
a Variability of centromere number was measured in the metaphases analysed by SKY (see Materials and methods).  
b As total variability, but only considering gains from the modal number, not losses, to avoid counting chromosomes lost artefactually 
during spreading on the slide. 
c Dividing gains by average ploidy, to obtain an estimate of gains per copy of each chromosome.  

d From Abdel-Rahman et al., 2001.  

CHK2-mutant cell lines DLD-1 and HCT-15
The two cell lines with CHK2 mutations had karyotypes

typical of “chromosomally stable” cell lines. We and others
have described the karyotype of DLD-1 previously (Ghadimi et
al., 2000; Abdel-Rahman et al., 2001) (Table 2). It was diploid
with three structural abnormalities: partially duplicated chro-
mosomes 1 and 2, and an unbalanced (6;11) translocation.
HCT-15 was diploid with three structural abnormalities—an
inversion, a deletion and an unbalanced translocation (Fig. 1A,
Table 2), as previously determined (Chen et al., 1995). As
pointed out before (Chen et al., 1995), the structural changes in
DLD-1 and HCT-15 are entirely different, even though they
arose from the same tumour (which is further confirmed by
their identical CHK2 and p300 mutations).

Numerical variability
To attempt to measure ongoing numerical instability, we

assessed the variability of chromosome number between meta-
phases (Table 3). DLD-1 and HCT-15 were typical near-dip-
loid lines, with average percentage deviation of centromere
number between metaphases of 2%, while the other lines had
deviations of 14–32%. However, some of this heterogeneity
would have been due to loss of chromosomes during spreading
on slides. To reduce this effect, gains alone were considered
(Galloway and Ivett, 1986); the average percentage deviation
for VACO400 and VACO429 fell substantially to 8 and 11%,
and for the diploid line HCT-15 to 0.5%. To reflect the proba-
bility of an individual chromosome being gained, this was con-
verted to an estimate per chromosome. This gave an upper lim-
it estimate of instability of 0.2% gains per metaphase per chro-
mosome for HCT-15; 1% for VACO400 and VACO429; and 3
and 4% respectively for CAPAN-1 and HCC1937.

Discussion

BRCA1 and BRCA2 mutation: HCC1937 and CAPAN-1
The karyotypes of the BRCA1- and BRCA2-mutant cell

lines were entirely consistent with the idea that such mutations
could cause chromosome instability. Both karyotypes were
among the most rearranged of breast and pancreatic carcinoma

cell line karyotypes described (Abdel-Rahman et al., 2001;
Davidson et al., 2000; Kytola et al., 2000; Sirivatanauksorn et
al., 2001), and exhibited substantially more structural changes
than any of the colorectal lines considered to be chromosomally
unstable (Eshleman et al., 1998; Abdel-Rahman et al., 2001).
They also showed a high degree of variability between meta-
phases, both numerical and structural (Fig. 1 and Table 3), con-
sistent with ongoing instability.

BUB1 mutations: VACO400 and VACO429
Contrary to prediction, VACO400 and VACO429 did not

show the kind of abnormal karyotype that could be described as
showing chromosomal instability. They were both close to
tetraploid, suggesting endoreduplication, a frequent event in
tumours and cell lines. Otherwise, they showed a low level of
abnormality typical of colorectal cancer cell lines designated
chromosomally stable (and microsatellite-unstable), such as
DLD-1, GP2d and HCT-116 (Lengauer et al., 1997; Abdel-
Rahman et al., 2001). Apart from endoreduplication, only two
microsatellite-unstable colorectal lines among the 12 examined
by Eshleman et al. (1998) and Abdel-Rahman et al. (2001) have
fewer changes than the most normal clone of VACO429.

Why were these mutations in BUB1 postulated to cause
chromosomal instability, particularly numerical instability?
The argument (Cahill et al., 1998) was indirect: abnormalities
were found in the response of aneuploid colorectal carcinoma
cell lines to microtubule-disrupting agents; these were attribut-
ed to an abnormal spindle checkpoint; and a panel of non-
diploid lines were screened for mutations in human homo-
logues of proteins involved in the spindle checkpoint in yeast,
uncovering these two mutations in BUB1. Unfortunately, the
two BUB1-mutant lines seem to have been misidentified as
chromosomally unstable by two indirect criteria. Firstly, they
showed large deviations from diploidy, with modal chromo-
some numbers reported as 82 and 86 respectively for
VACO400 and VACO429 (86 and 85 in our hands). Secondly,
their response to microtubule-disrupting agents resembled the
typical aneuploid lines tested (Cahill et al., 1998); only a small
proportion of the cells arrested in metaphase on prolonged
exposure. There is some doubt whether this abnormal response
is a spindle checkpoint defect (Tighe et al., 2001) and it does
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not seem to correlate precisely to chromosomal instability;
indeed HeLa cells, which would be regarded as typically chro-
mosomally unstable, arrest in metaphase efficiently (Tighe et
al., 2001).

CHK2 mutation: DLD-1 and HCT-15
Both CHK2-mutant lines were near-diploid, typical of lines

considered chromosomally stable (Eshleman et al., 1998; Ab-
del-Rahman et al., 2001), indeed, DLD-1 has been used as a
model chromosomally stable line (Lengauer et al., 1997). This
biallelic mutation of CHK2 is therefore not sufficient to cause
gross chromosomal instability. Perhaps more surprising is that
both lines have a mutation of p53 as well as Chk2 (Abdel-Rah-
man et al., 2001; Polyak et al., 1996; O’Connor et al., 1997),
showing that even combining these two mutations in the same
cell is not enough to give overt chromosomal instability. CHK2
and BUB1 are like TP53—genome-maintenance genes where
mutations are present in human cancers but these mutations on
their own do not give overt chromosomal instability pheno-
types. TP53 mutations are present in several near-diploid cell
lines including the perfectly-diploid VACO5 (Eshleman et
al.,1998; Abdel-Rahman et al., 2001). DLD1 and HCT-15 have
both TP53 and CHK2 mutations. APC may be another such
gene, as discussed in Jallepalli and Lengauer (2001): it is also
mutant in VACO5 and HCT-15 (Rowan et al., 2000).

Assessment of numerical instability by metaphase
heterogeneity
Attempts have been made to estimate numerical instability

of cell lines by examining heterogeneity of chromosome num-
ber between metaphases, with or without cloning the line (Len-
gauer et al., 1997; Abdel-Rahman et al., 2001; Roschke et al.,
2002). There are technical difficulties with this. When cen-
tromeric probes are used to count chromosomes on interphase
nuclei, the number of signals may vary between nuclei for tech-
nical reasons, probably the variable access of probes to se-
quences buried in the flattened nuclei, so that estimates of
instability can vary widely between preparations (Roschke et
al., 2002). Also, endoreduplicated cells (e.g. tetraploid cells in a
diploid population) will contribute disproportionately to esti-
mates of gain. When chromosomes are counted in metaphases,
variability may be overestimated, because chromosomes may
be lost when they fail to adhere to the slide, or, much more
rarely, gained because chromosomes from a neighbouring me-
taphase may be included in the count. But in this approach
tetraploid cells can be excluded, and since chromosomes drift-
ing into metaphases are rare compared to them not adhering,

the analysis of gained chromosomes is considered likely to give
a more reliable estimate of numerical instability than losses
(Galloway and Ivett, 1986).

Arguably the most reliable measure of variability is the per-
centage of metaphases showing gain of a given chromosome,
and this should be divided by the number of chromosomes to
give variability per chromosome (Table 3). Since the lines were
not cloned, the estimate of variability is an upper limit. By this
criterion (Table 3), DLD-1 and HCT-15 were stable, as ex-
pected, at about 0.2% gains per chromosome copy. VACO400
and VACO 429 may be less stable, at about 1% gains per copy,
but selection against clones with gains and losses will also be
less strong for tetraploid cells than diploid cells. Whether or not
there is any instability, it has led to almost no net gain or loss of
chromosomes over the evolution of the lines. HCC1937 and
CAPAN-1 clearly gave higher figures at around 4% gains per
copy, and also had accumulated many numerical changes.

Conclusions

We set out to test the prediction that carcinomas with candi-
date chromosome instability mutations would show highly
abnormal karyotypes. The surprising finding was that the two
cell lines with heterozygous mutations in BUB1 did not have
karyotypes expected of chromosomally unstable cancers.
CHK2 mutation, for which there was no clear prediction, was
also not associated with gross chromosome instability. We can-
not exclude that a mutation in BUB1 or CHK2 causes a low
level of instability. Or, like TP53 mutation, they may be per-
missive, but not sufficient, for chromosomal instability—for
example, cells with BRCA1 or BRCA2 mutations may be dis-
abled unless they also have mutations in checkpoint compo-
nents such as p53 and Bub1 (Lee et al., 1999; Xu et al., 2001).
Neither have we excluded that the cells with a mutation in
BUB1 or CHK2 are unstable but have not undergone enough
evolution to show many abnormalities, but this would be
incompatible with the current distinction between stable and
unstable cancers on the basis of their degree of chromosome
abnormality.
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Abstract. Fanconi anaemia is an autosomal recessive dis-
ease characterized by chromosome fragility, multiple congeni-
tal abnormalities, progressive bone marrow failure and a high
predisposition to develop malignancies. Most of the Fanconi
anaemia patients belong to complementation group FA-A due
to mutations in the FANCA gene. This gene contains 43 exons
along a 4.3-kb coding sequence with a very heterogeneous
mutational spectrum that makes the mutation screening of
FANCA a difficult task. In addition, as the FANCA gene is rich
in Alu sequences, it was reported that Alu-mediated recombi-
nation led to large intragenic deletions that cannot be detected
in heterozygous state by conventional PCR, SSCP analysis, or
DNA sequencing. To overcome this problem, a method based
on quantitative fluorescent multiplex PCR was proposed to
detect intragenic deletions in FANCA involving the most fre-

quently deleted exons (exons 5, 11, 17, 21 and 31). Here we
apply the proposed method to detect intragenic deletions in 25
Spanish FA-A patients previously assigned to complementa-
tion group FA-A by FANCA cDNA retroviral transduction. A
total of eight heterozygous deletions involving from one to
more than 26 exons were detected. Thus, one third of the
patients carried a large intragenic deletion that would have not
been detected by conventional methods. These results are in
agreement with previously published data and indicate that
large intragenic deletions are one of the most frequent muta-
tions leading to Fanconi anaemia. Consequently, this technolo-
gy should be applied in future studies on FANCA to improve
the mutation detection rate.

Copyright © 2003 S. Karger AG, Basel

Fanconi anaemia (FA) is an autosomal recessive disease
characterized by genomic instability, multiple congenital ab-
normalities, progressive bone marrow failure and a high predis-
position to develop malignancies such as acute myeloid leu-
kaemia and squamous cell carcinoma (Auerbach et al., 1993).
FA cells are characterized by chromosomal fragility and are
hypersensitive to DNA cross-linking agents such as diepoxybu-
tane and mitomycin C. These features are used as a diagnostic
tool (Auerbach, 1993).

To date eight different complementation groups have been
described (FA-A, -B, -C, -D1, -D2, -E, -F, -G), and the genes
corresponding to seven of these complementation groups
(FANCA, FANCC, FANCD1/BRCA2, FANCD2, FANCE,
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FANCF and FANCG) have been cloned and characterized
(Strathdee et al., 1992; Lo Ten Foe et al., 1996; The Fanconi
Anemia/Breast Cancer Consortium, 1996; de Winter et al.,
1998, 2000a,b; Timmers et al., 2001; Howlett et al., 2002). It is
known that although their protein products do not share signifi-
cant homology to each other or with other genes in the data-
bases, all of them participate in a common pathway (reviewed
in Bogliolo et al., 2002). The FANCA, -C, -G, -E and -F proteins
assemble in a multisubunit nuclear complex (de Winter et al.,
2000c; Medhurst et al., 2001) required for monoubiquitin-
mediated activation of FANCD2 after DNA damage or during
S-phase and later targeting to nuclear foci containing BRCA1
and Rad51 (Garcia-Higuera et al., 2001; Taniguchi et al.,
2002). This suggests a role for the FA pathway in DNA repair
by homologous recombination during S-phase (Taniguchi et al.,
2002). 

The genetic heterogeneity of FA makes the subtyping of FA
patients a difficult task, but over 90% of the FA population
worldwide is represented by complementation groups FA-A, -C
or -G, FA-A being the most prevalent, accounting for F65% of
all FA cases (Kutler et al., 2003). There are, however, regional
and ethnic differences. It is estimated that about 80% of all FA
patients belong to complementation group FA-A in Spain (Cas-
ado et al., 2002) or even more in Italy (Savino et al., 1997).
Therefore, a proper detection of FANCA mutations is of criti-
cal clinical significance.

The FANCA gene contains 43 exons along a 4.3-kb coding
sequence (Ianzano et al., 1997) with a very heterogeneous
mutational spectrum, with more than 100 different FANCA
mutations described to date, including all types of possible
point mutations such as frame-shift mutations, small insertions
or deletions, splicing defects, and nucleotide substitutions (The
Fanconi Anemia/Breast Cancer Consortium, 1996; Lo Ten Foe
et al., 1996; Levran et al., 1997; Savino et al., 1997; Morgan et
al., 1999; Wijker et al., 1999). This makes the mutation screen-
ing of FANCA a very difficult task. As the FANCA gene is rich
in Alu sequences, it was suggested and later reported that Alu-
mediated recombination is an important mechanism for the
generation of FANCA mutations (Centra et al., 1998; Levran et
al., 1998), mainly large deletions that cannot be detected by
conventional methods such as SSCP analysis or DNA sequenc-
ing. To overcome this problem, a method based on quantitative
fluorescent multiplex PCR was developed. This method was
used to screen 26 cell lines from FA patients belonging to com-
plementation group A (Morgan et al., 1999), and a high fre-
quency of large deletions was found. In some populations with
high prevalence of FA such as the South African Afrikaner, this
method has also been employed to scan the FANCA gene, and
it was found that exon 12–31 deletion is the most common
mutation in this population due to a founder effect (Tipping et
al., 2001).

Taking advantage of this novel method developed by Mor-
gan and co-workers (Morgan et al., 1999), we applied the pro-
posed strategy to screen a group of 25 FA Spanish patients pre-
viously assigned to complementation group FA-A by retroviral
transduction (Hanenberg et al., 2002; Casado et al., 2002). The
suggested multiplex PCR was performed with some minor
modifications and optimisations to amplify the five most com-

monly deleted exons of the FANCA gene and a control exon
from an unrelated gene. After analyzing DNA samples from 25
Spanish FA-A patients, a total of eight different large deletions
from one to more than 26 exons were detected, all of them in
heterozygous state, confirming that this type of mutation is one
of the most prevalent amongst FA-A patients.

Materials and methods

Patients
Blood samples were obtained from 25 Spanish FA patients with

informed consent. All of them were previously diagnosed on the basis of their
clinical traits and cellular hypersensitivity to diepoxybutane, and assigned to
complementation group FA-A by retroviral transduction (Casado et al.,
2002). In some cases, lymphoblastoid cell lines established by Epstein-Barr
virus infection were used.

Quantitative fluorescent multiplex PCR reaction
Genomic DNA was extracted directly from peripheral blood samples or

lymphoblastoid cell lines by salt/chloroform or phenol/chloroform standard
methods, respectively. DNA concentration was determined spectrophotome-
trically and a sample was diluted to 25 ng/Ìl to perform PCR. 

Exons 5, 11, 17, 21 and 31 from the FANCA gene were simultaneously
amplified together with exon 1 of the myelin protein zero (MPZ1) gene as an
external control with respect to the FANCA gene exons in the same reaction.
At least four non-FA control samples were included together with the FA
sample in every PCR round as normal controls. PCR amplifications were
performed in 25-Ìl reactions with 125 ng DNA, 1× Taq DNA polymerase
buffer, 250 ÌM each dNTP and 1.8 mM MgCl2. Primer concentrations and
sequences are shown in Table 1. All primers were fluorescently labelled with
phosphoramidite 6-FAM dye (PE Biosystems). PCR conditions were an ini-
tial denaturation step at 94 ° C for 5 min, followed by 21 cycles of denatur-
ation at 94 °C for 45 s, annealing step at 55 °C for 45 s, and extension for
1 min at 72 °C. A final extension step at 72 ° C for 5 min was performed. A
3-Ìl aliquot of the PCR product was then mixed with 15 Ìl of formamide and
0.2 Ìl of Genescan ROX-500 size standard (PE Biosystems). Samples were
denatured at 94 °C for 5 min and run and analysed on an ABI 310 Gene
Analyzer, by means of the GeneScan and Genotyper software, as described in
Morgan et al. (1999). Briefly, apart from the FANCA exons (FAAX), another
internal control exon from a different gene (exon 1 of the Myelin protein
zero; MPZX1) was co-amplified to detect heterozygous deletions. For each of
the patients, the peak areas corresponding to the MPZX and each of the five
tested FANCA exons were determined in samples from the patient (pt) and
from a healthy donor (c). This comparison gave a value called dosage quo-
tient (DQ) that corresponds to the following formula: (ptFAAX peak area/
ptMPZX1 peak area)/(cFAAX peak area/cMPZX1 peak area). The DQs
range from 0.75 to 1.25 when the DNA copy number of a specific exon is
normal, or half/double this value when there is a heterozygous deletion.

Results and discussion

Mutations in the FANCA gene are the most prevalent cause
of FA. More than 70 polymorphisms in this gene and over 100
different mutations have been accumulated in the Internation-
al Fanconi Anemia Registry Database, most of them being in a
heterozygous state. This is a clear indication of the complexity
of detecting mutations in this gene. Although several studies
have focused in finding pathogenic mutations among these
patients, in some cases the successful detection rates were poor
(Savino et al., 1997) in part due to the high rate of intragenic
deletions (Centra et al., 1998; Levran et al., 1998; Wijker et al.,
1999). This high rate of intragenic deletions along the FANCA
gene sequence is the consequence of Alu-mediated intragenic
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Fig. 1. Electrophoretogram showing the peak
pattern of the multiplex products from a healthy
control (a), compared with an exon 5 deletion car-
rier (b). Note that the peak area of exon 5 in the
patient is half of the same exon in the healthy
individual.

Table 1. Sequence, size and concentration of
every primer of the set used Gene: 

Exon 
Primers  
(5’ 3’) 

Amplicon 
size (bp) 

Concentration 
(µM) 

FANCA:    
Exon 5 Forward: ACC TGC CCG TTG TTA CTT TTA 

Reverse: AGA ACA TTG CCT GGA ACA CTG 
250 0.4 

0.2 
Exon 11 Forward: GAT GAG CCT GAG CCA CAG TTT GTG 

Reverse: AGA ATT CCT GGC ATC TCC AGT CAG 
301 0.4 

0.2 
Exon 17 Forward: CCA TGC CCA CTC CTC ACA CC 

Reverse: GTG AAA AGA AAC TGG ACC TTT GCA  
205 0.08 

0.2 
Exon 21 Forward: TAA GCC ATA GCT GAC TTA ATT 

Reverse: GCA CAA GTC CCA GAG TGG ACA AG 
156 0.6 

0.2 
Exon 31 Forward: CAC ACT GTC AGA GAA GCA CAG CCA 

Reverse: CAC CGC GCC TGG CAA TAA ATA TC 
285 0.08 

0.2 

Myelin protein zero:    
Exon 1 Forward: CAG TGG ACA CAA AGC CCT CTG TGT A 

Reverse: GAC ACC TGA GTC CCA AGA CTC CCA G 
389 0.2 

0.2 

recombination (Centra et al., 1998). Here we have applied an
improved fluorescent PCR-based method with conditions sim-
ilar to those proposed by Morgan et al. (1999), using primers
that amplify exons 5, 11, 17, 21 and 31 of the FANCA gene.
These exons were chosen based on previous observations show-
ing that at least one of these five exons was absent in all FAN-
CA deletions observed to date (Morgan et al., 1999). Some
minor modifications in the sequence and concentration of
some primers used by Morgan et al. (1999) were introduced to
improve the efficiency of the technique. 

We initially established the FA complementation group in
all our samples by retroviral complementation to later select
those belonging to the complementation group FA-A. Using
DNA from these patients (either from blood samples or cell
lines), the multiplex PCR reaction was performed. The rational
is that the area of the amplification peak of a given exon should
be half the expected size in case of a heterozygous deletion. Fig-
ure 1 shows a representative example of an electrophoretogram
of an exon 5 deletion carrier and Table 2 shows a numerical
example of a typical result of a patient with a heterozygous exon
21 deletion. After analyzing 25 FA-A samples, a total of eight
large deletions containing from one to more than 26 exons were
detected, all of them in heterozygosis (Fig. 2). Thus, one third
of the patients carried a large intragenic deletion, emphasizing
the relevance of this type of mutation in FA-A patients.

Because of the very nature of the approach used here, the sec-
ond pathogenic deletion was not detected. None of the muta-
tions found in this work seem to be novel mutations, although
this should be confirmed with a more accurate analysis using
RT-PCR and polymorphic marker typing to map the approxi-
mate endpoints of the deletions. The percentage of heterozogous
deletions described here is similar to that previously reported by
Morgan and co-workers (1999). It is important, however, to
keep in mind that although we have detected FANCA deletions
in 32% of the patients, it is possible that the deletion frequency
is even higher. Obviously, the dosage assay would have missed
small deletions in the 5) half of the gene between exons that we
tested, and also deletions that occur 3) to exon 31.

While detection of point mutations or small insertions/dele-
tions is well established, large genomic deletions constitute a
technical problem and it might be difficult to develop a cheap,
easy and reliable quantitative method. This is a serious limita-
tion as this type of mutation constitutes an important fraction
of the mutations described not only in FA-A patients, but also
in several malignancies, although their prevalence is yet under-
estimated due to the lack of a robust detection method (Armour
et al., 2002). Several genes such as MSH21 or BRCA1 might be
also affected by large heterozygous deletions and, in both cases,
a similar method named quantitative multiplex PCR of short
fluorescent fragments or other methods have been developed
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Fig. 2. Scheme of the large deletions detected in the 25 samples analyzed, along the schematic figure of FANCA gene exons.
The amplified exons are shown in grey colour. Continuous lines refer to the exons that are deleted and stippled lines refer to the
fact that the exact break points are not detected by this method.

Table 2. Results of a dosage multiplex assay of
an exon 21 deletion carrier Exon Peak area  Dosage quotient 

 Healthy 
donor 

FA 
patient 

 MPZX1 FAAX5 FAAX11 FAAX17 FAAX21 FAAX31 

MPZX1 62062 17523  – 1.28 1.17 1.05 2.30 1.07 
FAAX5 36569 8083  0.78 – 0.91 0.82 1.80 0.84 
FAAX11 56996.5 13794  0.86 1.09 – 0.90 1.97 0.92 
FAAX17 19361 5218  0.95 1.22 1.11 – 2.19 1.02 
FAAX21 23321 2864  0.43 0.56 0.51 0.46 – 0.47 
FAAX31 14868 3914  0.93 1.19 1.09 0.98 2.14 – 

for this same purpose (Charbonnier et al., 2000; Casilli et al.,
2002; Wang et al., 2002, 2003). We proposed that the approach
described here could also be applied to the above mentioned
genes by just adapting the primers and PCR conditions. Most
methods used to date are based on PCR although other tech-
niques should be considered using cytogenetic tools or South-
ern-blot (Armour et al., 2002). Although PCR is basically a
qualitative technique, several modifications can be introduced
to get quantitative or semi-quantitative results, for example by
using control samples and internal controls to coamplify and
compare with the sample under study, in a manner similar to
the method described here.

In conclusion, we have found that one third of the Spanish
FA-A patients bear large monoallelic deletions in FANCA. This
result confirms the suitability of quantitative PCR to find
otherwise undetectable pathogenic mutations and hence to
increase the mutation detection rate in FA. This would lead to a
better molecular tool in pre- and postnatal diagnosis and in car-
rier detection.
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Abstract. Acute Lymphoblastic Leukemia (ALL) is the
most common malignancy in childhood. The improvements of
therapies have increased the number of long-term survivors.
However, an increased incidence of secondary neoplasias has
been observed in this cohort. Our purpose was to evaluate the
late effects of cancer therapy in cured patients previously
treated for ALL, considering previous reports on the occur-
rence of gene fusions as putative markers of chromosomal
instability. Twelve ALL patients (aged 5 to 16 years) and twelve
healthy subjects (aged 18 to 22 years) were studied for the pres-
ence of ETV6/RUNX1 (TEL/AML1) translocations, which
were detected by FISH (fluorescence in situ hybridization). The
blood samples were collected months or years after completion
of the therapy, and the frequencies of gene fusions in lympho-
cytes were compared with those obtained retrospectively for
bone marrow samples at the time of diagnosis, and also for the

control group. It was demonstrated that ETV6/RUNX1 gene
fusion was a frequent event (0.59–1.84/100 cells) in peripheral
blood lymphocytes from normal individuals and the ALL
patients who underwent chemotherapy showed significantly
(P = 0.0043) increased frequencies (0.62–3.96/100 cells) of the
rearrangement when compared with the control groups (pa-
tients at diagnosis and healthy subjects). However, a significant
difference was not found between the groups of patients at diag-
nosis and healthy subjects, when the two patients who were
positive for the rearrangement were excluded. Therefore, in-
creased frequencies of ETV6/RUNX1 fusions in ALL cured
patients indicate the influence of previous exposure to anti-can-
cer drugs, and they may represent an important genetic marker
for estimating the risk of relapse, or development of secondary
neoplasias.

Copyright © 2003 S. Karger AG, Basel

Current standard treatment of cancer consists of different
regimens of combined chemo- and radiotherapy. The improve-
ments of new therapies have been of great importance but imp-
ly the exposure of patients to high doses of ionizing radiation
and chemotherapeutic drugs, whose mutagenic effects have
been well established. Thus, the cured patients provide a model
system to evaluate the late effects of antitumor agents (Baker et
al., 1995; Byrne, 1999).

ALL is the most common malignancy in childhood and is
associated with excellent outcomes (Bacchicet et al., 1997; Blau
et al., 1998) resulting in increasing rates of long-term survivors.
The treatment of ALL was one of the 20th century’s successes.
Actually, a universally fatal disease in the past has a cure (5-
year survival) with a rate of about 75% (Greaves, 1999).
Recently, attention is being focused on the potential of therapy-
related long-term complications, principally because second
malignant neoplasms are reported with increasing frequency in
this cohort (Bhatia et al., 2002).

In a large proportion of ALL, recurrent chromosomal aber-
rations led to the formation of gene fusions and the subsequent
expression of chimeric proteins with unique properties
(Greaves, 1999). These genetic alterations are relevant for leu-
kemogenesis and are important in prognostic and therapeutic
purposes (Coustan-Smith et al., 2000). The most frequent rear-
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rangement in childhood ALL (20–25%) is the cryptic transloca-
tion t(12;21)(p13:q22), which leads to the juxtaposition of
RUNX1(AML1) sequence, from chromosome 21 to the ETV6
(TEL) gene on chromosome 12 (Ford et al., 1998). Both genes
code for transcription factors that are essential in normal hema-
topoiesis (Wang et al., 1998; Asou, 2003) and are also involved
in several translocations with multiple partners, which can be
found in other types of leukemia and myelodysplastic syn-
dromes (Rowley, 1999).

Recently, chromosomal aberrations exclusively associated
with leukemias and lymphomas, such as ETV6/RUNX1 (Egu-
chi-Ishimae et al., 2001) have been detected in normal individ-
uals with negative history of hematologic disorders. Bäsecke et
al. (2002) demonstrated that at least 50% of normal individuals
present translocations t(9;22) BCR/ABL, t(14;18) IGH/BCL2,
t(2;5) NPM-ALK and MLL duplications, detectable in periph-
eral blood lymphocytes by PCR (Polymerase Chain Reaction).
These and other findings suggested that the measurement of
gene fusions in peripheral blood lymphocytes within a study
group may be used as a sensitive assay for the detection of
genomic instability, and may contribute to risk estimation for
the development of lymphoid malignancies (Lipkowitz et al.,
1992).

