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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
v-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.



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

Cytogenet Genome Res 104:5-6 (2004)
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Pathways of DNA double-strand break repair
and their impact on the prevention and
formation of chromosomal aberrations

P. Pfeiffer, W. Goedecke, S. Kuhfittig-Kulle and G. Obe

Universitdt Duisburg-Essen, Essen (Germany)

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
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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

8 Cytogenet Genome Res 104:7-13 (2004)

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 NHE]J 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).



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 ~ 30 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,
Mrel 1p 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 RADS51 para-
logues in mammalian cells (RAD5S1B/RADS51L1; RADS1C/
RADS51L2; RADS51D/ RADS1L3; 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 RADS51 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
etal.,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-Mrel 1p-Nbslp protein complex is essential
for several different processes such as HR, SSA, NHEJ, telo-
mere maintenance, induction of meiotic DSB, regulation of the
G,/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 RADS50 and MREI11 are the SbcC and SbcD genes,
respectively (Connelly and Leach, 2002). Mrel 1p 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 RADS0 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 MREI11 gene ((MRE11), 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 Nbslp after
damage induction indicates a further role of the Rad50p-
Mrel 1p-Nbslp 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 G,-phase.
They share little similarity with each other, and no orthologues
have yet been identified in invertebrates. Complete inactiva-
tion of BRCA1 or BRCAZ2 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 ~30-40 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 Rad5 1p-Brca2p com-
plex and thus to a controlled loading of a DNA single-strand
with Rad51p (Davies et al., 2001).

The role of Brcalp in the HR reaction is less well defined.
One of many different interactors of Brcalp is the Rad50p-
Mrel 1p-Nbslp complex (Zhong et al., 1999; Wang et al.,
2000). Since Brealp binds directly to DNA and inhibits the
nuclease activity of Mrel Ip in vitro, it is possible that Brcalp
regulates the length of the DNA single strands generated by
Mrellp 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. Brcalp
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, Brcalp appears to be involved in chro-
matin remodelling after damage induction because Brcalp foci
appear very early at sites of induced DSB (Celeste et al., 2003).
Together with Bard1p, Brcalp 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 Brcalp 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 Brcalp.

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 BRCA1l and BRCA2 or
RADS1C 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 Brcalp-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 Brcalp 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).
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Homology-independent mechanisms

In contrast to HR which is most active through late S/G,-
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 G; and Gy 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). NHE] 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 Gy and G;. Independence
of sequence homology and the fact that the majority of cells are
in G| 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
(~ 1%). 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-
g0, 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 Xrccdp, which
forms a protein complex with DNA ligase IV (Lig4p) and great-
ly stimulates ligation activity (Grawunder et al., 1997).
XRCCS3, 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



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 Ligdp (Thode et al., 1990; Feldmann et al.,
2000). The latter two steps require the interaction of Ku with
DNA-PKs. DNA-PK s also participates in signal transduction
after DNA damage and the recruitment of further repair
enzymes to the DSB site (Jackson, 2002).

Before Ligdp 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 Polu 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-f-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-Mrellp-Nbslp complex also participates in NHEJ.
This is supported by the fact that Mrel 1p 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
RADS2 background (Critchlow and Jackson, 1998; Goedecke
et al., 1999). Although the precise role of the Rad50p-Mrel 1p-
Nbslp complex in NHEJ is yet unclear it is possible that the
nucleolytic activities of Rad50p and Mrellp are involved in
the removal of unpaired bases. Furthermore, Rad50p possesses
long flexible hooks (Cys—X-X-Cys motif), which — together
with Mrellp — 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-Mrellp-Nbsl 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
(Gottlich 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
NHE] pathway recruits components of the SSA pathway (e.g.
Rad50p-Mrel 1p-Nbslp; 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-Mrel 1p-Nbslp).
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/G,-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 Gy and G;. 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 NHE] repair genes because these cells
exhibit highly elevated frequencies of spontancous 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 RADS5?2 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-NHE]J 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-NHE] 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-NHE] 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

This work was supported by grants RO1 CA42026, RO1 CA56706 awarded from
NIH, DHHS, a grant from the IFORES program of the University of Duisburg-
Essen and a grant from the Volkswagenstiftung.