The genotoxicity of anti-cancer drugs has been evaluated by
several groups by mutation assays, most of which have been
carried out in patients immediately or shortly after the comple-
tion of chemotherapy. However, secondary malignancies in
children, often related with antineoplastic drugs, usually occur
years after therapy (Koishi et al., 1998). Considering that the
number of patients with secondary neoplasias has increased
among childhood cancer survivors, we aimed to investigate the
late effects of cancer therapy in lymphocytes of children treated
for ALL, by analyzing ETV6/RUNX1 fusions years after thera-
py completion, comparing the results retrospectively with those
obtained for bone marrow samples collected at the time of diag-
nosis, and also with the frequencies determined for healthy
individuals.

Materials and methods 

Patients
Twelve patients (aged 5 to 16 years) previously treated for ALL were

included in the study. They were diagnosed and treated at the Clinical Hospi-
tal (Faculty of Medicine of Ribeirão Preto, University of São Paulo, Brazil)
with combined modality treatment according to the Brazilian Group of
Pediatric Leukemia Treatment (GBTLI) (Brandalise et al., 1993) including:
vincristine, dexamethasone, daunorubicin, L-asparaginase, prednisone, me-
thotrexate, cytosine arabinoside (ARA-C), cyclophosphamide, folinic acid,
teniposide (VM-26) and 6 mercaptopurine (6 MP). In some cases (two
patients: Pa-5 and Pa-10), prophylactic cranial irradiation was also included
in the therapy. Twelve healthy subjects aged 18 to 22 years were also studied.
5 ml of peripheral blood were obtained from each individual after informed
consent, and the samples were coded to ensure anonymity of the donors.

A retrospective analysis was also carried out with previously fixed bone
marrow samples, which were collected from ten of the above patients at the
time of diagnosis (between 1992 and 1998).

Lymphocyte cultures and chromosome preparations 
Lymphocyte cultures were prepared by the standard protocol: 0.5 ml of

peripheral blood was added to 10 ml RMPI 1640 (Sigma Chemical Co., St.
Louis, USA) medium supplemented with 20 % fetal calf serum, 2% PHA and

Fig. 1. Interphase nuclei of lymphocytes showing hybridization signals
with dual-color DNA probe LSI TEL (SpectrumGreen)/AML1 (Spectrum
Orange). Normal cell with two signals of each gene, ETV6 and RUNX1 (a);
ETV6/RUNX1 fusion with one red-(yellow)-green signal (b).

penicillin/streptomycin (Gibco BRL, Gaithersburg, MD). The cultures were
incubated for 72 h at 37 °C and treated with colchicine (0.56%) for the last
30 min. The cells were harvested and slide preparation was performed
according to the conventional method. The slides for FISH were kept at
–20 °C until processed.

Fluorescence in situ hybridization
Locus-specific identifier dual-color directly labeled TEL(Spectrum-

Green)/AML1(SpectrumOrange) (Vysis, Ill., USA) probes were used for
detecting gene fusions. Hybridization and FISH method was applied on the
basis of manufacturer’s instructions. 

For the LSI TEL/AML1 ES dual-color translocation probe, the expected
pattern for a normal cell nucleus is two green and two red signals, corre-
sponding to two normal copies of each gene, ETV6 and RUNX1. This probe
set contains a 350-kb probe for the 5)-end of ETV6 (exons 1–4) and a 500-kb
probe that covers the entire RUNX1 gene. The expected signal pattern for a
nucleus with t(12;21) is one green (normal ETV6), two red (normal and resid-
ual RUNX1) and one red-(yellow)-green signals. Dual color hybridization
with ETV6 (SpectrumGreen) and RUNX1 (SpectrumOrange) probes was
applied to interphase nuclei. At least 1000 nuclei were analyzed per slide.
The images were captured by using the Axiovision System (Zeiss, Ger-
many).

Statistical analysis
Kruskal-Wallis ANOVA on ranks was used to evaluate the influence of

anti-cancer therapy on the frequency of ETV6/RUNX1 fusions presented by
the different groups of individuals, followed by Dunn’s method of multiple
pair-wise comparison.

Results

The specific dual-color probe used in this study allowed an
accurate detection of ETV6/RUNX1 fusions (Fig. 1). Patients
in complete remission presented frequencies of ETV6/RUNX1
fusions varying between 0.62 and 3.96/100 cells, and these val-
ues were significantly higher than those obtained for the control
group, which varied from 0.59 to 1.84 fusions/100 cells (Ta-
ble 1). The probes also allowed the detection of extra signals for
both genes, with frequencies varying from 0.10 to 2.38/100
cells, and 0.10 to 1.45/100 cells, for patients and controls,
respectively (Table 1). For extra signals, the differences be-
tween the groups of cured patients and healthy individuals
were not statistically significant. The patients (Pa-5 and Pa-10)
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Fig. 2. Median frequencies of ETV6/RUNX1 fusions obtained for three
groups of subjects: healthy individuals (n = 12), ALL patients at the time of
diagnosis (n = 8) and ALL patients analyzed months or year(s) after therapy
completion (n = 12). For the statistical analysis, two ALL patients at the time
of diagnosis, who were positive for ETV6/RUNX1 fusions, were excluded.
* P = 0.0043.

Fig. 3. Median frequencies of extra signals of ETV6 and RUNX1 genes
determined for the three groups of subjects: control group (n = 12), ALL
patients at the time of diagnosis (n = 8) and ALL patients analyzed months or
year(s) after therapy completion (n = 12). For the statistical analysis, two
ALL patients at the time of diagnosis (positive for ETV6 or RUNX1 extra
signals) were excluded.

Table 1. Frequencies of ETV6/RUNX1 gene
fusions and extra signals for ETV6 and RUNX1
genes in peripheral blood lymphocytes from
patients (Pa) treated for ALL during childhood
and control (Co) healthy individuals

Individual Immunophenotype 
at initial diagnosis 

Time after therapy 
completion (months) 

Number of 
analyzed cells 

ETV6/RUNX1 
fusions/100 cells 

Extra signals/ 
100 cells 

Pa-1 Pre–B (cALLA+) 1 1025 3.90 2.38 
Pa-2 – 21 1028 3.02 1.07 
Pa-3 Pre–B (cALLA+) 82 796 3.52 0.63 
Pa-4 Pre–B (cALLA+) 19 1025 3.61 1.99 
Pa-5a T 28 1007 3.38 1.30 
Pa-6 Pre–B (cALLA+) 19 1022 1.76 0.60 
Pa-7 Pro–B (cALLA–) 34 1065 1.97 0.10 
Pa-8 Pre–B (cALLA+) 11 1138 0.62 0.72 
Pa-9 – 23 1036 3.96 0.80 
Pa-10a T 11 1005 2.79 1.35 
Pa-11 Pre–B (cALLA+) 36 1056 3.41 0.20 
Pa-12 Pre–B (cALLA+) 15 1067 0.66 0.49 

Co-1  – – 998 1.40 0.61 
Co-2 – – 1024 0.98 0.20 
Co-3 – – 1048 1.81 1.45 
Co-4 – – 1017 1.18 0.10 
Co-5 – – 1031 1.84 0.49 
Co-6 – – 1016 0.59 0.50 
Co-7 – – 1018 1.18 1.40 
Co-8 – – 1025 0.98 0.20 
Co-9 – – 1021 0.98 0.39 
Co-10 – – 1042 1.06 0.39 
Co-11 – – 1053 0.85 0.40 
Co-12 – – 1024 0.59 0.49 

a Patients who received cranial irradiation.   

who received cranial irradiation presented similar frequencies
of ETV6/RUNX1 fusions and extra signals, compared with the
other patients. 

A retrospective analysis was carried out for fixed bone mar-
row samples collected from ten untreated ALL patients, in
order to verify the presence of the rearrangement at the time of
diagnosis. Despite the difficulties of working with this material,
200–500 cells were analyzed per individual. While two patients
(Pa-1 and Pa-8) were positive for ETV6/RUNX1 with frequen-
cies of 43.87 and 36.58/100 cells, respectively, eight patients

presented frequencies between 0.24 and 6.69/100 cells (Ta-
ble 2). For the statistical analysis performed for the frequencies
of ETV6/RUNX1 fusions, the patients positive for t(12;21) at
diagnosis were excluded, and a significant difference (P =
0.0043) was observed between the groups of patients at the
time of diagnosis and years after therapy completion (pair-wise
comparison). However, a significant difference was not found
between the frequencies of ETV6/RUNX1 fusions presented
by the patients at diagnosis and the control group (Fig. 2). 
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Table 2. Frequencies of ETV6/RUNX1 fusions and extra
signals for ETV6 and RUNX1 genes in bone marrow cells
from ALL patients at the time of diagnosis

Individual Number of 
analyzed cells 

ETV6/RUNX1 
fusions/100 cells 

Extra signals/ 
100 cells 

Pa-1 212 43.87 2.38 
Pa-4 538 0.56 0.37 
Pa-5 513 0.58 0.58 
Pa-6 208 0.48 1.95 
Pa-7 515 2.33 0.39 
Pa-8 503 36.58 5.17 
Pa-9 533 0.38 13.32 
Pa-10 538 6.69 0.19 
Pa-11 421 0.24 0.48 
Pa-12 525 1.71 39.46 

Extra signals were also verified for the patients analyzed at
diagnosis (Fig. 3). Seven patients showed lower frequencies
between 0.19 and 2.38 signals/100 cells, increased levels were
presented by Pa-1 (5.17 signals/100 cells), and two other
patients (Pa-9 and Pa-12), who showed much higher frequen-
cies, 13.32 and 39.46/100 cells, respectively (Table 2).

Discussion

Therapy for childhood ALL comprises several doses of anti-
tumor drugs given weekly or daily for 2–3 years (Blanco et al.,
2001). Since this kind of treatment is systemic, there are several
reasons to suspect that anticancer treatment may increase the
risk for development of secondary malignancies, mainly be-
cause it is well known that antineoplastic drugs and ionizing
radiation induce chromosomal translocations.

In the present study, the frequencies of ETV6/RUNX1 gene
fusions were significantly increased in patients treated for ALL
during childhood when compared to the control groups (pa-
tients at diagnosis and healthy subjects). All patients were sub-
mitted to chemotherapy regimens; patients (Pa-5 and Pa-10)
who also received cranial irradiation presented similar frequen-
cies of ETV6/RUNX1 fusions and extra signals, compared
with the other patients. According to Kersey (1997), it is likely
that the success for ALL treatment is partially due to the ability
of chemical agents to activate the apoptotic pathways in cells
that are “poised to die”. Analysis of DNA sequences surround-
ing the breakpoints of ETV6/RUNX1 fusion exhibited charac-
teristic signs of non-homologous end-joining (Wiemels and
Greaves, 1999). These breakpoints reside within the 14-kb
intron sequence between the exons 5 and 6 of ETV6 and within
RUNX1 intron 1. Double strand breaks within these regions
have been demonstrated in short-term cultures of immature B
cell lines exposed to serum starvation, and chemical agents,
such as H2O2, salicylic acid and VP-16. ETV6/RUNX1 fusion
transcripts were also detected in these systems suggesting a pos-
sible relationship between the breakage/fusion of these genes
and apoptotic signals (Eguchi-Ishimae et al., 2001).

Translocations involving the RUNX1 gene have been iden-
tified in therapy-related secondary leukemias (Rowley, 1999);
among them, balanced translocations with ETO (Eight Twenty
One) and EVI1 (Ecotropic Viral Integration site 1 oncogene)
are characteristic of myeloid leukemia (Loh et al., 1998). This is
compatible with reports showing the ability of topoisomerase II
inhibitors to induce site-specific double strand breaks within
the MLL (Aplan et al., 1996) and RUNX1 (Stanulla et al.,
1997) genes. Other translocations of this kind have been identi-
fied in neoplasms related to therapy, such as t(3;21) (Hiebert et
al., 1996), t(9;22) (Hattori et al., 1995), and patients accidental-
ly exposed to ionizing radiation (Hromas et al., 2000, 2001)
demonstrating the susceptibility of specific genes to mutagenic
or carcinogenic agents (Seeger et al., 1998).

The significance of ETV6/RUNX1 gene fusions has been
subject to some controversy, mainly because the patients posi-
tive for this molecular marker have a sustained remission rate
after treatment, but a variable relapse rate after the completion
of therapy, probably being dependent on the protocol used
(Ford et al., 2001). According to Loh et al. (1998) it is possible
that the appearance of ETV6/RUNX1 fusions during relapse
could represent a therapy-related malignancy, where patients
are ETV6/RUNX1 negative at initial leukemia, but positive at
relapse; however, in most cases, bone marrow samples from the
time of initial diagnosis or their cytogenetic data are not avail-
able. Therefore, bone marrow samples from the original leuke-
mia are very important for comparisons during the follow-up of
such patients. In the present study, a retrospective analysis was
performed for bone marrow samples from ten patients col-
lected at the time of diagnosis, using ETV6/RUNX1-specific
probes. Two patients (Pa-1 and Pa-8), who were previously pos-
itive for ETV6/RUNX1 fusions at diagnosis, presented de-
creased frequencies after therapy, which were within the same
levels presented by the other eight patients. However, the com-
parison of the results obtained at diagnosis and after therapy
demonstrated that the differences were statistically significant,
indicating an increase in the frequencies of ETV6/RUNX1
fusions in cured patients.

In spite of the therapy improvements for childhood ALL,
one in four patients relapse (Vora et al., 1998). It has been sug-
gested that relapse is the result of residual leukemic cells that
remain after “complete remission”, but are beyond the limits of
detection by conventional analysis of bone marrow (Stock and
Estrov, 2000). The monitoring of minimal residual disease
(MRD) is of great importance for prognosis and follow-up of
the patients, and the application of molecular techniques facili-
tates the detection of these rearrangements at DNA or expres-
sion levels (Chomel et al., 1999). However, whether the ETV6/
RUNX1 fusions in patients Pa-1 and Pa-8 represent MRD or
“de novo” translocations as a result of exposure to anticancer
drugs remains to be elucidated by further assays, such as clone-
specific antigen receptor gene rearrangements (Konrad et al.,
2003).

Another interesting aspect of this study is the high frequency
of the ETV6/RUNX1 fusion within the control group. Recent
studies have demonstrated the presence of leukemia-related
chromosomal translocations in normal individuals, such as
t(14;18) (Liu et al., 1994) and t(9;22) (Faderl et al., 1999). These
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findings indicate that the presence of these translocations per se
does not define an apparent clinical disease. 

Another characteristic of ETV6/RUNX1 positive patients
is the frequent deletion of the normal ETV6 gene, suggesting
that the gene fusion is an initial event conferring predisposition
to leukemia followed by the deletion of the gene or genes at 12p
as a promoter event (Busson-Le Coniat et al., 1999; Kempski
and Sturt, 2000). Other studies with ETV6/RUNX1 knock-in
mice also showed that the expression of this gene fusion is not
sufficient for the in vivo induction of ALL (Andreasson et al.,
2001).

There is evidence indicating that the ETV6/RUNX1 gene
fusion originated in utero, but in most cases, this event is insuf-
ficient for the generation of ALL, secondary events after birth
seem to be necessary (Ford et al., 1998, 2001). In twins, the
development of ALL was found to occur at different periods
and the postnatal latency can be variable and occasionally pro-
tracted (Wiemels et al., 1999). Retrospective studies in neona-
tal blood spots have demonstrated the clonality of the rear-
rangement. According to Mori et al. (2002) this translocation
could, in theory, arise in a high proportion of developing
fetuses but would not generate functional chimeric proteins in
all of them, or they could arise in an inappropriate cellular con-
text. This context is critical for the impact of chromosomal
aberrations, since the biological and clinical implications of
ALL are different in infants, children and adults (Greaves,
1999). In order to produce a leukemic phenotype, these rear-
rangements should fulfill two conditions: (1) the structure of
the gene fusion must allow the production of a functional pro-
tein and (2) the translocation must occur in early precursors
with self-renewal capacity (Bose et al., 1998). Therefore, it is
possible that the gene fusions in normal individuals could arise
in already differentiated cells or in mature precursors, which
might be eliminated by normal mechanisms of cell differentia-
tion, and possibly, they could emerge as a result of exposure to
genotoxic agents.

The use of the ETV6/RUNX1 dual color probe also allowed
the detection of extra signals for both genes. These extra signals

could be the result of gene amplification or they could represent
translocations with other gene partners, since ETV6 and
RUNX1 genes are considered to be “promiscuous” (Rowley,
1999). The retrospective analysis of bone marrow samples at
the time of diagnosis also revealed two patients, Pa-9 and Pa-
12, with high frequencies of extra signals (13.32 and 39.46
fusions/100 cells, respectively); but soon after the therapy,
these frequencies decreased to the control levels. For eight
patients, the frequencies of extra signals in bone marrow cells
were similar to those observed in the control group. Therefore,
while extra signals could represent a basal background for some
individuals, for some others, they could represent an extent of
genomic instability, which deserves to be investigated in more
detail.

Conclusions

The present results demonstrate increased frequencies of
ETV6/RUNX1 gene fusions in ALL patients treated during
childhood and detected several months or years after therapy,
indicating the influence of the previous exposure to anti-cancer
drugs. Although the presence of the translocation per se does
not seem to be sufficient for leukemogenesis, the ETV6/
RUNX1 fusion detected later in cured patients after therapy
could represent an important genetic marker for estimating the
risk of relapse, or development of secondary neoplasias. 

Additionally, considering that the frequencies of extra sig-
nals for ETV6 or RUNX1 genes are elevated in some ALL
patients, their detection might also be relevant for the evalua-
tion of therapy-related genomic instability in the follow-up of
these patients. 

Acknowledgements 

We are grateful to all donors and their parents whose cooperative spirit
was remarkable. We also thank Sueli A. Neves and Luiz A. da Costa Junior
for routine technical assistance. 

References

Andreasson P, Shwaller J, Anastasiadou E, Aster J, Gil-
liland DG: The expression of ETV6/CBFA2 (TEL/
AML1) is not sufficient for the transformation of
hematopoietic cell lines in vitro or the induction of
hematologic disease in vivo. Cancer Genet Cyto-
genet 130:93–104 (2001). 

Aplan PD, Chervinsky DS, Stanulla M, Burhans WC:
Site-specific DNA cleavage within the MLL break-
point cluster region induced by topoisomerase II
inhibitors. Blood 87:2649–2658 (1996).

Asou N: The role of a Runt domain transcription factor
AML1/RUNX1 in leukemogenesis and its clinical
implications. Crit Rev Oncol Hematol 45:129–150
(2003).

Bacchicet A, Qualman S, Sinnett D: Allelic loss in
childhood acute lymphoblastic leukemia. Leuk Res
21:817–823 (1997).

Baker A, Cachia P, Ridge S, McGlynn H, Clarke R,
Whittaker J, Jacobs A, Padua RA: FMS mutations
in patients following cytotoxic therapy for lympho-
ma. Leuk Res 19:309–318 (1995).

Bäsecke J, Griesinger F, Trümper L, Brittinger G: Leu-
kemia- and lymphoma-associated genetic altera-
tions in healthy individuals. Ann Hematol 81:64–
75 (2002).

Bhatia S, Sather HN, Pabustan OB, Trigg ME, Gaymon
PS, Robinson LL: Low incidence of second neo-
plasms among children diagnosed with acute lym-
phoblastic leukemia after 1983. Blood 99:4257–
4263 (2002).

Blanco JG, Dervieux T, Edick MJ, Mehta PK, Rubnitz
JE, Shurtleff S, Raimondi SC, Behm FG, Pui C,
Relling M: Molecular emergence of acute myeloid
leukemia during treatment for acute lymphoblastic
leukemia. Proc natl Acad Sci, USA 98:10338–
10343 (2001).

Blau O, Avigad S, Frish A, Kilim Y, Stark B, Kodman
Y, Luria D, Cohen IJ, Zaizov R: Molecular analy-
sis of childhood acute lymphoblastic leukemia in
Israel. Leuk Res 22:495–500 (1998).

Bose S, Deininger M, Gora-Tybor J, Goldman JM,
Melo JV: The presence of typical and atypical
BCR-ABL fusion genes in leukocytes of normal
individuals: biologic significance and implications
for the assessment of residual disease. Blood
92:3362–3367 (1998).

Brandalise S, Odone V, Pereira W, Andrea M, Zani-
chelli M, Aranega V: Treatment results of three
consecutive Brazilian cooperative childhood ALL
protocols: GBTLI-80, GBTLI-82 and -85. Leuke-
mia 7 (suppl 2):S142–145 (1993).

Busson-Le Coniat M, Poirel H, Leblanc T, Bernard O,
Berger R: Loss of the TEL/ETV6 gene by a second
translocation in ALL patients with t(12;21). Leuk
Res 23:895–899 (1999).

Byrne J: Long-term genetic and reproductive effects of
ionizing radiation and chemotherapy agents on
cancer patients and their offspring. Theratology
59:210–215 (1999).



Cytogenet Genome Res 104:346–351 (2004) 351

Chomel J, Brizard F, Veinstein A, Sadoun A, Guilhot
F, Brizard A: Persistence of BCR/ABL genomic
rearrangement in chronic myeloid leukemia pa-
tients in complete and sustained cytogenetic remis-
sion after interferon-· therapy or allogenate bone
marrow transplantation. Blood 95:404–409
(1999).

Coustan-Smith E, Sancho J, Hancockm L, Boyett JM,
Raimondi S, Sandlund JT, Rivera GK, Rubnitz
JE, Ribeiro RC, Pui C, Campana D: Clinical im-
portance of minimal residual disease in childhood
acute lymphoblastic leukemia. Blood 96:2691–
2696 (2000).

Eguchi-Ishimae M, Eguchi M, Ishii E, Ueda K, Ka-
mada N, Mizutani S: Breakage and fusion of
TEL(ETV6) gene in immature B lymphocytes in-
duced by apoptotic signals. Blood 97:737–743
(2001).

Faderl S, Talpaz M, Kantarjian HM, Estrov Z: Should
polymerase chain reaction analysis to detect mini-
mal residual disease in patients with chronic my-
elogenous leukemia be used in clinical decision
making? Blood 93:2755–2759 (1999). 

Ford AM, Bennet CA, Price CM, Bruim MCA, Van
Wering ER, Greaves M: Fetal origins of the TEL/
AML1 fusion gene in identical twins with leuke-
mia. Proc natl Acad Sci, USA 95:4584–4588
(1998).

Ford AM, Fasching K, Pranzer-Grümayer R, Koenig
M, Haas OA, Greaves MF: Origins of “late” re-
lapse in childhood acute lymphoblastic leukemia
with TEL/AML1 fusion genes. Blood 98:558–564
(2001).

Greaves M: Molecular genetics, natural history and
demise of childhood leukemia. Eur J Cancer
35:173–185 (1999).

Hattori M, Tanaka M, Yamazaki Y, Nakahara Y, Tsu-
shita K, Utumi M: Detection of major and minor
BCR/ABL fusion gene transcripts in a patient with
acute undifferentiated leukemia secondary to treat-
ment with an alkylating agent. Leuk Res 19:389–
396 (1995).

Hiebert SW, Sun W, Davis JN, Shurleff S Bulis A,
Downing JR, Grosveld G, Rousell MF, Gilliland
DG, Lenny N, Myers S: The t(12; 21) translocation
converts AML-1B from an activator to a repressor
of transcription. Mol Cell Biol 16:1349–1355
(1996).

Hromas R, Shopnick R, Jumean HG, Bowers C, Varel-
la-Garcia M, Richkind K: A novel syndrome of
radiation-associated acute myeloid leukemia in-
volving AML1 gene translocations. Blood 95:
4011–4013 (2000).

Hromas R, Busse T, Carroll A, Mack D, Shopnick R,
Zhang D, Nakshatri H, Richkind K: Fusion AML1
transcript in a radiation-associated leukemia re-
sults in truncated inhibitory AML1 protein. Blood
97:2168–2170 (2001).

Kempski HM, Sturt NT: The TEL/AML1 fusion ac-
companied by loss of the untranslocated TEL allele
in B-precursor acute lymphoblastic leukemia of
childhood. Leuk Lymphoma 40:39–47 (2000).

Kersey JH: Fifty years of studies of the biology and
therapy of childhood leukemia. Blood 90:4243–
4251 (1997).

Koishi S, Kubota M, Sawada M, Hirota H, Hashimoto
H, Lin Y, Watanabe K, Usami I, Akiyama Y, Furu-
sho K: Biomarkers in long survivors of pediatric
acute lymphoblastic leukemia patients: late effects
of cancer chemotherapy. Mutat Res 422:213–222
(1998).

Konrad M, Metzler M, Panzer S, Östreich I, Peham M,
Repp R, Haas OA, Gadner H, Panzer-Grümayer
R: Late relapses evolve from slow-responding sub-
clones in t(12;21) positive acute lymphoblastic leu-
kemia: evidence for the persistence of a pre-leu-
kemic clone. Blood 10:3635–3640 (2003).

Lipkowitz S, Garry VF, Kirsch IR: Interlocus V-J
recombination measures genomic instability in
agriculture workers at risk for lymphoid malignan-
cies. Proc natl Acad Sci, USA 89:5301–5305
(1992).

Liu Y, Hernandez AM, Shibata D, Cortopassi GA:
BCL2 translocation frequency rises with age in
humans. Proc natl Acad Sci, USA 91:8910–8914
(1994).

Loh ML, Silverman LB, Young ML, Neuberg D, Golub
TR, Sallan, SE, Gilliland DG: Incidence of TEL/
AML1 fusion in children with relapsed acute lym-
phoblastic leukemia. Blood 92:4792–4797 (1998).

Mori H, Colman SM, Xiao Z, Ford A, Healy LE, Don-
aldson C, Hows JM, Navarrete C, Greaves M:
Chromosome translocations and covert leukemic
clones are generated during normal fetal develop-
ment. Proc natl Acad Sci, USA 99:8242–8247
(2002).

Rowley J: The role of chromosome translocations in
leukemogenesis. Semin Hematol 36:59–72 (1999).

Seeger H, Dams H, Buchwald D, Beyermann B, Kre-
mens B, Niemeyer C, Ritter J, Shwabe D, Harms
D, Schappe M, Henze G: TEL/AML1 fusion trans-
cript in relapsed childhood acute lymphoblastic
leukemia. Blood 91:1716–1722 (1998).

Stanulla M, Wang J, Chervinsky DS, Aplan PD: Topo-
isomerase II inhibitors induce double-strand
breaks at a specific site within the AML1 locus.
Leukemia 11: 490–496 (1997).

Stock W, Estrov Z: Studies of minimal residual disease
in acute lymphoblastic leukemia. Hematol Oncol
Clin North Am 14:1289–1305 (2000).

Vora A, Frost L, Goodeve A, Wilson G, Ireland RM,
Lilleyman J, Eden T, Peake I, Richards S: Late
relapsing childhood lymphoblastic leukemia.
Blood 92:2334–2337 (1998).

Wang LC, Swat W, Fujiwara Y, Davidson L, Visvader
J, Kuo F, Alt FW, Gilliland DG, Golub TR, Orkin
SH: The TEL/AML1 gene is required specifically
for hematopoiesis in the bone marrow. Genes Dev
12:2392–2402 (1998). 

Wiemels JL, Greaves M: Structure and possible mecha-
nisms of ETV6/RUNX1 gene fusions in childhood
acute lymphoblastic leukemia. Cancer Res 59:
4075–4082 (1999).

Wiemels JL, Ford AM, Van Wering ER, Postma A,
Greaves M: Protracted and variable latency of
acute lymphoblastic leukemia after TEL/AML1
gene fusion in utero. Blood 94:1057–1062 (1999).



Applied Aspects/Cancer

Cytogenet Genome Res 104:352–358 (2004)
DOI: 10.1159/000077515

Comparative genomic hybridization (CGH):
ten years of substantial progress in human solid
tumor molecular cytogenetics
E. Gebhart
Institute of Human Genetics, University of Erlangen-Nürnberg, Erlangen (Germany)

Received 17 July 2003; manuscript accepted 12 November 2003.

Request reprints from Prof. Dr. E. Gebhart
Institut für Humangenetik der Universität
Schwabachanlage 10, DE–91054 Erlangen (Germany)
telephone: +49 9131 8522351; fax: +49 9131 209297
e-mail: egebhart@humgenet.uni-erlangen.de

ABC Fax + 41 61 306 12 34
E-mail karger@karger.ch
www.karger.com

© 2004 S. Karger AG, Basel
0301–0171/04/1044–0352$21.00/0

Accessible online at:
www.karger.com/cgr

Abstract. Data from ten years of research using compara-
tive genomic hybridization (CGH) for the detection of chromo-
somal alterations in human solid tumors are concisely re-
viewed. By use of a basic methodology with some variations
more or less specific patterns of genomic imbalances were
found in a large number of tumors of various entities. Specific
gains and losses of genomic material have not only opened the

way to the detection of a series of cancer-related genes but also
to clinical implications. Not only several areas of basic onco-
genetic research, but also differential diagnosis, prognosis of
disease progression, and therapeutic decisions have profited by
CGH.

Copyright © 2003 S. Karger AG, Basel

Nearly all human malignant tumors are characterized by
genomic changes. Classical cytogenetic analyses using chromo-
some banding techniques, over decades, were the “gold stan-
dard” for their detection. A large survey on cytogenetics of
3,185 malignant solid tumors has been presented by Mertens et
al. (1997). However, supreme efforts of karyotyping had to be
undertaken for their characterization. As a well-known fact,
only a limited portion of solid tumors examined by classical
cytogenetic techniques yields a sufficient number of evaluable
mitoses for establishing the karyotype. Main reasons were low
mitotic yield, low number of evaluable metaphases, mostly low
quality of chromosome banding, and sometimes very complex
karyotypes not allowing definite analysis. All collections of clas-
sical tumor cytogenetics data, therefore, had to be based on a
rather selected fraction of evaluable tumors. 

The advent of comparative genomic hybridization (CGH), a
special fluorescence in situ hybridization (FISH) technique
(Kallioniemi et al., 1992; Du Manoir et al., 1993) has opened a

reliable way for the detection of all (dissolvable) genomic
imbalances (copy number alterations [CNAs] of DNA) in each
tumor (including archival material) without selection, by only
one single analysis. Not being dependent on mitoses, it over-
came most limiting factors of classical cytogenetics. One of its
basic disadvantages, however, is its lacking suitability to detect
balanced chromosomal rearrangements which, e.g., are most
characteristic for neoplasias of the hematopoietic system. Fac-
ing the highly complex karyotypes of human solid tumors,
which in their great majority are caused by imbalanced altera-
tions of genomic material, this disadvantage is more than out-
weighed by the substantial insights CGH allows into their
genomic changes, and the substantial clinical implications the
obtained data have contributed over the ten years of CGH
application.

Methodological aspects

The principle of the CGH technique, as first described by
Kallioniemi et al. (1992) and technically improved later on
(Kallioniemi et al., 1994) lies in the comparison of total
genomic DNA extracted from a tumor with total genomic DNA
obtained from normal cells. Briefly, a small aliquot (e.g. 500 ng)
of tumor DNA and an identical amount of normal DNA are
labeled with biotin and digoxigenin, respectively, by nick trans-
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lation. A defined quantity of Cot-1 DNA is added for suppres-
sion of repetitive DNA sequences and the probe mixture then is
denatured in buffered formamide/dextran sulfate for 3 min at
75°C and pre-annealed at 37°C for 20 min. Then the probe
mixture is hybridized to a normal lymphocyte metaphase slide
denatured in 70% formamide/2× SSC/sodium phosphate buff-
er, covered with a cover slide, and sealed with rubber cement.
Hybridization is carried out for 3 days at 37°C in a humidified
chamber. For fluorescence detection, the slides are stained with
avidin-fluorescein isothiocyanate and anti-digoxigenin-rho-
damine, followed by counter-staining with DAPI (4),6-diamidi-
no-2-phenylindole). The slides then are mounted in antifade
solution. Quantities of components and technical details can be
found in the numerous CGH publications (Wolff et al., 1998;
Jeuken et al., 2002). Evaluation needs a fluorescence micro-
scope of high quality equipped with a CCD camera and an
image analysis system. Gains (enh) or losses (dim) of genetic
material are calculated as statistically significant by an evalua-
tion software (Du Manoir et al., 1995; Lundsteen et al., 1995),
if fluorescence ratio threshold values are exceeded. These
thresholds can be defined as “fixed” or “standard reference”
intervals (Kirchhoff et al., 1999). A sufficient number of karyo-
types obtained from hybridized lymphocyte mitoses are ana-
lyzed per experiment. As internal controls contra-sexual DNAs
or reverse labels of target and reference DNA may be used for
the hybridizations. Further technical details are reviewed by
James (1999) and Jeuken et al. (2002).

Two basic limitations of the resolution of the CGH tech-
nique, however, must be borne in mind when estimating its
power: the minimal size of a chromosomal segment the altera-
tion of which can be reliably shown, and the minimal portion of
a cell population carrying the respective change to be detected.
Most studies addressing the first limitation agree in that the
minimal size of a detectable genomic segment is about 3–5 Mb
(Bentz et al., 1998; Kirchhoff et al., 1999; Brecevic et al., 2001).
Gebhart et al. (2000) by comparative I-FISH analyses on the
same material (leukemic bone marrow) determined the mini-
mal cell population in which a certain change could be found by
CGH as 25% of the cells, a value close to the level (32%) shown
by experimental cell mixtures (Larsen et al., 1999).

The power of CGH has additionally been increased by fur-
ther technical improvements, e.g., microdissection of specific
areas (e.g. without contamination by normal cells) of archival
(e.g. paraffin-embedded) tumor samples using micromanipula-
tor-directed fine needle or laser technology for obtaining small
but specific tumor DNA samples and amplifying them by poly-
merase chain reaction (PCR) for CGH use (Daigo et al., 2001;
Hirose et al., 2001). This technique also allows a comparative
examination of various areas within the same tumor (and even
of single cells) and thus an examination of the intratumoral het-
erogeneity. More recently, a substantial improvement of the
specificity of the obtained data has been attained by the intro-
duction of array techniques (Solinas-Toldo et al., 1997; Wes-
sendorf et al., 2002), i.e. a step from analysis on crude chromo-
somal segments to the level of specific DNA sequences (e.g.
genes). A steadily growing number of studies utilize this new
technique now.

Patterns of genomic imbalances: basic aspects

Thousands of tumors have been analyzed by CGH so far.
Characteristic patterns of genomic alterations could be associ-
ated with a variety of tumor entities. Most of the obtained data
have just been included in large reviews (Zitzelsberger et al.,
1997; Knuutila et al., 1998, 1999; Rooney et al., 1999; Gebhart
and Liehr, 2000; Koschny et al., 2002; Struski et al., 2002). The
average number of CNAs per tumor varies in dependence of
the tumor entity (or location) from 23 in oral (Wolff et al.,
1998) and 17.7 in head and neck squamous cell carcinomas
(HNSCC; Rooney et al., 1999) via 13.6 in colorectal cancer to
2.3 in Wilms tumor (Table 1). These numbers, however, some-
times differ considerably between the various reports on the
same tumor entity. As reviewed by Rooney et al. (1999), the
most frequent overall gains of genomic sequences (i.e. being
present in more than 10% of all 2,210 evaluated tumors)
affected the long arms of chromosomes 8, 7, 17, 3, 20, 12, and
11 (in the order of prevalence) and the short arms of chromo-
somes 7, 5, 12, and 6. In contrast, rare events (present in less
than 5% of all tumors) were gains of Xp, 3p, 21q, 11p, 4p, and
Y. Most frequent losses were found on 13q, 9p, and 8p, rarest
losses (below 3% of the tumors) affected 8q, 7q, 20q, 12p, and
7p. 

The non-random involvement of certain chromosomes,
chromosome segments and even chromosome bands in imbal-
ances (causing the specific patterns of genomic imbalances pre-
sented by Gebhart and Liehr, 2000) led to various speculations
on the causative parameters. The clustering of high average
CNA numbers in tumors of the ingestion or respiratory ways
supports the hypothesis of the latter authors who pointed to the
possible role of steady mutagenic influences of environmental
factors on the number and the evolving pattern of genomic
imbalances in exposed tumors. In fact, clear differences of these
patterns, but also of CNA numbers (Table 1) could be found
e.g. between tumors directly exposed to ingested mutagens
along all their development, and tumors “down-stream” the
metabolizing systems (e.g. ependymomas, or tumors with he-
reditary background). A rough grouping of the tumor entities of
Table 1 finds the highest percentage of mutagen-exposed loca-
tions among tumors with ten or more CNAs and not one among
those with CNA numbers below five. Hormone-dependent can-
cers are mainly found in the group with six to eight CNAs.

These differences of patterns are just reflected on the level of
single exemplary chromosomes (e.g. Fig. 1), but have been con-
firmed for all chromosomes of the human karyotype by many
recent reports (in particular by Gebhart and Liehr, 2000). 

Specific chromosomal changes in single tumor entities

Gains (and amplifications) of genomic material can be asso-
ciated with an increase of dosage of proliferation enhancing
genes (e.g. proto-oncogenes), and losses point to loci of tumor
suppressor genes. Therefore, it is of high interest to detect those
changes which can be related to the respective tumor type in a
more specific way. They seem rather to be tumor immanent
than caused by exogenous influences. Most striking examples
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Table 1. Collection of nearly 8,000 tumors examined by CGH grouped according to their entity and ranked on the average
number of copy number alterations (CNAs)a

Most frequent imbalances Tumor type/site No. of cases 
evaluated 

Average no. 
of CNAs 

genomic losses on  genomic gains on 

Referencesb 

HNSCCc 351 13.6d 3p, 5q21  3q26q27, 5p15, 11q13 1–12 
colorectal carcinomas 223 13.6d 18q, 8p  20q, 8q24 13–20 
lung carcinomas 212 11.8d 3p, 5q  3q26q29, 5p 21–29 
esophagal carcinoma 285 11.2d 4q21q26, 7p21p22 3q26q27, 8q24 30–40 
osteosarcomas 111 11.1d 10q, 13q  8q, 1p, 1q, 17p, 19 250–253 
ovarian carcinoma 362 10.9d 16q, 17p, 18q  3q, 8q, 1q, 20q 41–51 
pancreatic carcinoma 223 10.8d 9p, 18q  20q, 17q, 7, 8q, 12p 52–61 
testicular cancer 100 10.2d 13q, 18q 12p, 7, 8 254–258 

myosarcomas 187  9.6  12q13, 2q, 17p, 7q, 1q21 62–70 
adrenocortical carcinoma 106  9.3 4, 18q  12q24, 9q34 71–75 
malig. fibrous histiocytoma 141  8.2 13q, 12p  12q15q15, 6q, 5p, 1p21 76–80 
breast cancer 725  7.9 16q, 9p, 17p, 18q  1q, 8q, 17q, 11q13, 20q 81–102 
gastric cancer 584  7.4 Y, 4q, 17p13  17q, 8q34, 20q, 5q15 103–117 
liver carcinoma 523  7.4 4q21q26  1q, 8q 118–131 
nasopharynx carcinoma 113  7.4 3p14p21, 9p, 11q23  12p12, 12q13q15, 1q21q22 132–134 
urinary bladder carcinoma 520  7.2 9, 8p, 11, Y  1q, 5p, 8q, 17q, 3q, 20q 135–146 
neuroblastoma 318  7.0 1p36  17q, 2p23p24, 3q24q26, 8q 147–154 
uterine carcinomas 292  6.8d 3p, 4q, 13q  8q, 3q, 5p 155–164 
prostate carcinoma 262  6.8 8p, 13q 8q, 7q, 17q 165–173 
mesothelioma 122  6.5 9p21, 22q  1q, 15q, 8q 174–176 
astrocytomas 523  6.3 9p, 10q, 13q, 1q 7, 8q, 20q 177–195 

kidney carcinomas 410  5.6 3p, 4q, 9p, Y 1q, 7q, 8q, 17q 196–209 
malig. melanoma 118  5.6 9, 10q 8q, 6p, 7 210–215 
ependymomas 196  4.4 22q, 6q 1q, 7, 9q, 17q 216–222 
pheochromocytoma 100  4.3 1p, 3q, 11 19, 17q 223–226 
retinoblastoma 200  4.1 16q 6p, 1q, 2p 227–230 
thyroid carcinoma 332  3.1 22q, 11q 19, 9q34 231–240 

pituitary adenoma 120  2.9 11 19, X 241–245 
Ewing’s sarcoma 107  2.3 16q 8, 12, 1q 259–261 
Wilms tumor 127  2.3 4q, 9p 1q, 8q, 12q 246–249 

a Tumors were only included if at least 100 cases could be collected from studies reporting on a minimum of 10 cases.  
b A complete list of all cited references is available under http://karger.com/doi/10.1159/000077515  

c Head and neck squamous cell carcinomas excluding nasopharynx localization.  
d Big differences between the cited studies with respect to average numbers of CNAs.  

are gain of 12p in seminomas, amplification (amp) of 2p23p24
and loss of 1p36 in neuroblastomas, which by their uniqueness
have gained great importance in differential diagnosis. In addi-
tion, by number of CNAs and specific patterns of genomic
imbalances, tumor sub-entities can often be separated from
each other, as has been reported for a great number of cases, e.g.
by Rooney et al. (1999). Histologic subtypes, for instance, have
been distinguished by CGH in various connective tissue tu-
mors, as have developmental or clinical stages been in colon
cancer, tumor classes (pT) in head and neck cancer, and prima-
ry vs. recurrent tumor in prostate cancer. Sometimes these sep-
arations could be based on single specific imbalances, in other
cases clear differences of the frequency of one of the more com-
mon alterations delimitate a tumor entity from another (e.g.
loss of 9p in cutaneous melanoma vs. colon or gastric cancer).
Other differentiations could be made by CGH of benign and
malignant phenotype in soft tissue tumors (Levy et al., 2000)
and meningioma (Weber et al., 1997), early vs. progressed
(metastatic) stages in many tumor entities, or hereditary and
non-hereditary forms of breast (Wessels et al., 2002) or ovary
tumors and gastrointestinal tumors (Gebhart and Liehr,
2000).

Those alterations sometimes can be and have been used, for
instance, for differential diagnosis and for prognostic purposes
(see below). Several of them paved the way to the detection of
many malignancy-related genes (Monni et al., 2001; Willis et
al., 2003) thus rendering CGH one of the most valuable tools of
oncogenetic basic research, particularly since the introduction
of array-based CGH.

Tumor progression and metastasis

Karyotypic evolution has been a well-known finding in
human neoplasia for decades. Genomic changes accompa-
nying tumor progression and metastasis, of course, are also
reflected by changes in the patterns of genomic imbalances. As
previously reported by several authors, highly progressed head
and neck squamous cell carcinomas (HNSCCs) but also many
other tumors are characterized by a large variety of genomic
imbalances. Some of those apparently are involved in the pro-
cess of tumor progression as has been shown by consecutive
comparative CGH examinations (Huang et al., 2002; Bastian,
2003). Taking only gain of 8q and loss of 8p as an example,
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Fig. 1. Exemplary CNA patterns on four selected chromosomes (3, 8, 11, 17 presented in this order from left to right) in various
tumor entities. (A) Head and neck squamous cell carcinoma (from 440 cases). (B) Colorectal carcinoma (from 135 cases).
(C) Breast carcinoma (from 678 cases). (D) Glioblastoma/astrocytoma (from 506 cases). (E) Myosarcoma (from 251 cases).
(F) Testicular cancer (from 118 cases). Only reports on more than 10 cases were considered. The columns (left: losses of genomic
material, right: gain of genomic material) represent the percentage of tumors carrying the same alteration in the respective chromo-
somal segment; only values higher than 10% were considered.
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Fig. 1 documents that those imbalances may be of general
importance in progression of a variety of tumors. Primary
tumors and their metastases frequently show similar patterns of
CNAs, however, e.g. in HNSCC discordance between primary
and paired metastatic specimens may vary from 0 to 100%
(Tremmel et al., 2003). The number of CNAs, on average, is
usually higher in metastases. A few imbalances also proved to be
more clearly associated with metastasis. Frequent gain of 8q in
head and neck cancer, uveal melanoma, carcinomas of esopha-
gus, colon and rectum, gastrointestinum, and prostate, and loss
of 8p in some of those and in renal and hepatocellular carcino-
mas may serve as examples for evidence of this statement (Pe-
tersen et al., 1997; Qin et al., 1999; Bockmühl et al., 2002; Diep
et al., 2003). Another representative imbalance is chromosome
17, the long arm of which has been found amplified in metas-
tases of colorectal, renal cell, pancreatic, and gastrointestinal
carcinomas, as has been loss of its short arm in progressed states
and in metastases of colorectal, breast, lung, liver, and prostate
cancers. Beside a series of further imbalances present in metas-
tases of various tumors (e.g. gains on 17q, losses on 10q), it
should be mentioned that there is also a number of specific
imbalances restricted to metastases of certain tumor entities
only, which as so-called “private” changes may also yield impor-
tant evidence of genomic regions harboring genes involved in
metastasis in an entity-specific way. Those are, e.g., enh(17q24
q25) and dim(21q) in metastases of colorectal tumors, dim(18q)
in those of breast carcinomas, and dim(5p12), dim(10p12),
dim(11p13p14), or dim(14q22q24) in HNSCC metastases. Ref-
erences for all these observations can be found in the reviews
and papers cited above and in Knösel et al. (2002).

Clinical implications

As a consequence of the reported detection of individual
genomic changes of high value for differential diagnosis and
prognosis by CGH (see above), the clinical impact of this tech-
nique is evident: In addition to the examples presented above,
practical diagnostic use of CGH in this sense could be adopted
for the following neoplasms: lipoma vs. lipoma-like lipo-
sarcoma [amp(12q)], Ewing’s sarcoma [enh(8, 1q, 12) and
dim(16q)], oligodendrogliomas [dim(1q, 19q)], neuroblastoma
[enh/amp(2p), enh(17q) dim(1p)], alveolar rhabdomyosarcoma
[enh(2p)] and mesothelioma [dim(10, 14)]. The finding of a
general prognostic impact of oncogene amplifications (e.g.
erbB2 etc.) in human solid tumors has also stimulated corre-
sponding CGH examinations in a variety of cancer entities.
Others applied CGH as a technique for the detection of CNAs
[e.g. enh(11q13), enh(12q24), enh(17), enh(18p)] of high prog-
nostic impact (Sallinen et al., 1997; Dellas et al., 1999; Austrup
et al., 2000; Aubele et al., 2002; Ueno et al., 2002). CNAs (as
e.g. loss of 8p) also proved to be useful markers for distinguish-
ing between organ-confined and locally advanced prostate can-
cer (Chu et al., 2003). High-level amplification of 18p11.3 dif-
ferentiated locally recurring from primary soft tissue sarcoma
(Popov et al., 2001). Recently, genetic aberrations could be cor-
related with WHO-defined histology and stage across the spec-
trum of thymomas (Inoue et al., 2003).

The finding of an involvement of genomic gains and amplif-
ications in therapy resistance in various tumors (Rao et al.,
1998; Makhija et al., 2003) or tumor cell lines (Nessling et al.,
1999), but also in T-ALL cell lines (Efferth et al., 2002) has
opened new perspectives of this technique for choice of the
optimal individual therapy. On the other hand, the usually high
similarity of CNA patterns between primary tumors and their
metastases precludes most CGH-detected genomic imbalances
from being markers predictive of metastasis. However, some
specific changes, and particularly high numbers of CNAs in a
tumor may well signal its grade of progression and its potency
of metastazing (Armengol et al., 2001).

Is CGH also a suitable technique for mutagenesis
research?

As CGH can detect genomic imbalances only if a consider-
able portion of a cell population is affected by the same altera-
tion, it is not suited for basic screening of random chromosom-
al aberrations in mutagen-exposed cells. For instance, even a
cytostatic treatment with chlorambucil of chronic lymphocytic
leukemia for more than one year did not induce CNA patterns
in the B-cells of the exposed patients deviating from those
usually seen in this disease (Amiel et al., 2003). However, CGH
readily detects clonal chromosomal imbalances in tissues (e.g.
bone marrow) of patients suffering from chromosomal instabil-
ity syndromes. Therefore, an increase of those alterations theo-
retically should also be detectable in individuals exposed to
strong mutagens over longer periods as should, in particular, be
the clonal amplification of genetic structures as a consequence
of those exposures. First attempts of a comparison of patterns
of genomic imbalances in renal cell carcinomas of patients who
had been occupationally exposed to trichloroethylene with
those of sporadic carcinomas did not reveal any significant dif-
ference (Schraml et al., 1999). Six PhIP-induced mammary car-
cinomas in rats, however, showed genomic losses in the same
specific regions of chromosomes 2, 3, 11, 18, and X, whereas
three carcinomas induced by dimethylbenzanthracene
(DMBA) showed no consistent patterns of chromosomal gains
or losses as evaluated by CGH (Christian et al., 2002). Future
research should be focused on this aspects of mutagen-associat-
ed carcinogenesis.



Cytogenet Genome Res 104:352–358 (2004) 357

References

Amiel A, Biton I, Yukla M, Gaber E, Fejgin MD, Lish-
ner M: The effect of chlorambucil treatment on
cytogenetic parameters in chronic lymphocytic leu-
kaemia patients. Cancer Genet Cytogenet 143:
113–119 (2003).

Armengol G, Capella G, Farre L, Peinado MA, Miro R,
Caballin MR: Genetic evolution in the metastatic
progression of human pancreatic cancer studied by
CGH. Lab Invest 81:1703–1707 (2001).

Aubele M, Auer G, Braselmann H, Nahrig J, Zitzels-
berger H, Quintanilla-Martinez L, Smida J, Walch
A, Höfler H, Werner M: Chromosomal imbalances
are associated with metastasis-free survival in
breast cancer patients. Anal cell Pathol 24:77–87
(2002).

Austrup F, Uciechowski P, Eder C, Böckmann B,
Suchy B, Driesel G, Jäckel S, Kusiak I, Grill HJ,
Giesing M: Prognostic value of genomic alterations
in minimal residual cancer cells purified from the
blood of breast cancer patients. Brit J Cancer
83:1664–1673 (2000).

Bastian BC: Understanding the progression of melyno-
cytic neoplasia using genomic analysis: from fields
to cancer. Oncogene 22:3081–3086 (2003).

Bentz M, Plesch A, Stilgenbauer S, Döhner H, Lichter
P: Minimal size of deletions detected by compara-
tive genomic hybridization. Genes Chrom Cancer
21:172–175 (1998).

Bockmühl U, Schlüns K, Schmidt S, Mathias S, Peter-
sen I: Chromosomal alterations during metastasis
formation of head and neck squamous cell carcino-
ma. Genes Chrom Cancer 33:29–35 (2002).

Brecevic L, Verdorfer I, Saul W, Trautmann U, Geb-
hart E: The cytogenetic view of standard compara-
tive genomic hybridization (CGH): Deletions of
20q in human leukemia as a measure of the sensi-
tivity of the technique. Anticancer Res 21:89–92
(2001).

Christian AT, Snyderwine EG, Tucker JD: Compara-
tive genomic hybridization analysis of PhIP-in-
duced mammary carcinomas in rats reveals a cyto-
genetic signature. Mutat Res 506–507:113–119
(2002).

Chu LW, Troncoso P, Johnston DA, Liang JC: Genetic
markers useful for distinguishing between organ-
confined and locally advanced prostate cancer.
Genes Chrom Cancer 36:303–312 (2003).

Daigo Y, Chin SF, Gorringe KL, Bobrow LG, Ponder
BA, Pharoah PD, Caldas C: Degenerate oligonu-
cleotide primed-polymerase chain reaction-based
array comparative genomic hybridization for ex-
tensive amplicon profiling of breast cancers: a new
approach for the molecular analysis of paraffin-
embedded cancer tissue. Am J Pathol 158:1623–
1631 (2001).

Dellas A, Torhorst J, Jiang F, Proffitt J, Schultheiss E,
Holzgreve W, Sauter G, Mihatsch MJ, Moch H:
Prognostic value of genomic aberrations in inva-
sive cervical squamous cell carcinoma of clinical
stage IB detected by comparative genomic hybridi-
zation. Cancer Res 59:3475–3479 (1999).

Diep CB, Thorstensen L, Meling GI, Skovlund E, Rog-
num TO, Lothe RA: Genetic tumor markers with
prognostic impact in Dukes’ stages B and C colo-
rectal cancer patients. J clin Oncol 21:820–829
(2003).

Du Manoir S, Speicher MR, Joos S, Schröck E, Popp S,
Döhner H, Kovacs G, Robert-Nicoud M, Lichter
P, Cremer T: Detection of complete and partial
chromosome gains and losses by comparative ge-
nomic in situ hybridisation. Hum Genet 90:590–
610 (1993).

Du Manoir S, Kallioniemi OP, Lichter P, Piper J, Be-
nedetti BA, Carothers AD, Fantes JA, Garcia-
Sagredo JM, Gerdes T, Giollant M, Hemery B, Iso-
la J, Maahr J, Morrison H, Perry P, Stark M, Sudar
D, Van Vliet LJ, Verwoerd N, Vrolijk J: Hardware
and software requirements for quantitative analy-
sis of comparative genomic hybridization. Cytom-
etry 19:4–9 (1995).

Efferth T, Verdorfer I, Miyachi H, Sauerbrey A, Drex-
ler HG, Chitambar CR, Haber M, Gebhart E:
Genomic imbalances in drug-resistant T-cell acute
lymphoblastic CEM leukaemia cell lines. Blood
Cells Mol Dis 29:1–13 (2002).

Gebhart E, Liehr T: Patterns of genomic imbalances in
human solid tumors (Review). Int J Oncol 16:383–
399 (2000).

Gebhart E, Verdorfer I, Saul W, Trautmann U, Brece-
vic L: Delimiting the use of comparative genomic
hybridization in human myeloid neoplastic disor-
ders. Int J Oncol 16:1099–1105 (2000).

Hirose Y, Aldape K, Takahashi M, Berger MS, Feuer-
stein BG: Tissue microdissection and degenerate
oligonucleotide primed-polymerase chain reaction
(DOP-PCR) is an effective method to analyze ge-
netic aberrations in invasive tumors. J molec
Diagn 3:62–67 (2001).

Huang Q, Yu GP, McCormick SA, Mo J, Datta B,
Mahimkar M, Lazarus P, Schäffer AA, Desper R,
Schantz SP: Genetic differences detected by com-
parative genomic hybridization in head and neck
squamous cell carcinomas from different tumor
sites: Construction of oncogenetic trees for tumor
progression. Genes Chrom Cancer 34:224–233
(2002).

Inoue M, Starostik P, Zettl A, Ströbel P, Schwarz S,
Scaravalli F, Henry K, Willcox N, Müller-Herme-
link HK, Marx A: Correlating genetic aberrations
with World Health Organization-defined histology
and stage across the spectrum of thymomas. Can-
cer Res 63:3708–3715 (2003).