Received 31 October 2003; accepted 22 November 2003.

Request reprints from: Dr. George Iliakis, Institute of Medical Radiation Biology
University of Duisburg-Essen Medical School
Hufelandstrasse 55, DE-45122 Essen (Germany); telephone: +49-201-723 4152
fax: +49-201-723 5966; e-mail: Georg.Iliakis@uni-essen.de.

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-
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Fig. 1. Rejoining of DSB as measured by pulsed-field gel electrophoresis
in M059J and MO59K 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
NHE] 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, MO5S9K,
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 MO59K 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
RADS5 I--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 MO059J 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
MO59K cells. Yet, in M059]J 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
MOS59IK cells, suggesting nearly complete rejoining of DSBs.
Thus, in M059]J 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
MO059] 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

16 Cytogenet Genome Res 104:14-20 (2004)

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 MO59K cells treatment with 20 uM 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 RADS5 1 (Sonoda et al., 1998). It is evident that
this deficiency is not accompanied by a measurable defect in
DSB rejoining. Analysis of RADS 1B~ 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 RADS52 epistasis group (Takata et al.,



2000). Yet, RAD5 1B/~ cells rejoin DSBs as efficiently as wild
type cells. RADS52-- 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 RADS54, 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
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Fig. 3. End joining in vitro of linearized plasmid DNA by activities
present in extracts of HeLa and M059]J 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,
MO059J-Ku), extracts treated with 2 puM wortmannin (HeLa+Wort,
MO059J+Wort), as well as extracts treated with a serum containing anti-Ku
antibodies (HeLa+AbKu, M059J+AbKu).

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 M059]J cells. Despite Ku depletion, DNA
end joining was not diminished in reactions assembled with
either HeLa or M059]J 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-NHE]J.

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 M059]J 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 M0591J 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
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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-NHEIJ 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
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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-



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-
NHE]J 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-NHE] 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
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The role of homologous recombination repairin
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,
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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 RADS51-independent
pathway. The RADS5 1-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.

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 >1.7 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-
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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.

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 G,
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 G| 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 >45% 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-



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 Rad5 1
gene family, including Rad5 I (Lim and Hasty, 1996; Tsuzuki et
al., 1996) and the Rad5 I-like genes Xrcc2 (Deans et al., 2000),
Rad51!1(Shuetal., 1999) and Rad51/3 (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 G 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 G 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 RADS51-dependent HRR. Endonu-
clease-induced dsb in hypomorphic Brca? 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 Brea2 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
Erccl~~ 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
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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 y-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
Xrec2-- MEFs exposed to endogenous oxidative damage in
vitro are delayed from entering S phase by a G, 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”



(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-Scel endonuclease in mouse ES cells (Richardson and
Jasin, 2000b). Recombination substrates carrying homologous
mutant genes incorporating I-Scel 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-Scel
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 1231 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.

BIR

\\ 62 +
Thymidine
TB BB (2hrchase)
>

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).

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 Erccl~/~
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 G,
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
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Recombination repair pathway in the
maintenance of chromosomal integrity against
DNA interstrand crosslinks
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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/Erccl-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, Xrec2 and Xrce3 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-, Xrce2- and Xrec3-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, Xrce2 and Xrec3. 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 Mrell/
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-
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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 Erccl (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 Radl/Rad10, the yeast
homologs of Xpf/Erccl, 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

Cell lines Chromosome aberrations (CAs/cell) Sister chromatid exchanges (SCEs/cell)
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 1.12740.100 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 3.3842.26 1.7242.63
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
Xree2 - 0.213+0.038 1.633+0.105 1.420+0.112 1.91+1.26 1.87+1.43 —0.04+1.91
Xree3 - 0.195+0.031 1.320+0.115 1.12540.119 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 Erccl 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, Xree2 and Xrce3 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 Mrel1, 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 B-mercaptoethanol, 10% fetal calf
serum and 1% chicken serum, and were maintained at 39.5°C in 5% CO»-
95% air. The generation of Ku70--, Rad54~-, Rad51B(Rad51L1)",
Rad51C(Rad51L2)~-, Rad51D(Rad51L3)~~, Xrcc2-~ and Xrce3~- 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 uM 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 pg/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 pg/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 pg/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: MM C-treated cells.
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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.