James LA: Comparative genomic hybridisation as a
tool in tumour cytogenetics. J Pathol 187:385–395
(1999).

Jeuken JWM, Sprenger SHE, Wesseling P: Compara-
tive genomic hybridization: Practical guidelines.
Diagn molec Pathol 11:193–203 (2002).

Kallioniemi A, Kallioniemi OP, Sudar D, Rutovitz D,
Gray JW, Waldman F, Pinkel D: Comparative
genomic hybridization for molecular cytogenetic
analysis of solid tumors. Science 258:818–821
(1992).

Kallioniemi OP, Kallioniemi A, Piper J, Isola J, Wald-
man F, Gray JW, Pinkel D: Optimizing compara-
tive genomic hybridization for analysis of DNA
sequence copy number changes in solid tumors.
Genes Chrom Cancer 10:231–243 (1994).

Kirchhoff M, Gerdes T, Maahr J, Rose H, Bentz M,
Döhner H, Lundsteen C: Deletions below 10 mega-
base pairs are detected in comparative genomic
hybridization by standard reference intervals.
Genes Chrom Cancer 25:410–413 (1999).

Knösel T, Petersen S, Schwabe H, Schlüns K, Stein U,
Schlag PM, Dietel M, Petersen I: Incidence of chro-
mosomal imbalances in advanced colorectal carci-
nomas and their metastases. Virchows Arch
440:187–194 (2002).

Knuutila S, Bjorkqvist AM, Autio K, Tarkkanen M,
Wolf M, Monni O, Szymanska J, Larramendy ML,
Tapper J, Pere H, El-Rifai W, Hemmer S, Wase-
nius VM, Vidgren V, Zhu Y: DNA copy number
amplifications in human neoplasms: review of
comparative genomic hybridization studies. Am J
Pathol 152:1107–1123 (1998).

Knuutila S, Aalto Y, Autio K, Bjorkqvist AM, El-Rifai
W, Hemmer S, Huhta T, Kettunen E, Kiuru-Küh-
lefelt S, Larramendy ML, Lushnikova T, Monni O,
Pere H, Tapper J, Tarkkanen M, Varis A, Wase-
nius VM, Wolf M, Zhu Y: DNA copy number
losses in human neoplasms. Am J Pathol 155:683–
694 (1999).

Koschny R, Koschny T, Froster UG, Krupp W, Zuber
MA: Comparative genomic hybridization in glio-
ma: a meta-analysis of 509 cases. Cancer Genet
Cytogenet 135:147–159 (2002).

Larsen J, Kirchhoff M, Rose H, Gerdes T, Lundsteen
C, Larsen JK: Improved sensitivity in comparative
genomic hybridization analysis of DNA hetero-
ploid cell mixtures after pre-enrichment of subpop-
ulations by fluorescence activated cell sorting. Anal
Cell Pathol 19:119–124 (1999).

Levy B, Mukherjee T, Hirschhorn K: Molecular cyto-
genetic analysis in uterine leiomyoma and leio-
myosarcoma by comparative genomic hybridiza-
tion. Cancer Genet Cytogenet 121:1–8 (2000).

Lundsteen C, Maahr J, Christensen B, Bryndorf T,
Bentz M, Lichter P, Gerdes T: Image analysis in
comparative genomic hybridization. Cytometry
19:42–50 (1995).

Makhija S, Sit A, Edwards R, Aufman K, Weiss H,
Kanbour-Shakir A, Gooding W, D’Angelo GD,
Ferrell R, Raja S, Godfrey TE: Identification of
genetic alterations related to chemoresistance in
epithelial ovarian cancer. Gynecol Oncol 90:3–9
(2003).

Mertens F, Johansson B, Höglund M, Mitelman F:
Chromosomal imbalance maps of malignant solid
tumors: a cytogenetic survey of 3185 neoplasms.
Cancer Res 57:2765–2780 (1997).

Monni O, Hyman E, Mousses S, Barlund M, Kallio-
niemi A, Kallioniemi OP: From chromosomal al-
terations to target genes for therapy: integrating
cytogenetic and functional genomic views of the
breast cancer genome. Cancer Biol 11:395–401
(2001).

Nessling M, Kern M, Schadendorf D, Lichter P: Asso-
ciation of genomic imbalances with resistance to
therapeutic drugs in human melanoma cell lines.
Cytogenet Cell Genet 87:286–290 (1999).

Petersen I, Petersen S, Bockmühl U, Schwendel A,
Wolf G, Dietel M: Comparative genomische Hy-
bridisierung an Bronchialkarzinomen und ihren
Metastasen. Verh Dtsch Ges Path 81:297–305
(1997).

Popov P, Virolainen M, Tukiainen E, Asko-Scljavaara
S, Huuhtanen R, Knuutila S, Tarkkanen M: Prima-
ry soft tissue sarcoma and its local recurrence:
genetic changes studied by comparative genomic
hybridization. Mod Pathol 14:978–984 (2001).

Qin LX, Tang ZY, Sham JST, Ma ZC, Ye SL, Zhou
XD, Wu ZQ, Trent JM, Guan XY: The association
of chromosome 8p deletion and tumor metastasis
in human hepatocellular carcinoma. Cancer Res
59:5662–5665 (1999).

Rao PH, Houldsworth J, Palanisamy N, Murty VV,
Reuter VF, Motzer RJ, Bosl GJ, Chaganti RS:
Chromosomal amplification is associated with cis-
platin resistance of human male germ cell tumors.
Cancer Res 58:4260–4263 (1998).

Rooney PH, Murray GI, Stevenson DAJ, Haites NE,
Cassidy J, McLeod HL: Comparative genomic hy-
bridisation and chromosomal instability in solid
tumors. Brit J Cancer 80:862–873 (1999).

Sallinen SL, Sallinen P, Haapasalo H, Kononen J, Kar-
hu R, Helen P, Isola J: Accumulation of genetic
changes is associated with poor prognosis in grade
II astrocytomas. Am J Pathol 151:1799–1807
(1997).



358 Cytogenet Genome Res 104:352–358 (2004)

Schraml P, Zhaou M, Richter J, Bruning T, Pommer
M, Sauter G, Mihatsch MJ, Moch H: Analysis of
kidney tumors in trichloroethylene exposed work-
ers by comparative genomic hybridization and
DNA sequence analysis [German]. Verh Dtsch Ges
Pathol 83:218–224 (1999). 

Solinas-Toldo S, Lampel S, Stilgenbauer S, Nickolenko
J, Benner A, Döhner H, Cremer T, Lichter P:
Matrix-based comparative genomic hybridization:
Biochips to screen for genomic imbalances. Genes
Chrom Cancer 20:399–407 (1997).

Struski S, Doco-Fenzy M, Cornillet-Lefebvre P: Com-
pilation of published comparative genomic hybrid-
ization studies. Cancer Genet Cytogenet 135:63–
90 (2002).

Tremmel SC, Götte K, Popp S, Weber S, Hörmann K,
Bartram CR, Jauch A: Intratumoral genomic heter-
ogeneity in advanced head and neck cancer de-
tected by comparative genomic hybridization.
Cancer Genet Cytogenet 144:165–174 (2003).

Ueno T, Tangoku A, Yoshino S, Abe T, Toshimitsu H,
Furuya T, Kawauchi S, Oga A, Oka M, Sasaki K:
Gain of 5p15 detected by comparative genomic
hybridization as an independent marker of poor
prognosis in patients with esophageal squamous
cell carcinoma. Clin Cancer Res 8:526–533
(2002).

Weber RG, Boströ J, Wolters M, Baudis M, Collins VP,
Reifenberger G, Lichter P: Analysis of genomic
alterations in benign, atypical, and anaplastic me-
ningiomas: Toward a genetic model of meningio-
ma progression. Proc natl Acad Sci, USA 94:
14719–14724 (1997).

Wessels LFA, van Welsem T, Hart AAM, van’t Veer
LJ, Reinders MJT, Nederlof PM: Molecular classi-
fication of breast carcinomas by comparative ge-
nomic hybridization: A specific somatic genetic
profile for BRCA1 tumors. Cancer Res 62:7110–
7117 (2002).

Wessendorf S, Fritz B, Wrobel G, Nessling M, Lampel
S, Göttel D, Küpper M, Joos S, Hopman T, Koko-
cinski F, Döhner H, Bentz M, Schwänen C, Lichter
P: Automated screening for genomic imbalances
using matrix-based comparative genomic hybridi-
zation. Lab Invest 82:47–60 (2002).

Willis S, Hutchins AM, Hammet F, Ciciulla J, Soo WK,
White D, van der Spek P, Henderson MA, Gish K,
Venter DJ, Armes JE: Detailed gene copy number
and RNA expression analysis of the 17q12-23
region in primary breast cancers. Genes Chrom
Cancer 36:382–392 (2003).

Wolff E, Girod S, Liehr T, Vorderwülbecke U, Ries J,
Steininger H, Gebhart E: Oral squamous cell carci-
nomas are characterized by a rather uniform pat-
tern of genomic imbalances detected by compara-
tive genomic hybridization. Eur J Cancer 34:186–
190 (1998).

Zitzelsberger H, Lehmann L, Werner M, Bauchinger
M: Comparative genomic hybridisation for the
analysis of chromosomal imbalances in solid tu-
mours and haematological malignancies. Histo-
chem Cell Biol 108:403–417 (1997).



Applied Aspects/Cancer

Cytogenet Genome Res 104:359–364 (2004)
DOI: 10.1159/000077516

Chromosomal aberrations in arsenic-exposed
human populations: a review with special
reference to a comprehensive study in West
Bengal, India
J. Mahata,a M. Chaki,a P. Ghosh,a J.K. Das,b K. Baidya,c K. Ray,a

A.T. Natarajand,e and A.K. Giria
a Division of Human Genetics and Genomics, Indian Institute of Chemical Biology, Jadavpur, Kolkata;
b Department of Dermatology, West Bank Hospital, Howrah;
c Regional Institute of Ophthalmology, Medical College and Hospitals, Kolkata (India);
d Department of ToxicoGenetics, Leiden University Medical Center (The Netherlands);
e University of Tuscia, Viterbo (Italy)

Received 14 August 2003; manuscript accepted 28 November 2003.

Request reprints from Dr. Ashok Kumar Giri, Assistant Director
Division of Human Genetics and Genomics
Indian Institute of Chemical Biology, 4, Raja S.C. Mullick Road
Jadavpur, Kolkata- 700 032 (India)
telephone: +91-33-2473-0492/6793; fax: +91-33-2473-5197
e-mail: akgiri15@yahoo.com or akgiri@iicb.res.in

ABC Fax + 41 61 306 12 34
E-mail karger@karger.ch
www.karger.com

© 2004 S. Karger AG, Basel
0301–0171/04/1044–0359$21.00/0

Accessible online at:
www.karger.com/cgr

Abstract. For centuries arsenic has played an important role
in science, technology, and medicine. Arsenic for its environ-
mental pervasiveness has gained unexpected entrance to the
human body through food, water and air, thereby posing a great
threat to public health due to its toxic effect and carcinogenici-
ty. Thus, in modern scenario arsenic is synonymous with
“toxic” and is documented as a paradoxical human carcinogen,
although its mechanism of induction of neoplasia remains elu-
sive. To assess the risk from environmental and occupational
exposure of arsenic, in vivo cytogenetic assays have been con-
ducted in arseniasis-endemic areas of the world using chromo-
somal aberrations (CA) and sister chromatid exchanges (SCE)
as biomarkers in peripheral blood lymphocytes. The primary
aim of this report is to critically review and update the existing
in vivo cytogenetic studies performed on arsenic-exposed popu-

lations around the world and compare the results on CA and
SCE from our own study, conducted in arsenic-endemic villages
of North 24 Parganas (district) of West Bengal, India from 1999
to 2003. Based on a structured questionnaire, 165 symptomatic
(having arsenic induced skin lesions) subjects were selected as
the exposed cases consuming water having a mean arsenic con-
tent of 214.96 Ìg/l. For comparison 155 age-sex matched con-
trol subjects from an unaffected district (Midnapur) of West
Bengal were recruited. Similar to other arsenic exposed popula-
tions our population also showed a significant difference (P !
0.01) in the frequencies of CA and SCE between the cases and
control group. Presence of substantial chromosome damage in
lymphocytes in the exposed population predicts an increased
future carcinogenic risk by this metalloid.

Copyright © 2003 S. Karger AG, Basel

The earth’s crust is the natural reservoir of arsenic. The
commonly occurring inorganic forms of this semi-metal are
arsenite (AsIII) and arsenate (AsV), while the methylated metab-
olites monomethylarsonic acid (MMA), dimethylarsinic acid
(DMA) and trimethylarsine oxide (TMAO) are the organic

forms. From a toxicological point of view environmental expo-
sure to trivalent arsenicals including the methylated forms are
more toxic than the pentavalent forms (IPCS, 2001). Arsenic is
commercially used as medicine, pesticides and in different
industrial processes. 

Human populations are exposed to this ubiquitous toxicant
through inhalation in occupational settings, due to consump-
tion of arsenic-rich seafood and through arsenic-contaminated
drinking water. According to the latest report millions of people
in 21 countries are consuming water with an arsenic content far
above the limit (50 Ìg/l) recommended by WHO. The worst
affected regions include Taiwan, Bangladesh, India, Argentina,
Mexico, Chile, Inner Mongolia, Thailand and the USA (Nord-
strom, 2002). Epidemiological studies have reported that occu-
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Table 1. Mean arsenic content in water, nail, hair and urine and the chromosomal aberrations and sister chromatid exchanges
in human peripheral lymphocytes after long-term exposure to arsenic through drinking water

Country Subjectsa  As in water 
mean (µg/l)b 

As in urine 
mean (µg/l) 

As in nails 
mean (µg/g) 

As in hair  
mean (µg/g) 

CAc  SCE c  References 

USA E: 104, 98 109  NA   NA  NA  –   –  Vig et al., 1984 
 C: 86, 83 12       
Mexico E: 11 390  1565   NA  NA  –  – Ostrosky-Wegman et al., 1991 
 C: 13 19 121      
Mexico E: 31  408.17  739.80   NA  NA  +  NA Gonsebatt et al., 1997 
 C: 27 29.88 34.0      
Argentina E: 282 130  160  NA  NA  NA  + Lerda, 1994 
 C: 155 20 70      
Argentina E: Women:12  200 Women: 260   NA  NA  NA  – Dulout et al., 1996 
  Children:10  Children: 310      
 C: Women:10  0.7 Women: 8.4       
  Children:12  Children: 13      
Hungary E: 12 270  NA > 4 0.18  +  NA Paldy et al., 1991 
 C: not reported 10       
Finland E: Current user: 32   410  180  NA 1.3   +  NA Mäki -Paakkanen et al., 1998 
  Ex-user: 10 296 7  3.0  
 C: 8  < 1  0.05    
Taiwan E: 15 730   NA NA NA  NA  + Hsu et al., 1997 
 C: 34 620       
Taiwan E: 22   NA*  NA NA NA  +  + Liou et al., 1999 
 C: 22        
India E: 59  211.70  140.52  9.04  5.63   +  + Mahata et al., 2003 
 C: 36 6.35 5.91 0.44 0.30    

a E = exposed; C = control.  
b As = arsenic; NA = not analyzed; NA* = population studied from the previously known arsenic area. 
c CA/SCE in human peripheral lymphocytes; “+” = positive association; “–” = negative association. 

pational exposure to arsenic increases the risk of lung cancer
while ingestion of arsenic contaminated water causes the mani-
festation of characteristic skin lesions, keratosis, non-melano-
cytic skin and other internal organ cancer. Chronic exposure to
arsenic also leads to various neurological, vascular and repro-
ductive abnormalities (Bates et al., 1992).

It has been proven that arsenic is not a “classical” mutagen
(i.e. does not induce point mutations), but it is clastogenic in
both animal and human systems (Basu et al., 2001). Paradoxi-
cally the carcinogenic potential in animals is inadequate though
in humans arsenic has been found to be a potent inducer of
cancer. Based on this evidence, IARC has classified arsenic as a
human carcinogen (IARC, 1980). Moreover, arsenic indirectly
induces most types of genetic damage suggesting a sub-linear
dose response for arsenic induced genetic damage and carcino-
genicity which has also been observed repeatedly in different
mammalian and human systems (Rudel et al., 1996).

To monitor the carcinogenic effects of different genotoxic
agents to which humans are exposed occupationally, acciden-
tally or naturally, cytogenetic techniques have been employed
for decades allowing evaluation of the ultimate health out-
comes and cancer prediction. Biomarkers such as CA and SCE
in peripheral blood lymphocytes are used routinely to analyze
the genetic damage as they reflect similar events in the cells
undergoing carcinogenesis. Among all the cytogenetic end-
points CAs are considered as the most suitable surrogate bio-
marker of cancer and frequencies of aberrations are being used
for cancer risk assessment (Hagmar et al., 1994). Thus to moni-
tor the genotoxic effects due to chronic exposure to arsenic in

humans, several in vivo cytogenetic studies have been per-
formed. In absence of a suitable animal model the data on fre-
quencies of CA and SCE in lymphocytes may provide addition-
al information about the mechanistic pathway and also give an
insight into the susceptible factor as well as help in establishing
the sub-linear dose for the induction of neoplasia in human.

Considering the reports of carcinogenic effects of arsenic in
human populations, we recognized the need to critically review
and update the cytogenetic effects in populations exposed to
arsenic either occupationally or through drinking water.
Though several studies on micronuclei (MN) have been per-
formed in arsenic exposed populations, the current review con-
cerns mainly the frequencies of CA and SCEs in peripheral
lymphocytes. Attempts have also been made to compare the
results with our own study, which includes the CA and SCE
studies of the exposed population in West Bengal. The equivo-
cal results obtained earlier in SCE assays tempted us to com-
pare its applicability with aberrations in the bio-monitoring
study of arsenic-exposed populations.

Cytogenetic studies

Tables 1 and 2 summarize the results of arsenic-induced
CAs and SCEs in peripheral blood lymphocytes in humans
from different geographical locations exposed either through
drinking water or occupationally. 

One of the earliest reports was a two-year survey on humans
consuming arsenic-contaminated water (150 Ìg/l) for at least
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Table 2. Mean arsenic content in urine and the chromosomal aberrations in peripheral lymphocytes in humans after occupa-
tional exposure to arsenic

Country Source of exposure As in urine  
mean ( g/l)a 

Subject number End pointsb Results References 

Sweden Copper smelter ND E = 9 CA  + Beckman et al., 1977 
Sweden Copper smelter Low: 167.50 Low = 4 CA + Nordenson et al., 1978 
  Medium: 386.36 Medium = 11    
  High: 290.55 High = 18    
Sweden Copper smelter 278.12 33 CA + Nordenson and Beckman, 1982 
China Copper smelter ND ND CA + Hu, 1989 
Chile Copper roasting plant Low: 120 5 CA – Harrington-Brock et al., 1999 
  High: 260     

a As = arsenic; ND = no data.  
b CA in human peripheral lymphocytes; “+” = positive association; “–” = negative association. 

five years from Nevada, USA (Vig et al., 1984). The average
arsenic content in the exposed population was about 2.18 times
above the maximum level mandated by the US EPA. The fre-
quency of CA per cell was 0.034 and 0.026 for the control and
exposed groups, respectively. An average of 8.306 SCEs per cell
was observed in the exposed group compared to 8.301 in the
controls. The frequency of CAs and SCEs in lymphocytes of the
exposed individuals showed no significant increase compared
to controls, suggesting that arsenic at this concentration had no
cytogenetic effect on the exposed population.

Similarly, from Comarca Lagunera, an arsenic-endemic re-
gion of Mexico, two studies conducted at different times by the
same groups of investigators revealed different results. The fre-
quency of CA between 11 individuals chronically exposed to
arsenic-contaminated drinking water (mean 390 Ìg/l) was com-
pared with 13 control individuals having low exposure level of
arsenic (19–60 Ìg/l) in the first pilot study (Ostrosky-Wegman
et al., 1991). No significant increase in CA and SCE frequency
in the exposed group was noted. However, complex aberrations
and inhibition of cell cycle progression were observed among
the highly exposed individuals. 

Contrary to the former study, CA in 35 individuals living in
Santa Ana, having a mean arsenic content in drinking water of
408.17 Ìg/l when compared to 27 age-sex matched controls of
Nazereno (29.88 Ìg/l) showed a significant increase (Gonsebatt
et al., 1997). Both groups were from the same Comarca Lagu-
nera area but with different degrees of arsenic exposure through
drinking water. Aberration per cell in the exposed group was
0.08 compared to 0.03 in the controls, with chromatid deletion
being the most frequent type of aberration followed by isochro-
matid deletion. The mean frequencies of both chromatid and
chromosome type exchanges were higher in the exposed group
than in the controls. Interestingly, among the exposed group,
males showed more aberrations than females. A strong correla-
tion between CA frequencies in lymphocytes with total arsenic
and the percentage of inorganic arsenic in urine was also
observed. 

Two contradictory results have been reported from Argenti-
na. Lerda (1994) conducted a cytogenetic survey in the Prov-
ince of Cordoba, one of the arsenic-affected areas of Argentina
with reports of arsenic-induced skin and bladder cancers in the

exposed population. Arsenic at a concentration of 130 Ìg/l
induced a significant increase in SCEs in the lymphocytes of
the exposed population compared to the controls with a mean
arsenic content in water less than 1 Ìg/l. The exposure period
was similar in both groups (120 years); however, significant
differences in age between the exposed and controls were
present (56.7 vs 38.9). The mean SCEs per cell in 282 exposed
individuals was 10.46 compared to 7.49 in 155 control individ-
uals. A positive correlation between the arsenic content in
water and urine with frequency of SCEs was also observed. Fre-
quency of SCEs was not affected by age or sex when older indi-
viduals were excluded.

Dulout et al. (1996) observed no such significant increase in
the frequency of SCEs in the lymphocytes among the native
Indian children and women of northwestern Argentina, ex-
posed to an average of 200 Ìg/l of arsenic in drinking water in
contrast to the controls (0.7 Ìg/l). The FISH analysis also
revealed that only 3 out of 12 exposed individuals had 0.4%
chromosomal translocations, while the mean value was 0.1%,
which was not statistically different when compared to con-
trols. However, the frequencies of MN were higher in the
exposed population. Cell cycle progression analysis also re-
vealed no significant difference between the exposed and con-
trol individuals.

Paldy et al. (1991) observed a highly significant increase in
CA in lymphocytes among 12 Hungarian children chronically
exposed to high concentrations of arsenic in drinking water
(range 100–270 Ìg/l) in comparison to control children. On the
basis of the arsenic content in hair, the exposed (14 Ìg/g) and
control (0.18 Ìg/g) subjects were recruited. The percentage of
aberrant cells was highly significant in the exposed group with a
mean of 4.4% compared to 1.3% in the controls. Interestingly,
chromatid type deletions, acentric fragments as well as dicen-
trics and rings were the most predominant forms of aberra-
tions. A large inter-individual variation in the yield of aberrant
cells was also noted. The follow-up examination after a one-
year interval of 6 out of the 12 exposed children showed no
difference in the yield of aberrations induced by arsenic.

Similarly, the Finnish group studied not only the clastoge-
nicity of arsenic as measured by structural CAs in lymphocytes
but also its association with other bio-indicators of arsenic
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exposure (Mäki-Paakkanen et al., 1998). The mean arsenic
content in drinking water in the exposed group was 410 Ìg/l.
However, the exposed group was comprised of 32 current users
and 10 ex-users, while 8 subjects were taken as control from the
same village consuming water containing less than 1 Ìg/l of
arsenic. Along with different types of aberrations, gaps were
also scored. The overall results on CA, both including and
excluding gaps, were not statistically significant in the exposed
group compared to the control. A significant correlation was
observed between CA frequencies (number of breaks and gaps)
and concentration of arsenic in urine among the current users,
but not in the ex-users, which implies that cessation of expo-
sure probably leads to decrease in the aberration frequencies. A
strong association between number of gaps and aberrations
including gaps with urinary concentration of MMA in current
users indicate that gaps were induced due to arsenic exposure.
The predominant forms of aberration were chromatid breaks
and gaps.

Two unique studies were performed in Taiwan in the Black-
foot hyper-endemic villages where the residents have been
exposed to high concentrations of arsenic (700–930 Ìg/l)
through artesian well water for more than 20 years. In both
cases cohorts were selected from follow-up study on the basis of
development of arsenic-induced skin cancer or other internal
cancers. In the first investigation an elevated rate (P ! 0.05) of
SCEs and high frequency cells (HFCs) among 15 arsenic-
induced Bowen’s diseases patients compared to controls was
reported (Hsu et al., 1997). The mean age (years) and duration
of drinking contaminated water (years) in the cases were 58.7
and 29.2, respectively, whereas in the controls it was 58.5 and
21.4, respectively. The SCEs per cell in cases and controls were
8.42 and 6.94, respectively. A significantly lower replicative
index (RI) was noted in the arsenic-induced Bowen disease
patients compared to the matched controls. However, no signif-
icant association was observed for spontaneous SCEs, HFCs
and RI with age, gender, cigarette smoking and alcohol con-
sumption. 

Liou et al. (1999) conducted a nested case-control cytogenet-
ic study on 22 cancer cases and 22 controls exposed to high
concentrations of arsenic from an artesian well. The main aim
was not only to correlate the frequency of CAs and SCEs in
peripheral lymphocytes with arsenic exposure but also to evalu-
ate the association between cytogenetic biomarkers and cancer
risk prediction in the exposed population of Taiwan. The mean
frequency of total CAs (chromatid and chromosome type) was
significantly elevated in the cancer cases compared to that of
controls (6.1 vs. 4.4). The frequency of SCEs per cell was higher
in the cancer group than in the control group but not statistical-
ly significant. The significantly higher number of chromosome
type aberrations in cancer cases suggests that chromosome type
CAs are better indicators of cancer development than chroma-
tid type CAs or SCEs, but whether this association in other
arsenic-exposed populations is valid or not remains to be eluci-
dated.