the HR genes, namely, Rad54~-, Rad51B~-, Rad51C",
Rad51D~-, Xrcc2-- and Xrce3~~ 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, ~ 50% for Rad54--, ~ 80% for Rad51B-'-,
Rad51C/- and Rad51D”-, and 90% or more for
Xrcc2~ and Xrce3~~ 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 Xrce3~- 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 Xrce3--
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 Xrce3-- 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
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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/Erccl 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 Mrel 1-mediated homologous end-joining
pathway, which is less prone to SCE and CA formation. Mrel1 pathway:
repair pathway by Mrel 1/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, Erccl, Xrce2 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/
Erccl-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,
Xrec2, Xree3, and Brcal and Brea2 (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 Xrcce3, 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 Rad5 1D, 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
Mrel1/Rad50/Nbsl complex (Mrell 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
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Mrell mutant shows ICL sensitivity (McHugh et al., 2000),
and Nbsl-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 Mrell pathway does not result in SCE unless
both sister chromatids contain DSBs. The molecular mecha-
nism of the interplay between HR- and Mrel 1-pathway is not
known, but the impaired Mrel1 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, Mrel1 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 Mrell complex could assist in making a choice for one of
the two pathways. The deficiency in HR pathway may stimu-
late the Mrel1 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), FancD?2,
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 Nbsl, FancD1 (Brca2)
with Rad51, FancA with Brcal 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-Scel-
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 (Novotna 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 spontancous 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.



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
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Repair rates of R-band, G-band and C-band DNA
in murine and human cultured cells
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Abstract. Repair of cyclobutane pyrimidine dimers (CPDs)
in cultured neonatal human fibroblasts and in Mus spretus x
M. castaneus F| 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 > G-band DNA > 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 M; 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 a-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
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(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 B-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).
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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 x 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).

b
Wb‘g:fWJb=l—(l+Pb)e*Pb 1)
0

The number average molecular weight of a population of
polymers, M, 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-



cules. The weight average molecular weight, M, 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, = 2M,,. If one determines
Eq. 1 for all sizes and plots the log of b on the X axis and Wy,
along the Y axis, then a sigmoidal curve is obtained with Y
values that vary from O 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 M;. When the X-axis is changed to logg
of M, 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 M; which equals weight average molecular weight,
M, (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 Hhal produced mobility distribu-
tions that fit a Kuhn distribution (Holmquist, 1988). In con-
trast, Mspl-cleaved DNA showed a low M, 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 Mspl 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 py;, and
very short DNA molecules migrate with a mobility pmax.
Between these extremes, M, 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 u and M, are u = p, + a/
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Fig. 1. (A) The mass fraction Wy, 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. W, = P2b(1 — P)°-! where Wy, is the mass
fraction of DNA molecules of length b in bp. Kuhn showed that the mass
fraction < b is Wy, < b = integral from 0 to b of W, db = 1 — (1 + Pb)e-f®
(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(~18200P) _ (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 p = p, + a/(1 + (M/x,)P) was fit to the mobility of the
leftmost M, 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 M, range of 10-
11 kb. The shaded rectangle in panel A shows the expected mass fraction in
slices 47-53.

(1 + (M//%,)°) and M, = x,[(a/(u - po)) — 110 where the parame-
ters o = Umin» @ = lmax, 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 u 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 M, markers yielded the
equation pu = 5.76 + [119/(1 + M/7.11))]}-21, In Fig. 1B, pmin =
5.76 slices and ppax = 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 M, 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 x M. castaneus F| 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/m?) 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. Att=0h 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 Ay, 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 Ajgo. 5 pug of
DNA in 3 pl was mixed with 3 ul of 100 mM NaOH, 4 mM EDTA. To this,
4 ul of 1 M NaOH, 50 % glycerol, and 0.05 % bromocresol green was added.
10 pl/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 Phospholmager.
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 M, 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]-a-dCTP. Plasmids pSP6-4-B2
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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]-a-dCTP. The remaining
probes were made after PCR amplification of 1-2 pg 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):
S’ATATTTCCTATTCTACCATTGACCTCAAAG and 5TTCTCAGTAA-
CTTCCTTGTGTTGTGTG, Randomly primed.