In southern West Bengal (India) elevated arsenic in ground
water was first documented from one district in 1978, and one
of the earliest cases showing arsenical dermatomes was recog-
nized in 1983. Within a span of 20 years the arsenic calamity

has extended in 9 out of 18 districts with approximately
300,000 people already manifesting signs of chronic arsenicosis
while a large population are at potential health risk. Follow-up
studies have also shown development of cancer in individuals
suffering from arsenical skin lesions (Rahman et al., 2003).
Considering the adverse situation our group first started a cyto-
genetic survey in the year 1999 in the arsenic exposed popula-
tion in West Bengal. Initially 59 symptomatic individuals were
screened, examined at The School of Tropical Medicine, Kol-
kata and compared with 36 control subjects for cytogenetic
damage induced by arsenic (Mahata et al., 2003). Subsequently
for the last three and half years we have been evaluating the
genetic damage induced by arsenic through drinking water as
measured by CA and SCE in lymphocyte cultures. In contrast
to all previous studies, our population is unique in the sense
that the degree of exposure level is very wide, ranging from 60
to 800 Ìg/l, resulting in great variation in the manifestation of
chronic arsenicosis. The presence of a stable rural population
with heterogeneity in exposure, the individual exposure data
along with the frequency of CAs and SCEs may provide critical
information for characterizing the exposure-response relation-
ship in our population. Our study area includes the North 24
Parganas (district), one of the affected districts of West Bengal.
With a systematic approach through field survey four adminis-
trative blocks (Police Station) located in the central part of the
district of North 24 Parganas having significantly high arsenic
content in drinking water were selected for this study. A group
of 165 individuals showing arsenic-related skin lesions of both
sexes within the age group of 15–70 years having exposure for
more than 5 years were finally recruited for this study. Data on
demographic characteristics and other parameters were col-
lected by interview with a structured questionnaire. A physi-
cian and dermatologist examined each participant for arsenic-
related skin lesions such as raindrop pigmentation, hyperkera-
tosis, ulcerative lesions and other signs of chronic arsenicism.
For a comparative study, 155 age-sex matched individuals
from similar socio-economic background having no exposure
to arsenic were selected as controls from the unaffected district
of East Midnapur, West Bengal. The mean (B SE) arsenic con-
tent of water (Ìg/l) in the exposed group was 214.96 B 8.96
compared to the controls value of 9.12 B 0.31. The arsenic
content in nails, hair and urine were used as bio-indicators to
measure both chronic and current arsenic exposure via drink-
ing water. Lymphocyte cultures were initiated following a stan-
dard protocol for CA and SCE assay. The mean arsenic content
in nails (Ìg/g), hair (Ìg/g) and urine (Ìg/l) of the exposed sub-
jects were 6.72 B 0.41, 4.14 B 0.22 and 161.98 B 9.41, respec-
tively, which was found to be significantly high in comparison
to the controls (0.53 B 0.04, 0.33 B 0.02 and 11.62 B 0.93,
respectively). Table 3 summarizes the mean frequencies of CA
(including and excluding gaps) and SCEs per cell in our
arsenic-exposed population. In the exposed population the
mean value of CA per cell in lymphocytes was 0.09 which was
statistically significant (P ! 0.01) compared to the correspond-
ing control value of 0.02. Chromatid type breaks, deletions and
gaps were the predominant forms of aberrations observed along
with dicentrics and rings. The mitotic index (MI) was signifi-
cantly decreased in the exposed individuals compared to that of
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Table 3. Mean values (mean B SE) of the frequencies of CA and SCE in lymphocytes of the controls and symptomatic individuals exposed to arsenic
through drinking water in West Bengal, India

Percentage of aberrations CAs per cellc  SCEs per cell  Number of subjects 

+ Gapsa – Gapsb  Chromatid type  Chromosome type 

Percentage of 
aberrant cellsd  

Mitotic index  Replicative 
index 

Control (n = 155) 5.44 ± 0.20 2.59 ± 0.10 0.024 ± 0.001 0.002 ± 0.0003 2.32 ± 0.09 6.21 ± 0.06 1.796 ± 0.04  1.91 ± 0.02  
Symptomatic (n = 165)  16.61 ± 0.32e 9.25 ± 0.22e 0.09 ± 0.002e  0.006 ± 0.0005e  8.72 ± 0.21e 7.49 ± 0.07e 1.44 ± 0.03e 1.68 ± 0.01e 

a Including gaps. 
b Excluding gaps. 
c Total number of aberrations (gaps not included) per tota l number of cells scored. 
d  Gaps not included. 
e P < 0.01 (Fisher’s t Test). 

controls. Further, the mean SCEs per cell was also statistically
significant (P ! 0.01) in the exposed group compared to the
controls (7.49 vs. 6.21). A slower cell proliferation rate as mea-
sured by RI was also noted among the exposed group. 

Three studies on smelter workers exposed to arsenic and
other compounds have been reported from Sweden. In each
study, reported exposure was confirmed by analyzing mean uri-
nary arsenic content. Beckman et al. (1977) studied CA in
peripheral blood lymphocytes of nine smelter workers and
compared it with non-exposed healthy individuals. Workers
were grouped according to arsenic concentration in urine.
Gaps, chromatid and chromosome type CAs were taken into
consideration. The frequencies of CAs per cell in the exposed
and control population were 0.106 and 0.0128, respectively,
which was statistically significant (P ! 0.001). However, a large
inter-individual variation in the number of aberrations (0–25/
100 cells) was noted. The association between frequency of all
aberrations and exposure was not very consistent, only chroma-
tid aberrations showed a good correlation. 

Similarly, in another study a statistically significant increase
in CA frequency was reported in 39 smelter workers exposed to
various doses of arsenic when compared to the non-exposed
group (Nordenson et al., 1978). Four years later in the follow-up
investigation, frequency of aberrations among 33 smelter work-
ers showed an elevated rate of aberrations compared to the con-
trols (Nordenson and Beckman, 1982). The follow-up study of 8
exposed individuals showed significant increase in the frequency
of aberrations per cell including gaps, chromatid and chromo-
some breaks. Smelter workers in China also an showed enhanced
rate of CAs in lymphocytes which was considered as the cause of
lung cancer in the concerned area (Hu, 1989). 

No evidence of CA in the lymphocytes of 5 workers exposed
to arsenic in a copper roasting plant in Chile was noted,
although the mean urinary arsenic level (Ìg/l) in low- and high-
exposed group was 120 and 260, respectively (Harrington-
Brock et al., 1999). 

Discussion

Except for a few negative results, the majority of the studies
clearly indicate a positive clastogenic effect in populations
exposed to arsenic. The negative results obtained by Vig et al.
(1984) and Ostrosky-Wegman et al. (1991) may be due to the

absence of a perfect matched control sample, low exposure lev-
el and small sample size. An epidemiological study by Vahter et
al. (1995) reported that the native Andean population might
have developed skin cancer resistance against arsenic. Thus the
differences in sensitivity to the clastogenic effects of arsenic in
the two studies from Argentina may be attributed to the origin
of the concerned population. Additionally the native popula-
tion studied by Dulout et al. (1996) was comprised of children
aged between 8–15 years and that may have been the reason for
the negative response of SCEs. Thus the genetic make-up, eth-
nicity and other environmental factors may have influenced
the degree of cytogenetic damage induced by arsenic.

From our study it can be inferred that chronic exposure to
arsenic has led to the manifestation of skin pigmentation and
keratosis that has subsequently in some cases progressed to can-
cer. It can be postulated that the increased frequencies of CAs
in lymphocytes are due to long-term ingestion of arsenic.
Although a significant increase in SCE frequency was observed,
however, when compared to the increase in CA, the extent of
increase is much less as reported earlier (3.76 times increase in
percentage of aberrant cells as compared to only 1.20 times
increase in SCEs per cell). Moreover, the higher incidence of
genetic damage among the symptomatic individuals predicts
an increased possible future carcinogenic risk.

Among all types of aberrations scored gaps, chromatid-type
breaks and deletions were dominant. Chromosomal exchanges
considered as biological dosimeters for cancer risk assessment
were also observed in different studies. Interestingly, in most of
the studies in the exposed populations, effects of CAs were
more pronounced than of SCEs. Though the frequency of SCE
has been found to be elevated, the increase in comparison to
CA is less, suggesting that CA may be a better indicator of
genetic damage in arsenic-exposed populations than SCE. The
positive correlation of CA and other parameters of arsenic
exposure clearly indicates that aberrations were induced by
arsenic in a dose-dependent manner. As is evident, relatively
long-term exposure is a prerequisite for arsenic-induced CA in
lymphocytes and that cessation of exposure may sometimes
decrease the frequency of aberrations.
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Conclusion

Thus the overall results of CA induced by arsenic indicate
that although it is not a point mutagen, it is definitely genotoxic
in vivo in humans. The more positive result of CA indicates the
usefulness of this biomarker. Other bio-indicators of arsenic
exposure viz. nail and hair should be assessed (which was not
done by many investigators) for better understanding of the
relationship between cytogenetic damage and individual health
effect. Inter-individual variation among the exposed groups has
been reported, which points to the fact that both environmental
exposure to arsenic and individual susceptibility (either genetic
or acquired) may be involved in the manifestation of genetic
damage.

For future arsenic research a few recommendations are pro-
posed: (1) to establish a suitable animal model for mechanistic
study; (2) identification of specific genes responsible for ar-
senic-induced toxicity and carcinogenicity, and (3) genotyping
of the specific genes for arsenic susceptibility through the study
of single nucleotide polymorphism (SNPs) and gene expression
in the symptomatic (presence of arsenic-induced skin lesions)
and asymptomatic (absence of arsenic-induced skin lesions)
individuals exposed to arsenic. 
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Abstract. This mini-review summarises studies in this Insti-
tute on the sensitivity of cells of patients with common cancers
to the chromosome-damaging effects of ionising radiation, in
the context of related studies. Using the 90th percentile of
healthy controls (n 1200) as the cut-off point between a normal
and a sensitive response, 40% of patients with breast cancer
(n = 166) were sensitive when cells were irradiated in the G2

phase of the cell cycle. Smaller studies showed that patients
with colorectal, head and neck (at ! 45 years) and childhood
cancers also exhibited degrees of enhanced sensitivity, whereas
cervical and lung cancer cases did not. Cells from breast and

head and neck cases irradiated in G0 also showed increased sen-
sitivity. We propose that such elevated sensitivity is a marker of
low penetrance predisposition to cancer. The strongest support
for this hypothesis was our demonstration of the Mendelian
heritability of chromosomal radiosensitivity in 95 family mem-
bers of breast cancer cases. Challenges for the future include
more heritability studies, identification of the underlying ge-
netic determinants, assessment of the associated cancer risk
(spontaneous and radiogenic) and population screening for
cancer prevention strategies.

Copyright © 2003 S. Karger AG, Basel

Background

This mini-review summarises investigations of the relation-
ship between human cancer predisposition and the sensitivity
of cells to the chromosome-damaging effects of ionising radia-
tion (chromosomal radiosensitivity) undertaken in the Depart-
ment of Cancer Genetics of this Institute (Table 1). The studies
began in the early 1980’s but here, the work of the last ten years
will be briefly reviewed, when our cytogenetic methods were
standardised, facilitating accurate quantification of chromo-
some damage. Relevant results from other laboratories are also
discussed.

The impetus for this work came from early observations of
dramatic chromosomal radiosensitivity of patients with the
recessively inherited cancer-prone syndrome, ataxia-telangiec-
tasia (A-T) (reviewed by Taylor, 1983). Since then, some degree

of chromosomal radiosensitivity has been reported in about 20
other cancer-prone conditions, many of which have a very high
cancer risk mediated through strongly expressed (highly pene-
trant) genes (reviewed in Scott et al., 1999; see also Baeyens et
al., 2002). This suggests some defect in the ability to process
DNA damage of the types induced by ionising radiation,
although it does not necessarily follow that this is the primary
reason for their cancer predisposition.

Amongst these cancer-prone conditions are asymptomatic
A-T heterozygotes (references in Scott et al., 1999). Epidemio-
logical data were reviewed by Easton in 1994 who concluded
that such individuals comprised approximately 0.5% of the
general population and that females had a 4-fold increased risk
of breast cancer. This degree of risk, associated with mutation
in a single allele of the ATM gene, is regarded as being of low
penetrance and would not result in a strong family history of
breast cancer of the type seen in families with BRCA mutations
(Eeles et al., 1996). Easton (1994) calculated that about 4% of
breast cancer patients could be A-T heterozygotes, but the
paucity of data allowed estimates from 1 to 13%. We con-
firmed the radiosensitivity of A-T heterozygotes (Scott et al.,
1994) and considered that it might be possible to detect these
amongst an unselected series of breast cancer patients if their
frequency was at the upper end of Easton’s estimate.
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Table 1. Summary of results from this institute on the chromosomal radiosensitivity of patients with various cancers

Assay Diagnosis No. cases % sensitivea Significant? References 

G2 Adult controls >200 10 - Scott et al., 1999; Baria et al., 2001,2002; 
Papworth et al., 2001 

 Breast 166 39 Yes Scott et al., 1994,1999; Baria et al., 2001 
 Colorectal 37 30 Yes Baria et al., 2001 
 Head & neck 42 31 Yes (< 45 yrs) Papworth et al., 2001 
 Young patients 32 44 Yesb Baria et al., 2002 
 Young controls 41 15c No Baria et al., 2002 
 Cervical 27 11 No Baria et al., 2001 
 Lung 35 23 No Baria et al., 2001 
 Chronic illness 34 12 No Baria et al., 2001 

G0  Adult controls 99 10 - Scott et al., 1999; Papworth et al., 2001 
 Breast 130 27 Yes Scott et al., 1999 

 Head & neck 49 35 Yes Papworth et al., 2001 

a Sensitivity defined as scores above the 90th percentile of controls tested in parallel. 
b Compared with young controls. 
c Compared with adult controls tested in parallel. 

Breast cancer patients

The assay of first choice for this study utilised peripheral
blood lymphocytes irradiated in the G2 phase of the cell cycle
with 0.5 Gy X-rays. We first expanded our control database to
more than 100 normal donors with repeat assays (up to 11
repeats) on 28 of these (Scott et al., 1994, 1999). This enabled
us to demonstrate good reproducibility and true inter-individu-
al differences, recently confirmed by Smart et al. (2003). The
distribution of sensitivities was skewed to the right, with about
10% of “outliers” (Fig. 1) and we have used the 90th percentile
as a cut-off point to distinguish between a normal and a sensi-
tive response. Importantly, there was no significant influence of
age or gender on G2 radiosensitivity.

The control distribution was compared with that for 135
breast cancer patients tested after surgery but before radiother-
apy (Fig. 1). The mean aberration score for the patients was
greater than that of the controls and 40% gave scores above the
cut-off point for defining sensitivity. This value is considerably
higher than even the highest estimate of A-T heterozygotes
amongst breast cancer patients and suggested that there might
be mutant genes, other than ATM in heterozygotes, conferring
G2 radiosensitivity and low penetrance predisposition to breast
cancer. The enhanced G2 sensitivity of breast cancer patients
has since been confirmed in five different laboratories (refer-
ences in Scott et al., 2003).

We also showed that A-T heterozygotes were more chromo-
somally radiosensitive than controls when lymphocytes were
irradiated in the G0 cell cycle phase (Jones et al., 1995; Scott et
al., 1996). With micronucleus induction as the endpoint, in a
study of 68 controls, with repeat assays on 14 donors (up to 11
repeats), we were able to demonstrate significant inter-individ-
ual differences (Scott et al., 1999). These controls were then
compared with 130 breast cancer cases and, using the 90th per-
centile cut-off, 27% of patients were sensitive. Again, this is
considerably higher than epidemiological estimates of A-T het-
erozygotes amongst breast cancer patients.

Eighty patients were tested with both the G2 and G0 assays
and there was no significant correlation between the results

from the two methods. Patients were either sensitive in one
assay or the other, only 4% in both. This suggests that the mech-
anisms determining chromosomal radiosensitivity are different
in these cell cycle phases (references in Scott et al., 1999 and
Baeyens et al., 2002) and that sensitive patients usually have a
defect in only one of these mechanisms. It also follows that over
60% of all patients are chromosomally radiosensitive via one
mechanism or the other. Our hypothesis, that such radiosensi-
tivity could be a marker of low penetrance predisposition to
breast cancer, is consistent with epidemiological studies (Teare
et al., 1994; Lichtenstein et al., 2000). These show that the over-
all familial risk of breast cancer cannot be accounted for by the
relatively rare mutations in highly penetrant genes such as
BRCA1 and BRCA2. A study of breast cancer in twins led to
the suggestion that the majority of breast cancers arise in genet-
ically predisposed women (Peto and Mack, 2000). It is perhaps
surprising that predisposition to breast cancer could be associ-
ated with the ability to cope with DNA damage but support for
this concept has come from the observation that the BRCA
genes are involved in DNA repair processes and that patients
with BRCA mutations exhibit chromosomal radiosensitivity
(references in Baeyens et al., 2002).

Confirmation of our two-assay findings on breast cancer
cases has recently come from Baeyens et al. (2002), although
their study utilised patients with a family history of the disease.
Using the 90th percentile cut-off point, 20 of 43 (47%) patients
without BRCA1 or BRCA2 mutations were G2 sensitive and 19
of 40 (48%) were sensitive in a G0 micronucleus assay using
high dose rate radiation exposure as we had used. There was no
significant correlation between the results of the two assays on
the same patients.

Other cancers

We then considered the possibility that chromosomal radio-
sensitivity might be a marker of predisposition to cancers other
than those of the breast. We therefore selected malignancies for
which epidemiological evidence and theoretical considerations
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Fig. 1. G2 chromosomal radiosensitivity of (top) normal
donors and (bottom) breast cancer patients. The dashed ver-
tical lines indicate the cutoff point between a normal and a
sensitive response. Lympocytes were exposed to 0.5 cGy X-
rays. From Scott et al. (1999), with permission from Taylor
and Francis Ltd.

suggested various degrees of genetic or environmental aetiology
(Table 1). These studies involved smaller numbers of cases
than in our breast cancer series and should therefore be consid-
ered as preliminary findings.

In our first such study (Baria et al., 2001), using the G2 assay
and 66 controls, we included colorectal cases because of good
evidence of low penetrance predisposition in addition to the
high cancer risk associated with rare mutations in the APC and
mismatch repair genes. We found that 30% (30/37) of patients
were sensitive, again using the 90th percentile of controls as the
cut-off value. We also G2 tested patients with cervical and lung
cancer for which there is evidence of a strong environmental
aetiology associated with viral infection and tobacco use,
respectively. For neither of these cancers was the proportion of
sensitive cases significantly greater than for controls; the values
were 11% (3/27) for cervical cases and 23% (8/35, p = 0.07) for
lung cases. A further group of breast cancer cases was also
tested and 39% (12/31) were sensitive. To investigate whether
enhanced chromosomal radiosensitivity could simply be a con-
sequence of illness, we assayed 34 patients with chronic dis-

eases other than cancer and found no difference from controls;
12% (4/34) were sensitive.

In a separate study of 42 patients with head and neck cancer
(Papworth et al., 2001) compared with 27 controls, 31% (13/
42) were sensitive but the difference was not significant (p =
0.16). However, unlike the situation with breast and colorectal
cancer patients and healthy controls, there was a significant
inverse correlation between G2 scores and age at diagnosis.
When patients were stratified into early onset (!45 years) and
later onset cases (145 years) there were significantly more sen-
sitive cases amongst early onset patients than in controls of the
same age group whereas this was not the case for late onset
patients. A group of 49 head and neck cancer patients was also
tested with the G0 micronucleus assay and compared with 31
controls. Significantly more patients were sensitive (35%, 17/
49) and, as in the G2 assay, there was an inverse correlation
between chromosome damage and age and the greatest fre-
quency of sensitive cases was seen in early onset patients. There
was no significant correlation between the results in the two
assays on 39 patients. For head and neck cancer patients, even
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when allowing for known environmental risk factors such as
alcohol and tobacco use, there is evidence of a degree of genetic
predisposition (Foulkes et al., 1995). Our results suggest that
this low penetrance risk may be confined to younger patients
and that each of the two assays detects a different subset of
these cases.

The results of our head and neck cancer studies suggested
that if enhanced sensitivity is indeed associated with low pene-
trance genes, some genes of this type may predispose to cancer
at an early age. Early onset of cancer is a common feature of
inherited susceptibility involving highly penetrant genes such
as RB1 and TP53, supporting Knudson’s two-hit hypothesis
(Knudson, 1986), but these account for only a very small pro-
portion of early cases. We therefore conducted a pilot study
(Baria et al., 2002) to examine the G2 sensitivity of an unselect-
ed group of young patients (n = 32, 0.5–19 years) with solid
tumours, from whom consent could be obtained, over a two-
year period. Because our test system involves the use of T-lym-
phocytes, patients with T-cell lymphomas and all leukaemias
were excluded. The cancers included osteosarcomas (n = 9),
Hodgkin’s disease (n = 6), rhabdomyosarcomas (n = 5), non-
Hodgkin’s lymphomas (n = 4) and single cases of eight other
cancers. The patients were compared with young controls of the
same age range (n = 41, 0.25–19 years) and the proportion of
sensitive patients (44%, 14/32) was significantly higher than
the controls. Stratification of results according to cancer type
was considered uninformative because of the small numbers
involved. Much larger numbers of cases with specific early
onset cancers need to be tested. The results of epidemiological
studies relating to the possible existence of low penetrance pre-
disposing genes for early cancers remains controversial (refer-
ences in Baria et al., 2002).

In general, we feel that our results on other cancers support
the hypothesis derived from our breast cancer studies, that
chromosomal radiosensitivity is a marker of low penetrance
predisposition, but more extensive investigations are required.
Terzoudi et al. (2000) reported that the average G2 radiosensi-
tivity of 185 patients with various cancers was significantly
greater than 25 controls but the statistical significance for indi-
vidual cancers was not given. Bondy et al. (2001) showed great-
er G2 sensitivity of 219 patients with gliomas than of 238
healthy age- and sex-matched controls. Early studies by Hsu et
al. (1989), using bleomycin as a G2 clastogen, found that
patients with cancers of the colon (n = 83), head and neck (n =
77) and lung (n = 71) had sensitivity profiles that were distinct-
ly higher than those of 335 controls. However, the profile of 82
breast cancer patients was similar to that of the controls. This
suggested to us that, although in many respects bleomycin can
be considered as being radiomimetic, the spectrum of lesions
induced by ionising radiation and bleomycin is not identical
and that some G2-sensitive individuals (breast cancer pa-
tients?) may have a defect in DNA damage processing which is
specific for a type of lesion that is induced by ionising radiation
and not by bleomycin (e.g. base damage). However, Adema et
al. (2003) have recently found a very strong correlation between
gamma ray and bleomycin G2 sensitivity in nine cell lines
including those from two breast cancer patients of differing sen-
sitivity. The reason for the apparent discrepancy between

radiation (Scott et al., 1994, 1999) and bleomycin (Hsu et al.,
1989) sensitivity of breast cancer patients remains unclear and
a larger, parallel study is required.

Heritability

The strongest support for our hypothesis was the demon-
stration of heritability of sensitivity in the families of breast
cancer patients (Roberts et al., 1999; Scott, 2000). We selected
16 patients with G2 scores in the sensitive range (above the 90th

percentile of historic controls) and 8 patients with normal
scores; 69 blood relatives of these 24 cases were tested together
with 42 parallel controls, many of whom were non-blood rela-
tives such as spouses. Twenty-three of the 37 (62%) first degree
relatives of sensitive patients were also sensitive compared with
only 1/42 (2.4%) of the controls (Fig. 2). Only 1/24 (4.2%) of
first degree relatives of normal-responding patients were sensi-
tive.

A segregation analysis was performed on the pedigree data
and showed clear evidence of Mendelian heritability of chro-
mosomal radiosensitivity. For most of the families, a model
involving a single gene with two alleles acting co-dominantly,
was a good fit to the data. For a few families, a better fit was
obtained by including a second, rarer, gene with a similar addi-
tive effect. Earlier studies on small numbers of female blood
relatives of breast cancer patients had shown evidence of ele-
vated G2 radiosensitivity compared with normal controls but
these studies were not large enough for segregation analysis (ref-
erences in Roberts et al., 1999). Our results with the G0 micro-
nucleus assay showed that 22 first degree relatives of 11 breast
cancer patients were, on average, more sensitive than 68 con-
trols (Burrill et al., 2000).

The enhanced G2 sensitivity to bleomycin of head and neck
cancer patients (Hsu et al., 1989) has been confirmed in several
studies (references in Cloos et al., 1996) and Cloos et al. (1999)
have demonstrated a strong inherited component in 135
healthy individuals from 53 pedigrees, including 14 families
having a first degree relative with head and neck cancer.

The future

More, and larger, family studies of chromosomal radiosensi-
tivity, of the type we have undertaken for breast cancer cases,
are required for other cancers, to test for heritability.

The relationship between radiation and bleomycin sensitiv-
ity also warrants further investigation.

A major task will be the identification of these putative can-
cer-predisposing genes. At present we only know that they
appear to be involved in the processing of DNA damage of the
types induced by ionising radiation (and bleomycin?). Where
inheritance patterns are fairly simple, as was apparently the
case for most of our breast cancer families, genetic linkage stud-
ies may be a feasible proposition. However, different genes may
be involved in different families so the best approach may be a
study on a few large families. An alternative strategy would be
to screen chromosomally radiosensitive families for mutations
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Fig. 2. G2 chromosomal radiosensitivity of (top)
healthy controls tested in parallel with samples from fami-
lies, (middle) patients with breast cancer selected as being
sensitive in the assay and (bottom) first degree relatives of
the patients shown in the middle panel. The dashed verti-
cal lines indicate the cutoff point between a normal and a
sensitive response, from historic control data (see Fig. 1).
From Roberts et al. (1999) with permission from the
American Society of Human Genetics.
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or polymorphisms in candidate genes such as those known to be
involved in DNA repair or cell cycle control. A possible conten-
der is the CHEK2 gene which confers low penetrance suscepti-
bility to breast cancer (Meijers-Heijbour et al., 2002) and is
involved in G2 checkpoint control in response to DNA damage
induced by ionising radiation (Matsuoka et al., 1998). We have
recently shown that such checkpoint control is less efficient in
breast cancer patients than in healthy females (Scott et al.,
2003).

When the inherited genetic changes associated with chro-
mosomal radiosensitivity have been identified, epidemiologi-
cal studies will then be required to estimate the degree of
enhanced cancer risk and whether there is also an increased risk
of radiogenic cancers (Scott, 2002). Ultimately, population

screening would enable medical resources, such as mammogra-
phy and preventative chemotherapy in the case of breast can-
cer, to be concentrated on carriers of such predisposing genetic
determinants. Bearing in mind the potentially high frequency
of such individuals (Table 1) compared with those carrying
high penetrance mutations, which are rare, such screening
could have an important impact on cancer incidence.
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Abstract. The genotoxic potential of the jet fuels, Jet-A and
JP-8, were examined in mice treated on the skin with a single
dose of 240 mg/mouse. Peripheral blood smears were prepared
at the start of the experiment (t = 0), and at 24, 48 and 72 h
following treatment with jet fuels. Femoral bone marrow
smears were made when all animals were sacrificed at 72 h. In
both tissues, the extent of genotoxicity was determined from
the incidence of micronuclei (MN) in polychromatic erythro-
cytes. The frequency of MN in the peripheral blood of mice

treated with Jet-A and JP-8 increased over time and reached
statistical significance at 72 h, as compared with concurrent
control animals. The incidence of MN was also higher in bone
marrow cells of mice exposed to Jet-A and JP-8 as compared
with controls. Thus, at the dose tested, a small but significant
genotoxic effect of jet fuels was observed in the blood and bone
marrow cells of mice treated on the skin.

Copyright © 2003 S. Karger AG, Basel

The jet-propulsion fuels, Jet-A and JP-8, are kerosene-based
middle distillates containing complex mixtures of aliphatic
(F80%, C9–C16+), aromatic (F18%) and other substituted
naphthalene hydrocarbon compounds (Riviere et al., 1999).
Jet-A is the common fuel used to power commercial aircraft,
and worldwide consumption exceeds 60 billion gallons per year
(Armbrust Aviation Group, 1998). JP-8 is widely used by the
military, not only for aircraft, but also for ground vehicles and
other equipment such as generators, cooking stoves, and tent
heaters/air conditioners (NRC, 2003). JP-8 is comprised of Jet-
A with additional icing and corrosion inhibitors, and a static
dissipater (Cooper and Mattie, 1996). Thus, JP-8 has the

advantage of a lower freezing temperature, which is favorable
for high-altitude flights. JP-8 also has a higher flash-point and
lower vapor pressure (than previously used jet fuels), which
reduces the potential for crash-related explosions and fires and
from combustion from natural lightning and static electricity
(Mattie et al., 1991). Each year an estimated five billion gallons
of JP-8 is used by the U.S. Department of Defense and the
North Atlantic Treaty Organization (NRC, 2003).

Measurements of ambient and breath samples collected
from several groups of personnel at U.S. Air Force bases con-
tained various concentrations of hydrocarbons present in the
jet fuel. These included benzene, butane, decane, dodecane,
undecane, hexane, heptane, octane, nonane, pentane, styrene,
trichloroethane, toluene, and xylene (Pleil et al., 2000). As such,
they represent the most common acute and chronic occupa-
tional chemical exposure for thousands of flight and ground
crew personnel, aircraft mechanics, workers near flight lines, as
well as civilians at air force bases and airports. Routes of
human exposure include aerosol, vapor, and liquid through
inhalation, dermal and, at times, oral ingestion. Personnel
involved in fuel refining, transportation and storage, draining
of field and supply tanks, de-fuelling and fuel-maintenance of
aircrafts are at greater risk for dermal exposure.
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The health effects of exposures to JP-8 and related jet fuels
were reviewed recently (NRC, 2003). The information exam-
ined included cardiovascular, immune, liver, kidney, neuronal,
respiratory tract, and reproductive and developmental toxici-
ties as well as carcinogenicity. With respect to genotoxicity
data, in vitro investigations using Salmonella typhimurium,
Saccharomyces cerevisiae and cultured L5178Y mouse lym-
phoma cells failed to demonstrate any mutagenicity induced by
jet fuels, including JP-8 (Brusick and Matheson, 1978a, b; API,
1984; Conaway et al., 1984; NTP, 1986; McKee et al., 1989,
1994; Nessel et al., 1999). Recent studies, however, reported a
significant increase in DNA single-strand breaks (SSB) in
peripheral blood lymphocytes collected from personnel ex-
posed to petroleum derivatives and engine exhausts, among
other exposures, at the Barcelona airport (Pitarque et al., 1999).
Also, mammalian cells exposed in vitro to JP-8, Jet-A, and
related jet fuels exhibited increased SSB and cytotoxicity
(Grant et al., 2000, 2001; Jackman et al., 2002). The National
Research Council, Committee on Toxicology and Subcommit-
tee on Jet-Propulsion Fuel 8 (JP-8) has considered these
reports, and recommended that future studies in animals
should include evaluation of in vivo genotoxicity (NRC, 2003).
The rodent micronucleus (MN) assay, which detects MN aris-
ing from both chromosomal fragments and unequal segregation
of chromosomes during cell division, has been widely applied
as an in vivo assay for detecting genotoxic agents. The current
study was conducted in mice treated on the skin with a single
application of Jet-A or JP-8 to determine the potential of these
fuels to induce MN in peripheral blood and bone marrow
cells.

Materials and methods

Mice
Specific pathogen-free (SPF) female C3H/HeNCr (MTV-) mice, 8 to 10

weeks old, were obtained from the National Cancer Institute Frederick Can-
cer Research Facility Animal Production Area (Frederick, MD). The animals
were maintained in facilities approved by the Association for Assessment
and Accreditation of Laboratory Animal Care International, in accordance
with current regulations and standards of the U.S. Department of Agricul-
ture, Department of Health and Human Services, and National Institutes of
Health and the National Toxicology Program. All animal procedures were
reviewed and approved by the University of Texas M.D. Anderson Cancer
Center Institutional Animal Care and Use Committee.

Experimental protocol
The experiment was conducted over a period of 3 days in an animal

facility at the M.D. Anderson Cancer Center. A total of 40 age-matched mice
were randomized to four groups of 10 each. The mean body weights of the
animals in all four groups were not significantly different (21.7 B 0.59 g).
The treatment groups were: (1) control, (2) Jet-A, (3) JP-8, and (4) cyclophos-
phamide (CP). Two hours before the start of the experiment, an approxi-
mately 8-cm2 area on the backs of the mice was shaved. The mice in group 1
received no further treatment and served as the negative controls. The mice
in groups 2 and 3 were treated with a single total dose of 240 mg of Jet-A and
JP-8, respectively. This dose was chosen because, in previous studies, appli-
cation of 240 mg/mouse of JP-8 or Jet-A was found to be immunotoxic (Ull-
rich, 1999; Ramos et al., 2002). Jet-A (Lot# 3404) and JP-8 (Lot# 3509) were
supplied by The Operational Toxicology Branch, Air Force Research Labora-
tory, Wright Patterson Air Force Base, Dayton, OH. The fuel was stored and
used in a chemical fume hood. The undiluted fuel (300 Ìl or 240 mg/mouse)
was applied directly to the shaved dorsal skin with a micropipette. The mice
were then caged individually in the chemical fume hood for the next 3 h. This

prevented cage mates from grooming and ingesting the fuel. After 3 h the
residual fuel was either absorbed through the skin of the mice or had evapo-
rated. The animals were then returned to standard housing in an SPF-barrier
facility. Mice in group 4 were used as positive controls and received CP (Sig-
ma Chemical Co, St. Louis, MO) dissolved in sterile phosphate-buffered
saline and injected into the peritoneal cavity to give a final dose of 40 mg/kg
body weight (at t = 0). Peripheral blood and bone marrow smears were pre-
pared as described below.

Peripheral blood smears
Small drops of peripheral blood were collected by snipping the tails of all

mice at the start of the experiment (t = 0), and at 24, 48 and 72 h following
treatments. The blood was immediately placed on clean microscope slides
and pushed behind another slide held at a 45° angle to form a thin smear
covering an area of 3 × 4 cm. The smears were air-dried, fixed in absolute
methanol for 30 min, and air-dried again. The slides were then stored at
room temperature.

Bone marrow smears
Both femur bones were collected from all mice when they were sacrificed

at 72 h following treatments. The bones were cleaned of the surrounding
muscle tissue. A 22 G needle fitted to a syringe filled with 1 ml of newborn
calf serum (heat inactivated at 56 °C for 2 h) was inserted at one end of each
bone to flush its marrow into a microfuge tube. The marrow in the tube from
both bones was pulled gently up and down in the syringe until a fine cell
suspension was observed. All tubes were gently centrifuged (1,000 g) for few
seconds to pellet the cells at the bottom of the tube. Most of the supernatant
in the tube was discarded and the cells in the pellet were resuspended in a
very small volume of the remaining serum. Small drops of the resulting vis-
cous cell suspension were placed on clean microscope slides to prepare thin
smears, as described above for the blood.

Evaluation of micronuclei
The study was conducted in a blind manner. Each slide was assigned a

random number, without giving the identity of treatment groups. Duplicate
sets of slides, each containing both blood and bone marrow smears from each
mouse, were sent to the Department of Radiation Oncology, University of
Texas Health Science Center (UTHSC), San Antonio, TX. All slides were
stained with acridine orange (0.01 mg/ml in 0.2 M sodium phosphate buffer,
pH 7.4). One complete set was mailed to the Environmental Carcinogenesis
Division, U.S. Environmental Protection Agency (EPA), Research Triangle
Park, NC for microscopic examination while the second set was evaluated at
UTHSC. Thus, two independent investigators (Inv-1 at UTHSC and Inv-2 at
EPA) assessed the incidence of MN in peripheral blood and bone marrow
cells. Each investigator used a fluorescence microscope fitted with appro-
priate filters for acridine orange stain. For each mouse, (a) the percentage of
polychromatic erythrocytes (%PCE) was obtained from the examination of
1,000 erythrocytes in peripheral blood and 200 erythrocytes in bone marrow
(Inv-1 only), and (b) the incidence of MN was determined from the examina-
tion of 2,000 consecutive PCE in both the peripheral blood and bone marrow
preparations (Heddle et al., 1984). The results were decoded after complete
microscopic evaluation by both investigators.

Statistical analyses
An SAS User’s Guide (1977) was used for statistical analyses. The data

were subjected to the analysis of variance (ANOVA) test to assess significant
differences between groups, and at each blood collection time. Multiple as
well as pair-wise comparisons were also made with Bonferroni adjustments
(Cohen, 1988). Treatment means were compared to the concurrent controls
using a one-tailed Dunnett’s test (Dunnett, 1955). The data were also ana-
lyzed for investigator variability. For several pair-wise comparisons, there
were significant differences between the Inv-1 and Inv-2 scores, so each set of
data was analyzed separately. Pooled data of the two investigators was con-
sidered only when there were no significant differences. Square root transfor-
mation of the data was used when the conditions for such analyses were val-
id. Residuals were analyzed for homogeneity of variance and normality of
distributions. Statistical significance was taken at a level of P  ! 0.05.



Cytogenet Genome Res 104:371–375 (2004) 373

Results

The mean %PCE and the average incidence of MN/2000
PCE for all four groups of animals are presented in Table 1.

PCE in peripheral blood
There were no significant differences in mean %PCE be-

tween control (2.8%), Jet-A- (2.6–2.8%) and JP-8-treated mice
(2.6–2.9%) over the 72-hour period. Mice injected with CP
(2.3–2.5%) showed a considerable decrease in %PCE at various
times, but the overall response was not significantly different
from controls.

PCE in bone marrow
There were no significant differences in %PCE in any of the

four groups of mice investigated: controls 70.1%, Jet-A 71.3%,
JP-8 71.1%, and CP 67.5%.

MN in peripheral blood
The incidence of MN at the start of the experiment (t = 0)

was not significantly different among the four groups of mice,
and ranged from 4.1 to 4.5 (Inv-1) and from 4.4 to 5.2 (Inv-2).
Both investigators documented an increase in the incidence of
MN in Jet-A- and JP-8-exposed mice over the 72-hour period.
The differences between control animals and mice treated with
the Jet-A (4.4 versus 7.8 [Inv-1] and 4.3 versus 8.6 [Inv-2]; P !
0.05), and between control animals and mice treated with the
JP-8 (4.4 versus 6.9 [Inv-1] and 4.3 versus 9.1 [Inv-2]; P ! 0.05)
were statistically significant at 72 h. Both investigators ob-
served statistically significant increases in the frequencies of
MN in mice injected with CP at 24, 48 and 72 h. The incidence
was maximum at 48 h and then decreased at 72 h to the 24-
hour level.

MN in bone marrow
There was no significant difference between Inv-1 and Inv-2

in the scoring of MN in bone marrow cells. A higher incidence
of MN was observed in Jet-A-treated mice (8.3 Inv-1, 8.0 Inv-2)
as compared with controls (5.1 [Inv-1] and 5.5 [Inv-2]). The
difference from control animals was statistically significant for
Inv-1 (P = 0.037), while the results obtained by Inv-2 just
missed reaching statistical significance (P = 0.062). Increases in
the frequency of MN were also observed in JP-8-treated mice
(6.8 [Inv-1] and 6.0 [Inv-2]), but the difference from control
animals was not statistically significant. The incidence of MN
in CP-treated mice was clearly statistically significant as com-
pared with control animals (P ! 0.01).

Discussion

The great majority of the in vitro studies reported negative
results on the genotoxic potential of jet fuels (Brusick and
Matheson, 1978a, b; API, 1984; Conaway et al., 1984; NTP,
1986; McKee et al., 1989, 1994; Nessel et al., 1999). Chinese
hamster ovary cells exhibited an increase in the incidence of
sister chromatid exchanges (SCE) only when the cells were
treated with jet fuel in the presence of metabolic activation.

Table 1. Incidence of micronuclei in mice treated on the skin with
240 mg of jet fuel, Jet-A or JP-8

Groupa % PCEb MN / 2000 PCEc 

  

Sacrifice 
hour 

  Inv-1 (UTHSC) Inv-2 (EPA) 

Peripheral Blood     
  Control 0 2.8 ± 0.5 4.5 ± 2.1 4.8 ± 1.4 
  Jet-A 0 2.7 ± 0.4 4.2 ± 1.7 4.9 ± 2.0 
 JP-8 0 2.7 ± 0.7 4.1 ± 2.1 4.4 ± 1.8 
  CP 0 2.5 ± 0.5 4.5 ± 2.5 5.2 ± 2.3 
  Control 24 2.8 ± 0.5 4.4 ± 2.0 6.4 ± 2.4 
  Jet-A 24 2.6 ± 0.5 4.4 ± 2.3 5.1 ± 1.5 
  JP-8 24 2.6 ± 0.5 4.8 ± 1.9 5.5 ± 2.4 
  CP 24 2.4 ± 0.4 14.4 ± 5.0d 13.5 ± 6.2d 
  Control 48 2.8 ± 0.4 4.5 ± 2.5 8.3 ± 2.6 
  Jet-A 48 2.8 ± 0.7 6.4 ± 2.5 9.7 ± 3.1 
  JP-8 48 2.8 ± 0.7 6.1 ± 2.3 8.4 ± 2.7 
  CP 48 2.3 ± 0.6 29.6 ± 6.9d 40.1 ± 10.8d 
  Control 72 2.8 ± 0.6 4.4 ± 2.5 4.3 ± 3.5 
  Jet-A 72 2.8 ± 0.5 7.8 ± 3.6d 8.6 ± 3.8d 
  JP-8 72 2.9 ± 0.6 6.9 ± 2.5d 9.1 ± 4.8d 
  CP 72 2.5 ± 0.4 15.7 ± 3.5d 13.3 ± 3.5d 

Bone marrow    
 Control 72 70.1 ± 5.6 5.1 ± 2.0 5.5 ± 3.3 
  Jet-A 72 71.3 ± 5.2 8.3 ± 4.1d 8.0 ± 2.9 
  JP-8 72 71.1 ± 5.9 6.8 ± 2.9 6.0 ± 2.6 
  CP 72 67.5 ± 7.9 9.7 ± 4.2d 8.9 ± 2.3d 

a Number of mice in each group = 10. 
b For each mouse, 1000 consecutive erythrocytes in peripheral blood and 200 
consecutive erythrocytes in bone marrow were examined. 
c For each mouse, 2000 consecutive PCEs in both peripheral blood and bone 
marrow were examined. All data are group average ± standard deviation. 
d Significant difference from control mice at P <0.05. 

The positive effect observed was inconsistent and was not jet
fuel concentration dependent. The authors concluded that the
overall effect of jet fuel exposure was negative (API, 1988b). In
in vivo investigations, dominant lethal tests were negative in
mice and rats administered JP-8 and JP-4 for 5 consecutive
days (gavage, 0.01 to 1.3 ml/kg/day) (Brusick and Matheson,
1978a, b). Also, there were no significant increases in incidence
of chromosomal aberrations (CA), MN and SCE in bone mar-
row cells of mice and rats treated with jet fuels (gavage or intra-
peritoneal injection, acute doses of 0.3–5.0 g/kg) (API, 1984,
1988a; McKee et al., 1994; Nessel et al., 1999). Although
increased frequencies of CA were observed in bone marrow
cells of rats exposed to the highest dose of middle distillate
fuels, the study was concluded as negative since all data were
within the historical control values (Conaway et al., 1984).
Among human investigations, Lemasters et al. (1997, 1999)
determined the incidence of SCE and MN in peripheral blood
lymphocytes collected over a 30-week period from personnel
occupationally exposed to jet fuels at a U.S. Air Force base.
Compared with unexposed controls, lymphocytes from some
exposed groups exhibited a small, time-dependent, and statisti-
cally significant increase in SCE. The incidence of MN in a
number of exposed individuals was increased by 15 weeks and
then decreased at 30 weeks. The authors concluded that the
changes observed in both SCE and MN remained within the
ranges published for the general population. Pitarque et al.
(1999) also examined SCE and MN, in addition to SSB, in
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peripheral blood lymphocytes collected from 39 male workers
at Barcelona airport (exposed to petroleum derivatives and
engine exhausts) and 11 healthy controls working at the univer-
sity campus in Barcelona (without indication of occupational
exposure to petroleum derivatives or other suspicious geno-
toxic agents). SCE analyses failed to detect significant differ-
ences between airport workers and controls, and MN frequen-
cies were significantly lower in the exposed group. A small but
significant increase in SSB was observed in the exposed group
as compared with unexposed controls.

To date, all of the in vivo studies conducted in mice and rats
have examined the genotoxic potential of various jet fuel(s) that
were administered by gavage and intraperitoneal injection.
Ours is the first report where the genotoxic potential of Jet-A
and JP-8 was examined following application to the skin (der-
mal exposure). The results indicated that a single dermal treat-
ment of mice with Jet-A and JP-8 (240 mg/mouse) was able to
induce a small, but significant increase in the frequency of MN
in the peripheral blood. The highest incidence of MN in the
blood was recorded at 72 h following treatment with jet fuels.
An increase in the frequency of MN was also documented in
bone marrow cells collected at 72 h after treatment with Jet-A.
As MacGregor et al. (1980) pointed out, in mice treated with
CP, the peak level of micronucleated-PCEs in peripheral blood
occurs on the day following the maximum incidence observed
in bone marrow cells. Thus, it is reasonable to assume that the
peak incidence of MN in bone marrow cells of mice treated
with Jet-A and JP-8 might have occurred at 48 h and was
missed when these cells were collected at 72 h after jet fuel
exposure.

In the earlier in vivo studies mentioned above, the highest
acute dose of jet fuels tested in rodents was 5.0 g/kg (or
F100 mg/mouse; gavage or intraperitoneal injection). This
dose was lower than that used in the present investigation
(240 mg/mouse; dermal). While the results from earlier studies
on CA, MN and SCE analyses were negative, the data obtained
in our study indicated an increase in MN in both peripheral
blood and bone marrow cells of mice. Perhaps the route of
administration of the jet fuels may have a differential effect on
the results.

It is estimated that if both hands of humans were constantly
wet with JP-8, about 17 mg of various hydrocarbons would
penetrate systemically through the skin (Riviere et al., 1999).
Benzene, one of the hydrocarbons present in jet fuels, has been
shown to induce MN in the peripheral blood, bone marrow and
spleen cells of rodents following a single oral administration of
500–2,000 mg/kg (or F10.0–40.0 mg/mouse) or short-term
inhalation (Erexson et al., 1986; Hatakeyama et al., 1992; Chen
et al., 1994). It may not be unreasonable to hypothesize the
genotoxic effects of benzene may partly be responsible for the
observed increase in MN when Jet-A and JP-8 was applied to
the skin of mice in our study (see below).

Uncovered skin is an important route for jet fuel exposure
in humans. Several studies using animal models and humans
have reported percutaneous absorption of various hydrocarbon
constituents in Jet-A and JP-8, and significant changes in the
barrier function of the skin. Such changes were shown to result
in trans-epidermal water loss (TEWL), erythema, irritation,

and local and systemic toxicity in several organs (NRC, 2003).
Furthermore, TEWL after exposure to JP-8 might lead to an
increased permeation of JP-8 components and/or other chemi-
cals into the skin (Kanikkannan et al., 2001). The mechanistic
aspects of such adverse effects have been addressed in some
investigations. Rogers et al. (2001) reported a significant in-
crease in the formation of oxidative species and low-molecular-
weight DNA in the skin of rats following dermal exposure to
JP-8. The percutaneous absorption and perhaps systemic dis-
tribution of various hydrocarbon constituents in Jet-A and JP-8
may have led to the formation of toxic oxidative species that
could have damaged the DNA resulting in an increase in the
incidence of MN in mice treated on the skin with jet fuels. Ull-
rich (1999) and Ramos et al. (2002) reported that dermal expo-
sure of mice to Jet-A and JP-8 in a large single dose (300 Ìl) or
in small multiple doses (50 Ìl/day for 4–5 days) resulted in local
and systemic effects on the immune system, e.g., suppressed
contact- and delayed-hypersensitivity responses. The investiga-
tors suggested that the dermal application of the jet fuel dam-
aged the keratinocytes which led to an increase in the produc-
tion and systemic distribution of interleukin-10, a cytokine that
suppresses some immune functions. These observations and
the data presented in our study indicating that a single dermal
application of 300 Ìl of Jet-A and JP-8 in mice results in a small
but significant increase in genotoxicity in hematopoietic tissues
should raise concern about potential health effects of prolonged
and repeated dermal exposure of humans to jet fuels.
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Abstract. The pioneering papers published more than one
century ago by Theodor Boveri opened the way to extensive
research on the mechanism linking chromosomal abnormali-
ties to the pathogenesis of cancer. As a result of this effort,
robust theoretical and empirical evidence correlating cytogen-
etic damage to early stages of cancer in humans was consoli-
dated, and an increased cancer risk was postulated in healthy
subjects with high levels of chromosomal aberrations (CA). The
first epidemiological investigation aimed at validating CA as
predictor of cancer risk was carried out in the early 1990s. In
that report the Nordic Study Group described an 80% in-
creased risk of cancer in healthy subjects with high frequencies
of CA. The results of this first study were replicated a few years
later in a parallel research initiative carried out in Italy, and the
subsequent pooled analysis of these two cohorts published in
1998 contributed to refine the quantitative estimate of the CA/
cancer association. A small case-control study nested in a
cohort of subjects screened for CA in Taiwan found an

increased risk in subjects with high frequency of chromosome-
type CA, while in 2001 a significant increase of cancer inci-
dence associated with high levels of CA was described in a new
independent cohort of radon exposed workers from the Czech
Republic. Despite some common limitations affecting study
design, the studies cited above have provided results of great
interest both for the understanding of mechanisms of early
stages of carcinogenesis, and for their potential implication for
cancer prevention. The recent evolution of molecular tech-
niques and the refinement of high throughput techniques have
the potential to improve the knowledge about the role of spe-
cific sub-types of CA and to provide further insight into the
mechanisms. Finally, the most challenging perspective in the
field is the passage from research to regulation, with the imple-
mentation of preventive policies based on the accumulated
knowledge.

Copyright © 2003 S. Karger AG, Basel

The idea that chromosomal rearrangements might be caus-
ally involved in early stages of carcinogenesis is not new. The
first reports hypothesizing that karyotypic aberrations, that we
now know to be typical of tumor cells, may possibly be involved
in the transformation of normal cells into malignant ones were

published more than a century ago. Although limited by the
poor techniques and the restricted knowledge of cell biology,
those early findings allowed Theodor Boveri to formulate what
is now known as the somatic mutation theory of cancer, which
still holds the central stage of cancer research (Boveri, 1914).

Despite the early intuition of Theodor Boveri, it was not
until the early 1960’s, with the description of the first specific
chromosome abnormality in a human primary tumor, i.e., the
Philadelphia chromosome (Nowell and Hungerford, 1960),
and especially in the 1970’s with the introduction of banding
techniques, that the major role of chromosomal rearrange-
ments in carcinogenesis was fully recognized. During the
1980’s, a number of new cancer-specific rearrangements (many
of them translocations) mostly occurring in hematological tu-
mors were found, and the mechanistic aspects were described
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in more detail. The observation that many genes affected by
chromosomal rearrangements were involved in some critical
stages in cell growth, development, or survival has focused the
interest on how the rearrangements alter the function of these
target genes. This effort has resulted in a better understanding
of the mechanisms of formation of chromosomal alterations
and their role in cancer development.

An interesting description of the formation and conse-
quences of chromosomal translocations together with some
examples of translocations relevant to hematological malignan-
cies can be found in a review paper published by Rowley
(1998).

The model linking chromosome breakage to the activation/
deactivation of genes relevant to early stages of carcinogenesis
was further refined in the 1990’s, when the use of the fluores-
cence in situ hybridization (FISH) technique in irradiated cells
contributed to understanding the role of double-strand breaks
(DSBs) in the formation of chromosomal aberrations (CA). A
further refinement of these models was provided by a number
of papers published at the turn of the millennium, which
revealed the major role of homology-dependent and homology-
independent pathways of DSB repair in the formation of both
chromosome-type and chromatid-type aberrations (Pfeiffer et
al., 2000; Richardson and Jasin, 2000).

The clastogenic action of many environmental agents has
well been documented and their role in turning on the process
leading from DSB to altered function of cancer genes is general-
ly recognized. It is also interesting to note that many DSBs are
formed endogenously as a consequence of physiologic pro-
cesses, such as replication, meiosis, V(D)J recombination,
DNA repair, etc. (Pfeiffer et al., 2000; Vilenchik and Knudson,
2003). Although endogenous DSBs are repaired with high fidel-
ity, errors in DSB repair are considered to contribute signifi-
cantly to human cancer rate (Vilenchik and Knudson, 2003).

These brief considerations about the role of chromosome
alterations in the early stages of carcinogenesis provide support
to observations, from both laboratory and human studies, link-
ing the clastogenic effect of many compounds to their carcino-
genic properties (Bonassi, 1999). Furthermore, the availability
of a reliable model of causality supports the biological plausibil-
ity of studies linking chromosomal damage to the risk of cancer,
and is the driving force that justifies the use of the CA assay for
cancer prevention policies.

Cohort studies on CA and cancer in human population:
literature review

The first cohort study on healthy subjects screened for CA
(and other cytogenetic endpoints) was published in 1990 as a
result of a collaborative initiative carried out in Northern
Europe (The Nordic Study Group on the Health Risk of Chro-
mosome Damage, 1990a). A group of 1,548 subjects from Fin-
land, Sweden and Norway, free of cancer at the moment of
cytogenetic analysis were followed up from 1970 to 1988,
accounting for a total of 7,547 person years. Twenty-six cancer
cases were found. The result of that early study failed to reach
statistical significance, but interestingly subjects in the highest

tertiles of CA frequency experienced a cancer incidence almost
double in comparison with the general population (Standard-
ized Incidence Ratio (SIR) = 1.82; 95% Confidence Interval
(CI) 0.98–3.01). The follow-up of this cohort was then ex-
tended, and in 1994 a new paper, which also included data
from one laboratory in Denmark, was published. The size of
the cohort was essentially the same, i.e. 1,979 subjects, but the
extended follow-up raised the number of person years to 17,666
and the number of incident cancer cases to 66 (Hagmar et al.,
1994), enhancing the statistical power of the study. Subjects
classified to have high frequency of CA showed incidence rates
that were more than doubled with respect to the general popula-
tion (SIR = 2.1; 95% CI 1.5–2.8), and a highly significant trend
of SIRs by frequency of CA was observed (P = 0.0009).

The first independent confirmation of these results came
from an Italian cohort study published in 1995 (Bonassi et al.,
1995a). The cohort constituted 1,455 subjects followed up from
1969 to 1994 for a total of 16,190 person years. A significant
increase in mortality rates for all cancers was found in subjects
with high and medium frequency of CA (Standardized Mortali-
ty Ratio (SMR) = 1.79; 95% CI 1.02–2.90, and SMR = 1.82;
95% CI 1.11–2.81, respectively). In this study the association
between CA and some major cancer types was also evaluated,
and the results indicated that respiratory tract and hematologi-
cal cancers, but not digestive tract cancers, were associated with
a higher CA frequency.

The launch of the ESCH (European Study Group on Cyto-
genetic Biomarkers and Health) collaborative project, which
involved the Nordic countries and Italy, produced a joint data
analysis and a further extension of the follow-up. The results
obtained on cancer occurrence strengthened confidence in the
previous results, while the survival analysis applied improved
understanding of the CA/cancer relationship, showing highly
different patterns of survival in the three CA frequency catego-
ries (Hagmar et al., 1998). In the discussion of this paper, insuf-
ficient control for confounding and the possible role of effect
modifiers were considered to be among the major limitations of
the study. The effect of smoking habit and occupational expo-
sure to carcinogens was then assessed through a case-control
study nested within the cohort. The results showed that CA fre-
quency could predict cancer independently of exposure to
major carcinogens, making the point that the predictivity of
high rates of CA does not require such exposures (Bonassi et al.,
2000). The authors concluded that individual characteristics as
yet not identified are probably behind the CA/cancer risk asso-
ciation. Polymorphisms in metabolic, DNA repair, and genetic
instability genes as well as nutritional factors were indicated as
the most likely candidates.

The first non-European report showing association between
CA and cancer risk was published in 1999 by a Taiwanese
group (Liou et al., 1999). A case-control study nested in a small
cohort of 686 residents in a Blackfoot endemic area showed
that a frequency of chromosome-type CA over the median is
highly predictive of cancer risk (Odds Ratio (OR) = 12.0; 95%
CI 1.56–92.29). Unexpectedly, no association at all was found
with chromatid-type CA.