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

Human Alu: Blur8 GenBank HUMRSABS, #J00091: S*CTCGCTCTG-
TCACCAGGCTGG and 5’AATCCGAGCACTTTGGGAGGC, Randomly
primed.

Mus musculus major satellite probe: GenBank MMSDNA: 5’CTGAA-
ATCACGGAAAATGAG and 5’GCCTTCAGTGTGCATTTCTCA.

2 ug 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 HC(l), the gels were rencutralized, 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
1x 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 >



Satellite DNA

(L

Fig. 2. A CPD repair panel from 20 J/m? 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 M, of full length A phage DNA and HindlIII-digested A 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 M; mobility of intermediate lanes was estimated from the straight-line segments
connecting M, markers. Repair times are indicated at the top. Small arrows indicate spots and smudges that appear as aberrant

peaks in Fig. 3.

Ll-probed > Satellite probed (R-band > G-band > 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 M; 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 M; distribution is 22.5% of the Alu-
probed signal, has 0.029 breaks/kb, and represents a rapidly
repaired R-band component. The lower M, 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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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 > Ll-probed signal > Satellite-
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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 M, than did the B2- or L1-probed profiles (Fig. 7), and
did not fit a Kuhn distribution (data not shown). There are few-
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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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regression for each lane using Sigma Plot regres-
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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).

60
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Mobility, Slice #

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
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repaired (77.5 % of total) and rapidly repaired (22.5 % of total) kinetic com-
ponents, respectively.

=
B s ks

.I:'L'_I:ﬂ
= .

48.5 kh-
23,13 kb~

914 kb-

6,56 kh-

I £
Mo LY

4 36 k-

T (24 b

0.18

0.16

Alu Average M, fit to
CPD=0.159¢70-097t

0.14
0.12 |
0.10 -
0.08 -
0.06 -

CPDs per kb

0.04 -
0.02

0.00

0 10 20 30 40 50
Repair, hr

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. 7. A CPD repair panel from 10 J/m? UVC-irradiated murine fibroblasts was prepared as in Fig. 2. A murine B2 repeat was
used to probe R-band DNA. The blots were reprobed with murine L1 and M. musculus major satellite DNA.
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(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 BI-
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%

60 80 100 120

Mobility, Slice #

of the DNA from irradiated, O h repair, fibroblasts migrating at
50 kb (slice 15 for O 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 M, 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, 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-
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On the nature of visible chromosomal gaps and

breaks
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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 G,/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.
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mosomal aberrations, but personally, for his friendship, stimulus and encourage-
ment over many years.
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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; (¢) 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 Brogger (1971) and Savage
(1976).
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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

“eap”

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 ¢2, Cornforth, 2001).Complex exchanges
from the 6 ends of 3 breaks are ¢3, 8 ends, ¢4 and so on. Restitu-
tion as defined in the B&R theory becomes c1.
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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 Bragger (1971a, b) and Revell (1959).

Constrictions (Fig. 1a, ¢, d, g) vary enormously in size and
clarity, and are influenced by preparative methods. They tend
to be most frequent in Gj 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 G; 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 G, (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-).
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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 G, 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, Brogger, 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; Laza-
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).
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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 G, 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 G, 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 G, 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 G, 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 G 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 G, cells,
presumably arising from the pyrimidine dimers, or their repair
(Swanson, 1944; Kirby-Smith and Craig, 1957).



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 (Breogger, 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 la) 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. Brogger (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-1). Very
frequently, additional torsional bending is present, and the
“broken” ends may not match up on mental re-assembly
(Fig. 1h, k, 1) 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 1,
Revell Type 1b, Revell, 1959; Savage, 1989). The isolocus
forms (Fig. Im, n, and in some cases Figure 10) are also chro-
matid-type intrachanges (Revell Type 4 for G, 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, >c3, 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. If, 1). 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 (¢j) — 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 ¢j 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 ¢j frequency is invariate with
dose; whilst the absolute frequency of breaks increases, the pro-
portion which are ¢j 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 ¢j
frequencies together with constancy are found also for o-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 ¢j 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 ¢j.