A new independent cohort study was carried out in the
Czech Republic, based on a large program of occupational safe-
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Table 1. Overview of cohort studies evaluating chromosomal aberrations (CA) as cancer risk biomarker

Study Subjects Person-
years 

Follow-up 
period 

Cancer cases  
(deaths) 

SIR (95% CI)a SMR (95% CI)b HR (95% CI)c 

Nordic Study Group on the 
Health Risk of Chromosome 
Damage, 1990a 

1,787 7,547 1970–1985 26 0.90 (0.33–1.98)d 
0.92 (0.34–2.04)e 
1.80 (0.98–3.01)f 

  

Hagmar et al., 1994 1,979 17,666 1970–1988 66 0.90 (0.50–1.40)d 
0.70 (0.30–1.20)e 
2.10 (1.50–2.80)f 

  

Bonassi et al., 1995a 1,455 16,190 1969–1994 44  0.83 (0.36–1.63)d 
1.79 (1.02–2.90)e 
1.82 (1.11–2.81)f 

 

Hagmar et al., 1998 3,541 43,827 1970–1995 91 (64) 0.78 (0.50–1.18)d 
0.81 (0.52–1.25)e 
1.53 (1.13–2.05)f 

0.83 (0.46–1.37)d 
1.16 (0.71–1.80)e 
2.01 (1.35–2.89)f 

 

Smerhovsky et al., 2001 3,973 37,775 1975–1999 144   1.6 (1.01–2.37)f 

a SIR: Standardized Incidence Ratio; CI: Confidence Interval. 
b SMR: Standardized Mortality Ratio. 
c HR: Hazard Ratio. 
d Low frequency of CA. 
e Medium frequency of CA.  
f High frequency of CA.  

ty surveillance ongoing since 1975. Various groups of workers
with heterogeneous exposures had been investigated. An over-
all number of 3,973 subjects were followed up for cancer inci-
dence and mortality up to 1999, accounting for a total of 37,775
person years (Smerhovsky et al., 2001). Adjusting for gender,
age at test, and occupational exposure using a Cox regression
model showed a Hazard Ratio (HR) of 1.6 (1.0–2.4) for those
with “high” CA scores as compared with those with “low”
scores. So far, the results were completely in agreement with the
Nordic and Italian cohorts. However, when the analysis of the
Czech cohort was stratified for exposure, the increased cancer
risk for subjects with a “high” CA score was confined to only
the radon-exposed workers. This was in contrast to the earlier
studies where no significant effect modification of occupational
exposure was observed. Analyzing sub-categories of CA showed
a cancer predictive effect for chromatid breaks, but not for
chromosome breaks or chromatid exchanges (Smerhovsky et
al., 2002). A similar pattern was seen when the analysis was
restricted to lung cancer. An update of the Czech study is in
progress, and results concerning an extended cohort of more
than 11,000 subjects will soon be available. An overview of
cohort studies evaluating CA as cancer risk biomarker is
reported in Table 1. As a side result of the extensive efforts car-
ried out in many countries to put together study groups large
enough for epidemiologic standards, a number of large data-
bases were assembled. The analysis of these data has greatly
improved our knowledge of the determinants and characteris-
tics of most cytogenetic biomarkers (Nordic Study Group on
the Health Risk of Chromosome Damage, 1990b; Bonassi et
al., 1995b; Bolognesi et al., 1997), and methodological im-
provements in the use of pooling in biomarkers studies have
been achieved (Taioli and Bonassi, 2002).

Chromosomal aberrations and risk of cancer:
the epidemiologic approach

The identification of an accurate mechanistic model – based
on the consequences of exchange aberrations – is the most
important piece of evidence linking the frequency of CA in
healthy subjects to the risk of cancer. Other evidence common-
ly cited for this purpose are the high frequencies of CA in
patients affected by cancer, the parallel increase of CA and risk
of cancer in subjects affected by genetic diseases interfering
with DNA repair, and the already mentioned association
between clastogenic and carcinogenic properties.

All these observations give, despite their importance, only
circumstantial evidence for a causal relationship and cannot
provide any real data about the strength of the association in
the general population, which would be required from a public
health perspective. The availability of risk estimates based on
the frequency of a biomarker in healthy individuals is then a
formidable tool for any cancer prevention initiative, and this is
the reason that justifies the keen interest of molecular epidemi-
ologists in prospective cohort studies of human populations.

Many methodological papers and textbooks in the field of
molecular epidemiology have been published in recent years,
and all of them have recognized the validation of candidate bio-
markers for long-term prediction of risk as a leading priority.
Special concern is given to those biomarkers – as in the case of
cytogenetic biomarkers – that are possibly affected by the pres-
ence of the disease, i.e., the so called reverse causality; in this
case cohort studies are preferable for the biomarker valida-
tion.

Planning a cohort study of chronic diseases based on bio-
marker data is a very difficult task. Major problems are the
small size of most biomonitoring studies, the differences in
methods over years and among laboratories, and the high num-
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ber of subjects without demographic data. Therefore, only very
popular biomarkers used for many years can be considered for
this purpose (although bio-banks of stored samples may pro-
vide a possible shortcut).

The considerations described above brought in the late
1980’s the Nordic study group to implement the original
approach of creating a pooled cohort, assembling cytogenetic
biomarker data from a number of genetic toxicology laborato-
ries (The Nordic Study Group on the Health Risk of Chromo-
some Damage, 1990a). The methodology applied in the first
studies was very efficient, and has essentially been maintained
since then, including the most recently published cohort studies
on cytogenetic biomarkers (Hagmar et al., 1994, 1998; Bonassi
et al., 1995a; Smerhovsky et al., 2001).

A number of assumptions were made when the first study
was designed and they also applied to the subsequent studies.
(1) Because the CA frequency was available only in a surrogate
tissue, i.e. peripheral blood lymphocytes (PBL), it was assumed
(as supported by literature data) that there was a correlation
between CA frequencies in PBL and in target organs (Dave et
al., 1995). (2) The type of CA generally measured in biomoni-
toring studies were unstable CA, whereas chromosome rearran-
gements important for carcinogenesis are stable. These biologi-
cal events were assumed to be correlated. (3) Only one CA mea-
surement per lifetime was available for most subjects. It was
therefore necessary to assume that a single measurement is a
valid parameter for classifying subjects.

Besides these major assumptions there were a few minor
issues that in the absence of more detailed information were
not considered to seriously affect the association between CA
frequency and cancer risk. Among these were the effect of
unknown exposures modifying the association studied and the
misclassification error for categorizing CA frequency.

A final consideration in the study design was that all of these
assumptions imply a bias towards the null, i.e. the true associa-
tion was likely to be stronger than the estimated one.

There are two other aspects concerning the study design that
should be mentioned, although they are not assumptions but
unavoidable weaknesses. The small number of subjects avail-
able for the follow-up did not allow (a) reliable analyses of the
associations between CA and specific cancer sites (e.g., hemato-
logical malignancies) and (b) a differential evaluation of cancer
predictivity in various subclasses of structural CA.

Despite the limitations, the studies cited above provided
results of great interest for their implications on both biological
mechanisms and public health. The results have in two leading
state-of-the-art papers been considered to be among the most
important achievements of molecular epidemiology (Perera,
2000; Peto, 2001).

Cohort studies on CA and cancer in human population:
open issues

The results accumulated by the cohort studies described
above have provided direct evidence of an association between
the frequency of CA in healthy subjects and the subsequent risk
of cancer. The quantitative estimate of this association largely

varies among studies; this should not be surprising, since both
parameters evaluated, i.e. all cancers and overall structural
aberrations, are rough indicators of much more specific pro-
cesses. Further studies of larger size and better quality of cyto-
genetic data will provide more reliable information.

Some preliminary findings from the Italian cohort indicated
that some specific cancer sites, i.e., hematological malignan-
cies, might exhibit a stronger and more specific association
with chromosomal damage (Bonassi et al., 1995a). Similar evi-
dence was found for respiratory cancers, although in this case
the biological background was not so easy to understand. A
more thorough evaluation of whether there is variation in can-
cer predictivity of the CA biomarker for different types of
tumors can be foreseen considering the over-time increasing
statistical power in the Nordic, Italian and Czech cohorts.

As regards the sub-classes of CA, the low frequency of some
specific types of aberrations did not allow an assessment of
their relationship with cancer risk. A good compromise, de-
signed in the framework of the European CancerRiskBiomark-
ers project and to be adopted in new updates of the Nordic and
Italian cohorts, is to separately evaluate chromatid-type and
chromosome-type aberrations as well as breaks and exchanges
(and their combinations).

Another problem affecting the design of such studies is the
uncertainty about the impact of confounding factors and espe-
cially the role of effect modifiers. Typical confounders such as
sex, age, and calendar year were considered in all studies, and
all estimates of relative risk have been adjusted, when neces-
sary, for these factors. Much more complicated was controlling
for occupational exposure to mutagens/carcinogens and life
style factors. Since the cohorts were assembled from many dif-
ferent biomonitoring studies, the assessment of occupational
exposures greatly varied from study to study, making that
information unreliable. The heterogeneity among different
studies was confirmed by a case-control study nested in the
ESCH cohort, where an international panel of occupational
hygienists reconstructed past exposures of cases and controls
(Bonassi et al., 2000; Tinnerberg et al., 2003). This study
emphasized that the risk of cancer due to a high frequency of
CA was more attributable to individual predisposition than to
exposure to mutagens/carcinogens. The increased risk of cancer
associated with the high frequency of CA was the same among
subjects with high levels of exposure to carcinogens as in sub-
jects never exposed. These results were partially contradicted
afterwards by findings from the Czech cohort, which showed a
CA/cancer association only among the radon exposed workers.
However, this group was the only sub-cohort within the Czech
study to show a number of events comparable to those of the
Nordic and Italian cohorts, i.e., 14% of cancer cases and 11.4%
of cancer deaths, while the proportion of cancer cases in the
other sub-cohorts ranged from 1.0 to 7.4%, and that of cancer
deaths from 0.2 to 4.6%, respectively. The extension of the fol-
low-up may change the pattern of risk estimates in different
sub-cohorts.

Among the other candidate factors that could have con-
founded the association under study, diet and exposure to envi-
ronmental pollution are the most relevant. Unfortunately, the
historical nature of these cohort studies makes it difficult to
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reconstruct past environmental exposures and diets. It is there-
fore more promising to get a further insight in the role of poly-
morphisms of genes involved in xenobiotic metabolism and
DNA repair. A study aimed at measuring polymorphisms in
old preserved cell samples from subjects in the Italian cohort is
ongoing within the CancerRiskBiomarkers framework.

Finally, a major issue to be addressed is an approach that
can minimize misclassification of subjects to CA categories.
The choice of categorizing individuals as Low, Medium, and
High for frequency of CA, based on the percentile distribution
of observations, has worked very well in assessing the presence
of an association with cancer risk, but more sophisticated
approaches may perhaps further reduce the misclassification
error. Also in this direction there are studies in progress, mostly
based on a database of repeated measures extrapolated from
the existing cohorts.

Biomarkers of cancer risk in human populations: from
research to regulation

The reliability of CA as a marker of genetic damage has been
known since 50 years. Its ability to quantify exposure to geno-
toxic carcinogens has been known as well, especially in the field
of radioprotection, where the frequency of CA is used as a bio-
logical dosimeter of ionizing radiation.

Despite the familiarity with the use of CA in occupational
settings, little effort has been directed towards transforming the
generally accepted assumption that CA frequency reflects expo-
sure to mutagens/carcinogens, and that high CA levels are asso-
ciated with an increased risk of cancer, into a regulatory tool for
improving occupational safety.

An informal survey carried out with major institutions
involved in cancer prevention in the occupational environment
at the time of preparation of the manuscript revealed that prac-
tically nowhere in the world the use of CA in exposed workers
has been regulated by law. The only positive reports came from
the Czech republic, where CA analysis of peripheral lympho-
cytes is requested as part of preventive check-ups for selected
subjects or groups occupationally exposed to genotoxic agents
classified by the International Agency for Research On Cancer
(IARC) to classes I (carcinogenic to humans) or 2A (probably
carcinogenic to humans) (decree No. 258/2001, §82, article 2f
of the Public Health Protection authority, formerly Hygiene
Service).

Three main issues have hampered the use of CA for regula-
tory purposes. The first is the high intra-individual variability
of the assay. The reliability of the test is excellent at group level,
but individual data are considered too unpredictable to be used
for hard safety measures such as pension, benefit, displace-
ment, or structural changes in the workplace. The second is the
lack of preventive tools for an efficient intervention in subjects
at risk. The third, and for many years the most striking, has
been the uncertainty about long-term risks in individuals with
high frequency of CA.

The restraint to include markers of chromosomal damage in
occupational safety laws seems to be mostly determined by the
uncertainty of all statistics linked to individual data. Individual

CA estimates could be improved by more extensive analysis
and repeated CA determinations (before and during/after occu-
pational exposure). Most cytogenetic studies of human occupa-
tional chemical exposure still rely on scoring 100 cells per indi-
vidual, when the use of metaphase finders would facilitate scor-
ing more cells (as done in radiation dosimetry). From the occu-
pational safety point of view, group level demonstration of a
clastogenic effect should, however, be sufficient for actions. As
the presence of increased levels of genotoxic damage in exposed
populations has a major relevance to public health, new legal
tools, more flexible and suitable for preventive purposes,
should be developed.

Recent knowledge about the presence of polymorphisms in
some major genes involved in crucial processes of carcinogene-
sis, and the evidence accumulated about gene–environment
and gene–gene interactions has set the basis for understanding
the reasons of individual differences in the reaction to mutagen
exposures (Tuimala et al., 2002).

The problems in dealing with the identification of meaning-
ful intervention strategies for subjects with unexplained high
levels of CA are virtually unchanged, since suitable procedures
of treatment or prevention are still not available. On the con-
trary, the strong evidence accumulated from cohort studies has
contributed to change the current opinion about long-term risks
in subjects with high rates of CA. Although the possible pres-
ence of misclassification (one measure of CA in the life may be
inadequate to correctly classify an individual) reduces the reli-
ability at an individual level, group data provide evidence sup-
porting law-regulated interventions whenever a group of work-
ers or subjects with hazardous exposures experiences an in-
creased level of CA. Apart from the occupational setting, other
examples have been published where CA can efficiently be used
in surveying subjects potentially at risk of cancer. The use of
CA was proposed in programs for cancer prevention in alcohol-
ics (Maffei et al., 2002) and in cancer screening of small groups
where the estimates of relative risks may be impossible, like
astronauts during space missions (Durante et al., 2001).

Future perspectives

In the evaluation of results produced by epidemiological
studies on CA and cancer it must be taken into account that
these data are based on studies performed decades ago, when
the Giemsa staining technique and the optical microscope were
the standard procedures of cytogenetic analysis.

The use of data from archives has allowed assembling
enough person years to perform epidemiologic studies, but the
classification of subjects in risk categories was essentially based
on chromosomal breaks, the majority of them of the chroma-
tid-type. The rationale has been that, due to similar mechanism
of formation, such unstable CA can be used as a surrogate end-
point in a surrogate tissue (lymphocytes) for the more specific
rare chromosomal rearrangements directly involved in carcino-
genesis in the target tissue (Albertini et al., 2000; Norppa,
2003). Maybe the success of the unstable CA to predict cancer
is due to its unspecificity, reflecting the same process that leads
to the formation of the multitude of more specific alterations.
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However, as the traditional CA analysis is able to reveal only a
portion of the chromosomal alterations known to occur in the
genome, it is an indirect and incomplete measure of events that
are considered relevant for carcinogenesis. Therefore, the use of
more specific and complementary endpoints might improve
the reliability of risk estimates.

A number of techniques have been developed to give a more
comprehensive measure of the whole pattern of chromosomal
damage, the most consolidated among these are FISH tech-
niques, chromosome painting and especially multicolor FISH
(M-FISH) (Maierhofer et al., 2002). An interesting example of
how the new techniques can be used for individual risk assess-
ment comes from a paper published last year where past expo-
sure to plutonium was reconstructed measuring intrachromo-
somal aberrations in nuclear weapons workers (Hande et al.,
2003). This is an endpoint very hard to detect, but probably of
great relevance for the carcinogenic process, and only recent
chromosome band painting techniques have allowed its analy-
sis. It is presently unclear whether this interesting yet currently
laborious approach could be used for detecting the cytogenetic
effects of other exposures besides densely ionizing radiation.
For the time being, the chromatid-type CA remains the prima-
ry cytogenetic lesion induced by most chemical carcinogens.

FISH and polymerase chain reaction (PCR)-based methods
exist for the detection of rare cells with certain chromosomal
rearrangements typical of specific hematological cancers. Non-
cancerous cells containing such rearrangements may be found
at a low rate in apparently healthy individuals. Obviously, the
rearrangement alone is not enough to induce neoplasia. The
presence of such cells could indicate increased risk of (specific)
cancer, although this has not been demonstrated.

A second potential perspective for the use of biomarkers to
predict the (individual) risk of cancer in healthy subjects comes

from genomics and proteomics. The use of microarrays to iden-
tify the expression profile or the quantity of proteins produced
by cancer genes could greatly improve the reliability of risk
assessment, even at an individual level. This approach seems to
be more promising in malignant neoplasms, mostly hematolog-
ical, where the role of fusion genes has already been described
(Rowley, 1998).

Conclusions

The presence of association between a high level of CA in
the PBL of healthy individuals and subsequent risk of cancer is
supported by a number of theoretical and experimental find-
ings. Nevertheless, limited knowledge about the role of individ-
ual susceptibility and uncertainty about the long-term effects of
high rates of CA have made our knowledge about CA practical-
ly useless for preventive purposes. Only recently the discussion
on the possible applications of CA as a biomarker of cancer risk
in healthy individuals has started.

Despite individual factors seeming to play a major role in
defining the individual risk of cancer the only validated inter-
vention able to revert chromosomal damage is removing any
suspected exposure to chromosome damaging factors. There-
fore, from the public health point of view the frequency of CA –
often described as the only example of valid marker of cancer
risk – should be evaluated in all situations where a group of
subjects is potentially exposed to mutagens/carcinogenic
agents. In case of an increased level of CA this must be consid-
ered as a group at risk of cancer, and prevention measures have
to be applied – possibly as a part of a formal policy of occupa-
tional safety.
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Abstract. The quantification of DNA damage, both in vivo
and in vitro, can be very time consuming, since large amounts
of samples need to be scored. Additional uncertainties may
arise due to the lack of documentation or by scoring biases.
Image analysis automation is a possible strategy to cope with
these difficulties and to generate a new quality of reproducibili-
ty. In this communication we collected some recent results
obtained with the automated scanning platform Metafer, cov-

ering applications that are being used in radiation research, bio-
logical dosimetry, DNA repair research and environmental
mutagenesis studies. We can show that the automated scoring
for dicentric chromosomes, for micronuclei, and for Comet
assay cells produce reliable and reproducible results, which
prove the usability of automated scanning in the above men-
tioned research fields.

Copyright © 2003 S. Karger AG, Basel

Tests for the estimation of DNA damage, both in vivo and
in vitro, can be very time consuming, since due to large inter-
individual or inter-experimental variations high numbers of
cells and/or donors have to be evaluated to gain statistical cov-
erage. Image analysis automation is a possible strategy to cope
with this difficulty and additionally generates a new quality of
reproducibility. Already the first automated image analysis sys-
tems aimed at the field of biological dosimetry and population
monitoring (Weber et al., 1992; Blakely et al., 1995; Böcker et
al., 1995; Huber et al., 1995) were used in the 1990’s. Today,
years of continuous development have passed, and also many
new applications and techniques have arisen. Recent studies
have been involving techniques like fluorescence in situ hy-
bridization (FISH) in metaphases or interphases (Huber et
al., 2001; Plesch and Lörch, 2001), micronucleus detection
(Fenech and Morley, 1985; Fenech, 1998; Fenech et al., 1999;

Rothfuss et al., 2000), the single cell gel electrophoresis (Comet)
assay (Böcker et al., 1999; Hartmann et al., 2003), the combina-
tion of the Comet assay with FISH signal analysis (McKenna et
al., 2003), and the detection of fluorescence-labeled protein foci
to assess repair processes inside the cell (Rothkamm and
Löbrich, 2003). Slide scanning systems also made their way
into the clinical environment, where they are routinely used as
diagnostic tool for pre- and postnatal diagnoses, cancer diagno-
sis and therapy monitoring.

In this publication we collected some recent results obtained
with the help of the slide scanning system Metafer, covering
applications which are being used in radiation research, biolog-
ical dosimetry, DNA repair research and environmental muta-
genesis studies. Since Metafer uses modular software on one
hardware platform, various endpoints can be analyzed with the
same system. Nevertheless, the principles of automated slide
scanning follow basic considerations which are common to all
applications.

Slide scanning principle
Automated slide scanning is generally performed by moving

the slide with reference to the fixed objective lens of the micro-
scope in a regular meander-like pattern, leaving no gaps
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between the image fields. Because of speed considerations,
image acquisition is done at the lowest possible optical magnifi-
cation that still allows resolving the features of interest. Each
field of view is captured and analyzed for the presence of ana-
lyzable objects (i.e., cells or nuclei). If objects of interest are
detected within a field, they are further analyzed and stored in
an image gallery along with their position and feature measure-
ment data. After the scan the image gallery can be used to
review the detected cells, to reject unsuitable cells, and to do
corrections if necessary. Since the position data of all objects
were stored during the scan, any cell can automatically be relo-
cated under the microscope for direct visual inspection.

Movement
It is necessary to control all the three axes in space for the

scanning of a complete slide or a part of it. Usually a motorized
stage is controlling the X- and Y-axis, while various solutions
deal with the control of the Z-axis. The most suitable and fas-
test way to move the specimen in Z-direction is to take advan-
tage of the features provided by modern motorized micro-
scopes. Typically these microscopes have internal software con-
trolling all motorized components, which can be driven either
by the microscope controls or by external devices which are
connected to the microscopes.

Focusing
Precision and speed of the auto-focus are of utmost impor-

tance for the quality of the object detection and the slide scan-
ning result. With the focusing strategy used by the Metafer sys-
tem very high speed without sacrificing accuracy is provided.
The plane of best focus is determined at a number of grid posi-
tions that are regularly distributed across the scan area. This is
done by automatically moving the stage into the Z-direction,
capturing images in different focus planes, and analyzing the
focus quality based on a local contrast criterion. Typically elev-
en Z-positions are being analyzed within approximately two
seconds. During the subsequent scan, the slide is automatically
kept within the plane of best focus.

Image acquisition
In fluorescence imaging signal intensity varies significantly

between counterstain and fluorescent labels and even between
different positions on the same slide. Automatic exposure con-
trol is a must to assure correct image quality and high dynamic
range. The software estimates the correct exposure time based
on the histogram (the intensity distribution) of an image cap-
tured without integration. Depending on the histogram shape a
reduced exposure time (using the built-in electronic shutter) or
long-time integration is used. This strategy allows exposure
times from 1/10,000 s to approximately 30 s. In case of trans-
mitted light imaging the light source of the microscope can be
directly controlled by the software to assure optimal image
acquisition conditions.

Materials and methods

Hardware architecture
The automated slide scanning system Metafer is a multi-purpose scan-

ning platform for the software modules described below. Fig. 1a shows a typ-
ical Metafer system for high throughput analyses including the 80-position
slide feeder.

Central unit: The central unit of any Metafer system is a microcomputer
(DELL, Langen, Germany), typically equipped with an Intel® Pentium® 4
Processor (1 2 GHz), 256 MB RAM memory, and an 80-GB hard drive and
the operating system Microsoft® Windows® XP Professional. For data
archiving purposes the Metafer system is equipped with a magneto-optical
disk drive (2.3 GB capacity).

Image acquisition hardware: For image acquisition a high-resolution
monochrome megapixel charge coupled device (CCD) camera (M1; JAI AS,
Glostrup/Copenhagen, Denmark) with a resolution of 1280 × 1024 pixels
(2/3)) CCD; Pixel size 6.7 Ìm × 6.7 Ìm; signal-to-noise ratio 56 dB) is used. It
is connected to a gray level digitizer board installed in the central unit, which
provides real-time digitization of video signals at a resolution of 1280 × 1024
pixels with 256 gray levels. The system can also be equipped with the peltier-
cooled grayscale digital CCD camera Axiocam MRm (Carl Zeiss, Göttingen,
Germany), which provides a resolution of 1300 × 1030 pixels with a pixel
size of 6.7 Ìm × 6.7 Ìm.

The camera is connected to the microscope via a standard 1.0× TV
adapter (C-mount 60 C, 2/3)); Carl Zeiss, Göttingen, Germany).

Microscope: Metafer is connected to the motorized microscope Axioplan
2 Imaging E MOT (Carl Zeiss, Göttingen, Germany) and takes full advantage
of the microscope components for automated focusing, light source adjust-
ment (for bright-field imaging) and fluorescence filter change. Optionally the
microscope may be equipped with an excitation filter wheel (Carl Zeiss/
MetaSystems) to decrease the changing time between the color channels,
with a motorized fluorescence shutter, and with a motorized objective
revolver (the latter is required if Metafer is combined with the external 80-
position slide feeder).

Scanning stage: 8 slides (3)) × 1))) per scanning run can be loaded into the
motorized scanning stage (Märzhäuser, Wetzlar, Germany) with a range of
225 × 76 mm. The stage is connected to a 2-axis stepping motor controller
board inside the central unit (PCSMOC3), providing a step size of 1 Ìm and
a maximum step frequency of 72,000 Hz. For manual movement of the stage
a trackball is connected to the system (Microspeed, El Cajon, USA).

Optionally the 8-slide capacity can be extended to 80 slides per scanning
session with the external slide feeder, which loads up to ten 8-slide frames to
the scanning stage automatically and unattended.

Fig. 1. (a) The automated scanning system Metafer (PC not shown) with
80-position slide feeder (left). (b) Human lymphocyte metaphase with 3
dicentric chromosomes (DIC), detected by Metafer DCScore. DIC are auto-
matically marked by a rectangle and displayed in the upper left corner of the
image. The number of detected DIC per metaphase is displayed in the lower
right of the image. (c) Gallery of bi-nucleated cells created by Metafer Micro-
Nuclei. The number of detected micronuclei is shown in the lower right corn-
er of the gallery images. (d) Gallery image of a Comet FISH cell detected by
Metafer CometScan. Parameters of head and tail and of the FISH signals are
displayed in the corners of the image: upper right: Olive tail moment (left)
and % DNA in tail; lower left: total FISH spot number (left) and number of
spots in head; lower right: number of FISH spots in tail (left) and horizontal
distance in pixels between closest spot in tail and the center of the head. (e–f)
Quantification of DNA repair after treatment of primary human fibroblasts
with very low doses of ionizing radiation. DNA double strand breaks (DSB)
were visualized with Á-H2AX immunofluorescence microscopy, revealing
foci on the sites of DNA breakage. While untreated cells show a background
level of DSB (e), numbers of foci increase directly after treatment (f), and
decrease with time, leaving unrepaired DSB, which are still visible as foci (g,
h). Images were captured with MetaSystems Isis FISH imaging system.
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Detection of dicentric chromosomes (DIC)
Cell treatment and slide preparation: Venous blood from one healthy

donor was irradiated with 0.5, 1, 2 and 3 Gy of X-rays (130 kV/130 mA) at a
dose-rate of 1.2 Gy/min. Immediately after irradiation the cells were culti-
vated (0.5 ml blood, 4 ml McCoy’s 5A medium (C.C. Pro), 0.5 ml fetal
bovine serum (Gibco), 0.12 ml phytohemagglutinine (Gibco) and antibiot-
ics). Culture time was 48 h including 2 h of exposure to Colcemid (Ciba).
Metaphase preparations were made following routine protocols and stained
with Giemsa.