Some gaps also show a ¢j (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 ¢j 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
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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 =2/2 x N.A., where R is the resolution in um, A the wave-
length of transmitted light in pm, and N.A. the numerical aper-
ture of the objective. So, for the common set-up using a green
filter giving 0.54-um light, and a N.A. of 1.3, R=0.21 um. Note
that unless the condenser is also oiled, N.A. cannot exceed 1.0,
so most people are working nearer R = 0.3 um.

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; Brog-
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 (Brogger, 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.



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 G; 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 G, 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 G, 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 G, 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 G, 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 Gotransit. On the completion of
chromosome duplication, the process of sister chromatid segre-
gation and condensation/packing begins and proceeds through
the transit of G, 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 G, 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 G, 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; Bragger, 1971a, 1975; Obe,
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1972; Obe and Liiers, 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 Liiers, 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. le). 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
(Liet 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-
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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.



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, G, 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-o0) show
a much smaller peak at, or a little later than, the time of that for
gaps and show fairly steady levels throughout G,. 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 G, 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 G,, 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
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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 G, 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-um 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 y-rays or
X-rays in G, 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 G, 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).

58 Cytogenet Genome Res 104:56-64 (2004)

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 G, 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 FAU
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 G,
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/um, induced rather dense ionizations. As in
case of y- or X-rays, approximately 30% of chromatid ex-
changes were incomplete after irradiation with neutrons in G,
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 y-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 Gy—-G; 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 G;
phase (Belyaev, 1994; Ionova, 1994). Both complete and appar-



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 G;
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 G; and Gy 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 (Belyaecv and Akifyev, 1988).
Addition of telomeric DNA by telomerases was observed in
experiments where DSBs were induced by the I-Scel 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 G; and G, 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 IT) 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 (MARSs) 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 RADS51-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).
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Induction of CAs at the border of the G,-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, y-rays and neutrons induced significantly less exchanges
at the border of the G;-S phases as compared to the middle S
phase or G, 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 G;-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 G;-S
phase border.

Role of DNA synthesis in the G; and G, 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 G; 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 G;
or in G, phase resulted in the same sensitization of y-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 G, phase (Makedonov and Tarasov, 1982). A sig-
nificant increase in the yield of CAs was observed. UV A specif-
ically affected BrdU-containing DNA indicating that sites of
spontaneous DNA synthesis in the G, 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
G-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-



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 G; 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 G; phase.

Biochemical analysis of DNA which is synthesized in hu-
man lymphocytes in Gy and G, 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 G phase
label in DNA repeats was observed. The AT content of G;
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 G, 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 G, 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 G, 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 G; and S phase DNA
synthesis.

Finally, incorporation of thymidine in DNA of lymphocytes
in G; 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 (y-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 y-H2AX foci have been observed in
anaphases of M. muntjac cells and CHO cells, in the prometa-
phase of HelLa cells and in mitosis of human MCEF cells (Roga-
kou et al., 1999; Jullien et al., 2002; Kao et al., 2003; Roth-
kamm et al., 2003). We observed few 53BP1 and y-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

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 um 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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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
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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-Scel
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.
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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
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mechanism of G, phase chromatid breakage and chromosome
breakage occurring in G; or Gy. For example, when the fre-
quencies of G, chromatid breaks were plotted against micronu-
clei (following Gy 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) 57
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 H
cases. The dotted line delineates the cut-off point 0 L
at the 90th percentile. Cases above this line are 1 2 3

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
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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 Pvull (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 G; 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-
Scel DSB site shows that a single DSB in a cell’s genome is
sufficient to cause a chromatid break (Rogers-Bald et al., 2000).



Chromatin
loops

Fig. 2. Revell’s “exchange” model for chroma-
tid breaks explained. The two interacting and “ex-

4\1¢
\’:.LXZ
%

Induction of 2

DNA lesions £

at crossovers
(type not specified)

\
N o

|

Ve

change-initiating” lesions were not defined (Rev- Interaction of
ell, 1959). Revell classified the various types of \ / lesions and
single chromatid breaks as shown. Two types (1a / — incomplete
and 1b) out of a total of five would according to <+ ‘horizontal’
the model, show color-switches at break points. . misioinin
Hence his prediction that 40 % should show color- ' ! 9
switches, assuming all types of exchanges (i.e.

. . ; 1b ) 1a
rearrangements) were equally likely. This predic- Interchromatid types
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 la and 1b end up with a transferred chroma-
tin loop, lengthening one or the other chromatid. Intrachromatid types 2a 3a 3b

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.c.
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 G, with the nucleoside ana-
logue 9-B-D-arabinosyladenine (ara A) at 100 uM 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 a- and B-polymerase with the greater
effect on the f 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 “G, assay” of
chromatid breaks) although much higher frequencies of chro-
matid breaks are observed in (AT) G, 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 XRCCS gene, the
function of which is not yet known; Thacker and Zdzienicka,
2003) shows an elevated frequency of “G,” 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 uM. 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 uM. DSB were measured by constant-field elec-
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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 (~ 16 %) 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-Scel
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-Scel 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-Scel endonuclease gene (e.g. Richard-
son et al., 1998) or by cell poration in the presence of I-Scel
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-Scel 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 YH2AX site (see Fig. 6). Also,
the types of chromatid breaks induced by the DSB formed at
I-Scel sites, and the proportion of color-switch breaks (i.e. those

trophoresis at 0.6 V/cm on 0.7 % agarose in 0.5x 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.

Relative fraction DNA eluted

30 Gy) of DSB in irs2 and parental V79 Chinese
hamster cells. DSB were measured by neutral elu-
tion.

68 Cytogenet Genome Res 104:65-71 (2004)

Dose (Gy)

Time (h)



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-Scel 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-Scel endonu-
clease.

However, using immunocytochemical visualization of
YH2AX sites it became evident that phosphorylated YH2AX
sites occurred at DSB I-Scel sites, and that these accumulated
over a period of 48 h, reaching a plateau frequency of around

Interchromatid break (color-switch type)

Incision of chromatin at

crossover points

\ .

4
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initiated by DSB
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Misjoining of ends generates rearrangement
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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. 7. Induction of YH2AX sites in Muntjac
MIR1Z2H2 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-Scel 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-Scel sites are being examined for evidence of either
misalignment, indicating intrachromatid inversions using nick-
translated fluorescent plasmid vector containing the 18-bp I-
Scel break site or “split-signal” break sites that would indicate a
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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-Scel) sites can be inducibly incised by endoge-
nous expression of I-Scel endonuclease, as shown by YH2AX
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 = 0.52,0.80 £ 0.73,1.24 £ 2.24and 0.36 +
0.12,0.71 = 0.2, 0.97 £ 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 £ 0.57,0.62 £ 1.05,0.58 = 0.83and 0.26 + 0.08,0.67 £
0.18,0.69 £ 0.24, in human and hamster chromosomes respec-
tively, after treatment with 0, 10, and 20 J/m?2 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
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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 pg/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/m?/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 uM) 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 pg/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 uM) 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 ug/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 pg/ml
in 2x SSC, 1 h at 37°C, moist chamber), pepsin (0.005 % in 0.01 M HCI, 3 to
5 min at 37°C), fixed in 1% formaldehyde (in 50 mM PBS/MgCl, at room
temperature for 10 min), dehydrated in ethanol and denatured (2 min at
70°C, in 70 % deionized formamide, 2x 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 pl/slide of hybridization mix (50 % deionized formam-
ide, 2x 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, 2x SSC,
20 min at 42°C, rinsed 3 x 5 min in 0.1x SSC at 60°C and 5 min in 4x
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 pg/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. (¢) 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 (¢) 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 x M + 2 x M, + 3 x M3)/100, where M|, M, 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/m? 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
SCE:s 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. la, b, combining the fluorescent staining
for the SCEs and the hybridization for the human chromo-
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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.

Harvest Dose  Chinese hamster cells Human-hamster hybrid cells
time (h) (J/m?) (XR-Cl) (XR-C1#8)
Scored SCEs per cell PRI Scored SCEs per cell PRI
cells cells
28 0 50 10.74+3.87 1.99 150 12.98+3.90 1.98
28 5 50 24.62+578 1.96 150 2531+6.75 1.72
28 10 50 3746 +9.58 1.69 108 32.37+831 1.06
36 0 26 12.62+3.09 2.98 72 1486 +529 2.97
36 5 50 28.96 £ 6.67 2.80 94 28.30+7.70  2.21
36 10 36 4458 £11.48 2.15 100 39.04 +10.41 2.10

* PRI proliferation index.

some, the frequency of SCEs for each human chromosome §
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-



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 + standard errors
are given.