Metaphase finding, high-magnification capturing and automated analysis
for DIC: The analysis of metaphases for the existence of DIC with Metafer
involves three subsequent steps, namely a) the automated detection of meta-
phases with the software module MSearch, b) the automated image acquisi-
tion of the metaphases at a higher magnification for DIC analysis (63× or
100×) with the AutoCapt module, and c) the detection of DIC in the captured
images with the software module DCScore.

The slides were initially scanned for the presence of metaphases at a
microscope magnification of 10× using a Fluar objective. Software setup was
performed by selecting a metaphase classifier file for detecting lymphocyte
metaphases in transmitted light. After the scan, gallery images of the detected
metaphases were revised on screen and unsuitable objects (e.g. false-positives
or very compact metaphases) were deleted.

The remaining metaphases were recaptured at a magnification of 63× in
the AutoCapt operating mode of Metafer. Metaphases were automatically
centered prior to image acquisition. Each metaphase was fine focused, a high
resolution image was captured and automatically stored for subsequent anal-
ysis.

Automatic detection of dicentric chromosomes was performed using the
high-resolution metaphase images created by AutoCapt. Metaphases match-
ing the classification criteria (e.g. number and size of chromosomes) were
automatically analyzed for the presence of DIC and labeled as “Evaluated”.
All other metaphases were rejected, but kept in the dataset. Subsequently
after the processing, AutoCapt displays the images for any metaphase which
was selected in the image gallery, and DIC are marked with a red rectangle
inside the images (Fig. 1b). The number of dicentric chromosomes per meta-
phase was automatically stored and could be used for generating the evalua-
tion report.

Detection of bi-nucleated cells and counting of micronuclei
Cell treatment and slide preparation: Human venous blood of four

healthy donors was irradiated with 0, 1, 2 and 4 Gy of X-rays at a dose-rate of
4 Gy/min. Immediately after irradiation the cells were cultivated (0.3 ml
blood, 3 ml Medium 1A (Gibco), 0.06 ml phytohemagglutinine (Gibco) and
antibiotics). After 44 h culture time 9 Ìl Cytochalasin B (1 mg/500 Ìl DMSO;
Sigma) was added and the sample was incubated for another 24 h. Slide prep-
arations were made following routine protocols and stained with DAPI or
Giemsa.

Detection of bi-nucleated cells and counting of micronuclei: The system
for automated micronuclei (MN) detection, Metafer MicroNuclei, automati-
cally identifies bi-nucleated cells that are stained with a single nuclear/cyto-
plasmic stain (transmitted light or fluorescence).

Scanning for MN was performed using a 10× microscope objective. After
automatic image acquisition the object threshold, which is used to separate
any object from the background, was set automatically by the system. The
threshold algorithm takes into account the presence of discontinuities in the
image background. Objects being above this threshold were analyzed for the
presence of certain morphometric criteria: a) size (within a size range speci-
fied in the classifier setup), b) aspect ratio (the ratio calculated from the lon-
gest and the shortest diameter of the object), and c) the sum of concavity
areas. With c) single nuclei (with round contour and only small concavity
areas) and nucleus clusters (which usually have large concavities) were dis-
criminated. Subsequently the distribution of nuclei inside the image was
determined. As the nuclei of a bi-nucleated cell are considered to have
approximately the same size, a maximum relative size difference of the two
nuclei, as specified in the classifier, was used by the system to reject nuclei of
different cells that are close together. Finally the object area of all other
objects within a specified region of interest (the central point of the line con-
necting the centers of the two nuclei is used as center of the region of interest
circle) was measured and the cell was rejected if it exceeded a maximum level
specified in the classifier. This algorithm was used to reject cells which were
situated very closely to other objects.

In a second step the system analyzed the region of interest for the pres-
ence of MN. Like nuclei MN were tested for their morphological features,
which are principally the same as described above. A micronucleus was
counted if it met these criteria and additionally was located within a certain
distance from the center of the region of interest. For each bi-nucleated cell a
gallery image was generated which indicates the number of micronuclei
(Fig. 1c).

Analysis of single cell gel electrophoresis (Comet Assay)
Cell treatment and slide preparation: Human venous blood of two donors

was irradiated with 0, 1, 2 and 4 Gy using 60Co Á-rays. Conventional micro-
scopic slides were prepared with 2 layers of agarose gel, with a bottom layer
consisting of 1.0–1.5 % agarose and a second cell-containing layer, generally
prepared from low melting point (LMP) agarose at 0.5–1.0%. After the aga-
rose gel had solidified, the slides were placed in a lysis solution consisting of
high salts and detergents for at least 1 h. The recommended lysing solution
consists of 100 mM EDTA, 2.5 M sodium chloride and 10 mM Trizma base,
adjusted to pH 10.0, with 1% Triton X-100 added just prior to use.

Prior to electrophoresis, slides were incubated in alkaline electrophoresis
buffer (1 mM EDTA and 300 mM sodium hydroxide, pH 1 13) for 20 min to
produce single-stranded DNA and to express alkali-labile sites as single-
strand breaks. The single-stranded DNA in the gels was electrophoresed
under alkaline (pH 1 13) conditions to produce comets. The voltage used
ranged from 0.7 to 1.0 V/cm, with an accompanying amperage of F300 mA
(maintaining a constant temperature during electrophoresis of about 5 °C to
minimize slide-to-slide variations). After electrophoresis, the gel was neutral-
ized with a suitable buffer (e.g. Trizma base at pH 7.5) and stained with
SYBR Green I (using antifade to prevent signal quenching).

Detection of Comets: Under lysis conditions during the electrophoresis
DNA fragments migrate faster in the electric field than intact DNA. By stain-
ing the DNA with an appropriate fluorochrome these fragments are visible as
comet tail in the microscope. The level of DNA damage can be derived from
the ratio of tail and head (nucleus) intensities and sizes.

The CometScan module of the Metafer scanning platform allows the
completely unattended analysis of Comet assay preparations. The scan is
performed under fluorescent conditions using the 20× objective.

Cells being initially detected by the system were subsequently rejected if
the following criteria were met: a) another object was present in the close
neighborhood, that might interfere with the measurements, b) the back-
ground around the candidate comet showed significant inhomogeneities, and
c) the tail intensity of the comet did not decrease to the background level
inside the measurement frame, indicating that the comet is larger than the
region of interest.

Once a comet was finally accepted by the system, its intensity profile was
automatically analyzed and head and tail of the comet were determined
based on the intensity levels. The background level was subtracted from the
intensity values obtained. Different comet features (e.g. intensity of head and
tail, comet shape, tail moment, Olive tail moment and more) were measured
and an image of each cell was stored in a gallery. Overlays within these cell
images show thresholds, borderlines between head and tail, and the head and
tail regions as they were defined by the analysis algorithms. Depending on
the classifier setup, selected cell features (e.g. tail moment and percentage of
DNA in the tail) were displayed in the gallery image.

Comet FISH: In addition to the detection of comets and the measure-
ment of standard comet features (as described above), CometScan provides
the option for automated analysis of fluorescence in situ hybridization sig-
nals within up to five color channels (Comet FISH; Fig. 1d). The location of
the signals within the comet (i.e. no. of spots in the head, no. of spots in the
tail, distance of the tail spots from the head center) can be automatically
evaluated. The automated Comet FISH analysis is taking advantage of the
imaging algorithms of Metafer MetaCyte described elsewhere in detail
(Plesch and Lörch, 2001).

Results and discussion

To demonstrate the usefulness of automated slide scanning
for radiation research, biological dosimetry, DNA repair assays
and environmental mutagenicity studies, we present the results
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Table 1. Numbers of dicentric chromosomes (DIC) detected in human peripheral lymphocytes after irradiation with various
doses of X-rays. Cells were automatically scored using the Metafer DCScore module.

Automatic detectiona  Automatic detection with manual rejectionc  Manual analysisd Dose 
(Gy) 

Total No. 
of cells 

Reject. cells Eval. cells DIC per 100 cells  

Manually 
rejected cellsb 

Reject. cells Eval. cells DIC per 100 cells  DIC per 100 cells 

0.5 125 45 80 10  6 51 74 11  4 
1 300 133 167 19  49 182 118 21  14 
2 112 28 84 26  16 44 68 29  32 
3 300 12 288 49  34 46 254 51  50 

a After the first automatic detection the objects were revised on screen. 
b Unsuitable metaphases were manually rejected. 
c A second automatic detection was performed with the remaining cells. 
d To confirm the automatically obtained data, the same metaphases were analyzed manually. 

of various analyses performed with the Metafer slide scanning
platform (Fig. 1a). We focused on endpoints which are com-
monly used in studies of this kind, such as chromosomal aber-
rations, micronuclei and single cell gel electrophoresis (Comet
assay).

Dicentric chromosomes (DIC) are generally accepted as
suitable endpoint for the estimation of DNA damage after irra-
diation of cells. They therefore are commonly used in studies
involving biological dosimetry (Voisin et al., 2002).

Table 1 shows automatic DIC scoring results from human
peripheral lymphocyte metaphases which were irradiated with
various doses of X-rays. For all doses at least 100 cells were
scored. The first part of the table gives the results of the initial
automated scanning with Metafer DCScore, showing the num-
bers of rejected and evaluated cells, and the frequency of DIC
calculated for 100 cells (Table 1). The DIC frequency increases
with dose in a near-linear manner.

In a second step the image gallery feature of Metafer was
used to revise cells which were not suitable for precise DIC
scoring, e.g. due to bad spreading or weak staining. The num-
bers of cells rejected during this step are given in the next col-
umn of the table (Table 1). After the manual rejection the
remaining cells were analyzed again with the DCScore module,
and the results were calculated to DIC per 100 cells (Table 1).
For comparison we also performed a manual DIC scoring with
those metaphases that remained after the two rejection steps
(Table 1). The results are very similar to the automatically
obtained data. However, at doses below 2 Gy the DIC frequen-
cy after manual scoring is lower than the automatically ob-
tained data. Though some of these “missing” DIC may be
explained with the scoring bias of manual analysis, also the pos-
sibility of false-positive DIC analyzed by the system should be
taken into consideration. Especially in metaphases with bad
chromosome spreading attaching or overlapping chromosomes
may be detected as DIC, which possibly would have been iden-
tified as two distinct chromosomes by the human researcher.

It is well known that chromosomal aberrations induced by
low LET irradiation like X-rays follow a quadratic relationship
with dose, including a linear part especially at lower doses.
Nevertheless, our results do not reflect the quadratic term. At
higher doses complex aberration types (e.g. polycentric chro-
mosomes with more than two centromeres) are found, which

are not distinguished from DIC by the automated system. We
followed this criterion also in the manual observation to gain
maximum comparability. However, if a calibration with in
vitro experiments is performed prior to the study, the results
produced by the system are reasonable enough to document the
usefulness of automated slide scanning for biological dosime-
try.

Micronuclei (MN) result from small chromosome fragments
that are not incorporated into the nuclei during cell division.
They are enveloped by the nuclear membrane and appear as
small nuclei outside the main cellular core. MN are mainly
induced by aberrant chromosome fragments, which typically
arise during exposure to various DNA damaging agents. There-
fore they are widely accepted as an endpoint for fast DNA dam-
age estimation (Fenech and Morley, 1985). Today, the in vitro
MN assay is widely used for the analysis of various cell and
DNA damages (Fenech et al., 1999), or for the estimation of
genetic predisposition in cancer patients (Rothfuss et al.,
2000).

Figure 2 shows the results of an MN experiment performed
with irradiated venous human blood from 4 donors. The data
was obtained with the Metafer MN analysis software MicroNu-
clei. Since the system automatically selects bi-nucleated cells,
MN are only measured in cells which went through a cell divi-
sion after the treatment. The MN rate is clearly increasing with
dose, revealing a linear-quadratic dose-effect relationship (see
figure legend for details).

Although the MN assay superficially leads to fast results,
studies have to cope with variations resulting from factors
which may heavily vary between donors and experiments (Fen-
ech, 1998). Therefore large cell populations should be involved
in any MN study to generate statistically relevant data. How-
ever, manual scoring for MN in large cell populations is time
consuming and may result in significant scoring biases, proba-
bly leading to a lack of reproducibility.

Our results show that the automated scoring of MN in irra-
diated cells with Metafer leads to useful results. Full documen-
tation of each single bi-nucleated cell in the image gallery after
the scan allows the interactive confirmation of the scanning
data in a fraction of the time a manual analysis of the same cell
number would require.
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Fig. 2. Micronucleus rate per 1,000 cells after irradiation of human lym-
phocytes with various doses of X-rays. Micronuclei were automatically
detected by Metafer MicroNuclei. Pooled data of four donors and standard
errors are given (regression: y = 8.858x2 + 40.617x + 22.416; r2 = 0.99).

Fig. 3. Results of human venous blood irradiated with various doses of
60Co Á-rays and automatically analyzed following the single cell gel electro-
phoresis (Comet) assay modified from Singh et al. (1988). The analysis was
done using the Metafer CometScan slide scanning system. Data from two
independent experiments are shown and a regression line was calculated
from both experiments (y = 0.1137x2 + 1.3624x – 0.1369; r2 = 0.99).

The single cell gel electrophoresis (Comet) assay is used to
investigate DNA damage on the single cell level, based on the
principle of the migration of DNA in an agarose gel under elec-
trophoretic conditions (Hartmann et al., 2003). Under the
microscope the cell appears like a comet, with the nuclear
region revealing the head, and the tail formed by DNA frag-
ments migrating to the anode of the electric field. The ratio
between head and tail DNA is calculated and used as a measure
for DNA damage inside the cell (see above for details). It is
recommended to use image analysis systems for the evaluation
of Comet assay results, since it is not possible to precisely deter-
mine signal intensities of head and tail by eye. Image analysis
systems for Comet assay analysis follow two different ap-
proaches: a) interactive systems which require user interaction
for capturing images and selecting the cells prior to measure-
ment (like the CometImager system of MetaSystems), and b)
systems that are scanning the slides automatically and unat-
tended.

In this communication we present data obtained with Me-
tafer CometScan by analyzing human blood cells which have
been irradiated with various doses of 60Co Á-rays (Fig. 3). Olive
tail moment values for two independent experiments are given
in the figure. The Olive tail moment reflects the ratio of head
and tail DNA and is calculated automatically by the system
with the following formula: [% DNA in the tail] × ([tail center
of gravity] – [head center of gravity]). Means of both experi-
ments were used to calculate a regression line. The tail mom-
ents follow a linear-quadratic dose-effect relationship.

To demonstrate the possibilities for automated scanning of
Comet assay preparations in combination with fluorescent sig-

nal analysis (Comet FISH), Fig. 1d shows a gallery image of a
Comet FISH cell together with the parameters which were
obtained by the system. Comet FISH can be used as an exten-
sion of the standard Comet assay by applying fluorescence-
labeled DNA probes that are hybridized to specific gene
sequences. The signals can be localized within the comet, and
the localization is correlated with the conventional Comet
assay data. Results from those experiments bear the potential
to analyze whether a certain DNA sequence lies within, or close
to, a damaged site (McKenna et al., 2003). The automated anal-
ysis of FISH spots inside cells which underwent the Comet
assay is possible by combining the capabilities of the Metafer
MetaCyte FISH spot analysis system with the CometScan soft-
ware module. In this configuration, parameters like the Olive
tail moment, the number of FISH signals in head and tail of the
comet, and the migration distance for the spots can be mea-
sured (Fig. 1d).

In conclusion the data presented here summarizes the
results of various studies performed with the automated slide
scanning system Metafer and its software modules MSearch,
DCScore, MicroNuclei, MetaCyte, and CometScan. We could
show that the automated scoring for dicentric chromosomes,
for micronuclei, and for Comet assay cells produce reliable and
reproducible results, which proves the usability of automated
scanning in mutagenicity studies, biological dosimetry, and
DNA repair research. Metafer’s capability to scan for Comet
FISH slides increases the benefits gained from Comet assay
data, combining FISH spot counting with DNA damage analy-
sis. Anyway, also the automated analysis of FISH signals is
probably a useful tool for a wide range of applications in the
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field of mutagenicity estimation. As an outlook for future appli-
cations in automated FISH image analysis we propose the assay
performed by Rothkamm and Löbrich (2003), who labeled
DNA breakage sites after low irradiation treatment with the
help of Á-H2AX immunofluorescence. Radiation-induced
DNA double strand breaks appear as fluorescent, distinct foci
(Fig. 1e), whose number increases remarkably after irradiation
(Fig. 1f) and decreases with repair time (Fig. 1g and h). The
advantage of this technique lies in the possibility to directly
visualize radiation induced damage sites without any delay.
With Metafer MetaCyte and its capabilities to count fluores-
cent spots in interphase nuclei, the foci could be analyzed auto-
matically, providing an automated biological dosimetry unit
with a resolution down to a single double-strand break per cell.
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Abstract. Precise breakpoint definition of chromosomal
rearrangements using conventional banding techniques often
fails, especially when more than two breakpoints are involved.
The classic banding procedure results in a pattern of alternating
light and dark bands. Hence, in banded chromosomes a specific
chromosomal band is rather identified by the surrounding
banding pattern than by its own specific morphology. In chro-
mosomal rearrangements the original pattern is altered and
therefore the unequivocal determination of breakpoints is not

obvious. The multicolor banding technique (mBAND, see Chu-
doba et al., 1999) is able to identify breakpoints unambiguous-
ly, even in highly complex chromosomal aberrations. The
mBAND technique is presented and illustrated in a case of
intrachromosomal rearrangement with seven breakpoints all
having occurred on one chromosome 16, emphasizing the
unique analyzing power of mBAND as compared to conven-
tional banding techniques.

Copyright © 2003 S. Karger AG, Basel

The standard method for cytogenetic investigations is the
analysis of banded chromosomes. Its purpose is to distinguish
between a normal and an abnormal karyotype. Numerical chro-
mosomal aberrations and simple translocations are reliably
defined using these standard techniques. Additionally, sophis-
ticated molecular cytogenetic methods such as mFISH (Spei-
cher et al., 1996) or SKY (Schroeck et al., 1996) can be applied
to support the interpretation.

The classic banding procedure results in a pattern of alter-
nating light and dark bands. However, the specific identifica-
tion of some marker chromosomes and translocations of simi-
lar bands is often hard to achieve. Moreover, complex chromo-
somal rearrangements are often misinterpreted. The multicolor
banding (mBAND) technique (Chudoba et al., 1999), else-

where referred to as MCB (Mrasek et al., 2001) is able to identi-
fy breakpoints unambiguously, even in highly complex chro-
mosomal aberrations.

Material and methods

The multicolor banding technique uses region-specific partial chromo-
some paints (RPCPs) which were generated by microdissection (Lüdecke et
al., 1989; Senger et al., 1990). Each region-specific library was generated
from eight to ten chromosome fragments. The respective regions were iso-
lated with extended glass needles (Lüdecke et al., 1989) and the DNA was
amplified by DOP-PCR (Telenius et al., 1992; Zhang et al., 1993; Chudoba
et al., 1996; Senger et al., 1997). As a special feature the chromosome RPCPs
are partly overlapping with the neighboring ones. The exact chromosome
location of each library was assessed by reverse painting to normal meta-
phase spreads.

Multicolor banding technique kits were generated for all human chromo-
somes (Fig. 1A). Depending on the length of the chromosomes, different
numbers of libraries were constructed (e.g. from two for chromosome 21, 22
and Y to eight for chromosome 1). Altogether, we generated 109 region-
specific partial chromosome paints.

The different libraries were combined for each chromosome and labeled
with up to five different fluorochromes (DEAC-dUTP, Applied Biosystems,
FITC-dUTP, Roche, SpectrumOrange-dUTP, Abott and Texas Red-dUTP,
Molecular Probes; the fifth label was used indirectly via biotin-dUTP,
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Fig. 1. (A) A composite karyotype showing all
chromosomes displayed in mBAND. (B–F) Chro-
mosomes 16 of the case described. In all chromo-
some pairs and in the schemes in E the normal
chromosome is shown on the left side, and the
aberrant chromosome on the right side. (B) GTG-
banded chromosomes 16; (C) mBANDed chro-
mosomes 16 at high resolution level (850 bands);
(D) mBANDed chromosomes 16 at reduced reso-
lution (F200 bands); (E) ISCN ideogram and
mBAND ideogram. Square brackets indicate
breakpoints on the normal chromosome. The re-
sulting fragments are sequentially numbered next
to the normal ideogram (left) and rearranged
according to the observation made by the
mBAND analysis resulting in an aberrant ideo-
gram (right). Inv indicates an inversion of the
respective fragment as compared to its original
orientation. (F) Signal pattern of the BAC-probes
(localization shown below) of the two probe sets
hybridized to chromosome 16.

Roche, and detected with StreptavidinCy5, Amersham). All mBAND kits
are available from MetaSystems, Altlussheim, Germany (XCyte probes).

Hybridization, post-hybridization washes and signal detection of the
mBAND kits were carried out following standard protocols (Senger et al.,
1993).

For microscopic analyses an Axioplan 2 imaging microscope (Carl Zeiss
GmbH, Jena) equipped with an HBO 100 mercury lamp and appropriate
filter sets (Chroma Technologies) were used. Images were captured and pro-
cessed using the Isis/mFISH imaging system (MetaSystems). The software
controls the motorized filter revolver, thus automating the capture process
completely.

Results and discussion

Microdissection of eight to ten nearly identical chromosom-
al fragments are largely sufficient to generate a DNA library
which can be used as a DNA probe for forward FISH after
labeling with a fluorochrome. Due to the different condensa-
tion grades of the chromosomes used for microdissection the
excised fragments vary to a certain extent. This results in a dis-
tribution of the fluorescence intensity along the chromosome
with the highest intensity in the center and a decreasing fluores-
cence intensity towards the ends of the RPCPs. This feature
and the fact that neighboring RPCPs are partly overlapping



392 Cytogenet Genome Res 104:390–393 (2004)

result in a variation of fluorescence intensity ratios along the
longitudinal axis of the chromosome. The analysis module
“mFISH-mBAND” of MetaSystems FISH imaging system Isis
divides the chromosome into a definable number of fragments
and calculates the fluorescence intensity ratio within these frag-
ments. In this manner an “mBAND-classifier” is generated. It
assigns a specific false color to pixels showing a similar intensi-
ty ratio of the fluorochromes thus resulting in a color banded
chromosome.

It has been shown that this method is highly reliable and
reproducible (Chudoba et al., 1999). In addition, the method is
flexible as the number of color bands can be pre-selected. This
might be of great advantage, when highly complex chromosom-
al aberrations are analyzed. Figure 1B–F shows an example of
an intrachromosomal rearrangement with high complexity. An
aberrant chromosome 16 as the only chromosomal rearrange-
ment was found during cytogenetic investigation in a man with
azoospermia. The G-band pattern was not compatible with a
simple para- or pericentric inversion (Fig. 1B). Detailed clinical
data are described elsewhere (Hickmann et al., 2002). After
hybridization and mBAND analysis the aberration was inter-
preted as an intrachromosomal rearrangement involving five
breakpoints, all located on one chromosome 16. In Fig. 1C an
mBAND image is presented with 20 color bands for chromo-
some 16 which compares to a resolution level of about 850
bands for the haploid chromosome complement. However, due
to the high number of breakpoints in the aberrant chromosome
16 the mBAND image of the aberrant chromosome is difficult
to interpret. Therefore, we reduced the number of displayed
color bands to six for chromosome 16 and now the rearrange-
ment becomes more obvious (Fig. 1D and E). These results
were unexpected, because to the best of our knowledge, an
intrachromosomal rearrangement of human chromosomes
with such a complexity has not been described in the literature
so far. Therefore, we confirmed our results obtained by
mBAND with locus specific probes.

A total of six different locus-specific probes, all for chromo-
some 16, were chosen. Three of them were localized on the p-
arm, two on the q-arm, and one was a centromere-specific
probe which covered the heterochromatic region as well. The
results were in good agreement with the mBAND results. Addi-
tional information was gained from the probes specific for sub-
telomeric regions which indicated that these regions were still
localized at the very end of the derivative chromosome. There-
fore, two additional breakpoints had to be defined. The final
interpretation was a constitutional intrachromosomal aberra-
tion with seven breakpoints all on one chromosome 16.

The power of the mBAND technique has been demon-
strated in other fields of cytogenetics as well. A systematic rein-
vestigation of a total of 40 cases with chromosomal aberrations
of chromosome 5, formerly analyzed by classical methods, has
been performed. This study revealed that in 75% of these cases
at least one breakpoint had to be redefined after mBAND anal-
ysis (Lemke et al., 2001).

Johannes et al. (1999) investigated the aberration pattern in
lymphocytes irradiated with X-rays in vitro. They were able to
describe the aberrations observed with a much higher precision
compared to earlier applied methods. Hande et al. (2003)

examined the aberration pattern in workers from plutonium
plants in the former Soviet Union. The workers were exposed
to irradiation due to accidents which occurred in the course of
50 years. Among others Hande et al. detected an unexpected
high frequency of nonclonal intrachromosomal aberrations. In
both publications the investigators used the chromosome 5-
specific mBAND kit (XCyte 5, MetaSystems, Germany) and
they both had to observe a high number of metaphases in order
to achieve reliable statistic values. The mBAND technique
proved to be an optimal tool for these purposes, because the
chromosomes hybridized are easily identified due to their fluo-
rescence signals. Furthermore, compared to whole chromo-
some painting probes which are frequently used for the investi-
gation of irradiation-induced chromosomal aberrations, the
mBAND technique provides band-specific information thus
enabling descriptions of intrachromosomal aberrations and
precise definition of breakpoints precisely even in complex
chromosomal rearrangements.

Another field of application for the mBAND technique was
demonstrated for cancer cytogenetics by Lestou et al. (2002).
They carried out mBAND analyses using the chromosome 1-
specific mBAND kit (XCyte 1, MetaSystems, Germany) on a
cohort of non-Hodgkin lymphoma. They demonstrated that
chromosome 1 was more frequently involved in chromosomal
aberrations than previously determined by standard G-band-
ing (especially in the form of complex marker chromosomes).
Furthermore, these investigations revealed three “hot spots”
for amplifications of different chromosomal regions of chromo-
some 1.

A further interesting application of the multicolor banding
has been shown by Mrasek et al. (2001) by reconstructing the
female karyotype of gorilla (Gorilla gorilla). They applied the
term MCB (multicolor banding) and the investigation was car-
ried out with their own set of probe kits (described in detail in
Liehr et al., 2002). The analysis strategy is however identical
and they used the same imaging system (Isis-mFISH/mBAND,
MetaSystems, Germany) for the generation of the color bands.

Alternative approaches for the realization of multicolor
banding have been performed by using locus-specific probes
(e.g. YACs or PACs) which are distributed along the chromo-
some (Lichter, 1991; Lengauer et al., 1993; Speicher et al.,
2000) as well as cross-species hybridization using gibbon chro-
mosome-specific paints (Müller et al., 2000) together with
“fragmented hybrids” from human/rodent somatic cell hybrids
(Müller et al., 1997; Wienberg and Müller, 2002). However,
these methods leave gaps because they are not covering a chro-
mosome completely (Lichter et al., 1991; Lengauer et al., 1993;
Müller et al., 1997; Speicher et al., 2000) or the banding resolu-
tion is limited and ambiguities arise due to the limited number
of distinguishable color combinations (Wienberg and Müller,
2002).

The examples presented emphasize that the mBAND tech-
nique provides an excellent tool for detailed and specific analy-
sis of chromosomal aberrations and is of unmatched precision
when combined with conventional banding analysis and
mFISH.
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