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 +
standard errors are given.

Dose Chromosomes  SCEs per SCEs per P (t-test)® Dose  Scored SCEspercell  SCEsper human SCEs per hamster P (t-test)®
(J/m?) analyzed human chromosome hamster chromosome® (I/m?)  cells chromosome chromosome®

0 322 0.35+0.52 0.36+0.12 ns. 0 72 9.62+2.87 0.40 +0.57 0.26 £ 0.08 ns.

5 290 0.80+0.73 0.71+0.20 ns. 10 73 24.36 + 6.57 0.62 +1.05 0.67+0.18 ns.
10 258 1.24+£2.24 0.97+0.27 n.s. 20 73 2542+8.76  0.58+0.83 0.69 +0.24 n.s.

Frequencies of SCEs are corrected for length.
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 thelast 3and 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

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

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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Mechanisms and consequences of methylating
agent-induced SCEs and chromosomal
aberrations: along road traveled and still a far

way to go

B. Kaina

Division of Applied Toxicology, Institute of Toxicology, University of Mainz, Mainz (Germany)

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 OS-methylguanine (O°MeG) and N-
methylpurines as critical lesions. For Sy2 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 Sy1 agents, such as N-methyl-N’-nitro-N-
nitrosoguanidine (MNNG), O%-methylguanine (O°MeG) 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 O%-methylguanine-DNA methyltransferase
(MGMT). The conversion probability of O®MeG into SCEs
and chromosomal aberrations is estimated to be about 30:1 and
>10,000:1 respectively, indicating this mispairing pro-muta-

genic lesion to be highly potent in inducing recombination giv-
ing rise to SCEs. OMeG 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 O®MeG-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.
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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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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
O%-methylguanine (O°MeG) 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. Sy2 agents such as methyl methanesulfonate (MMS)
induce preferably N-methylpurines and are powerful clastog-
ens, suggesting N-methylpurines to be responsible for aberra-
tions. Sy1 agents produce relatively high levels of O-alkylations
in DNA, including the mispairing lesion OéMeG, 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 O®MeG, 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-
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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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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-
(O%methylguanine-DNA methyltransferase deficient),
MGMT+ (O%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 (Sx1 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 O%-methylguanine
and O*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 Sy1 agents compared to the same
cells expressing MGMT (Fig. 2). The same holds true for toler-

MNNG (uM)

ant cells, which are impaired in mismatch repair (Fig. 2). From
this it has been concluded that O®MeG (the minor lesion O*MeT
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 O°MeG is a major point-mutagenic lesion,
which is true for both Sy1 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 O°MeG
needs two cell cycles in order to be converted into SCEs and
chromatid-type aberrations. It also indicated that the methyl-
ation lesion O°MeG 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, OSMeG 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 O®MeG 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 M 1.

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 M 1. 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 O®MeG lesions in M2. For
Sn2 agents (MMS, DMS), the aberration maximum is expected
to occur in M 1 because of the relatively high amount of N-alkyl-
ations compared to OMeG induced in DNA.

Role of mismatch repair

MGMT- cells defective in mismatch repair (MMR) are
highly resistant to Sxy2 methylating agents (in the following
named as O%methylating agents); they obviously tolerate the
pre-toxic lesion OMeG 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 O®MeG 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 OSMeG lesions. The heterodimer MutSa, com-
posed of MSH2 and MSHS6, binds to O®MeG/T mispairs
(Duckett et al., 1996; Christmann and Kaina, 2000) which are
formed in consequence of the mispairing properties of OMeG
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 O°MeG, thymine
will again be inserted opposite to O’MeG lesions — and the
whole process starts again. This faulty MMR cycle at OSMeG/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 0MeG
The probability for O°MeG 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
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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 OMeG
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 O®MeG 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 O%MeG lesions and SCEs is striking. Taking into
account that O’MeG mispairing with thymine occurs in only
1/3 of base pairings (provided equal amounts of deoxynucleo-
tides are present) (Abbott and Safthill, 1979), the conversion
probability of OSMeG/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 OMeG/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 O®MeG/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 O’MeG
lesions is shown in Fig. 3.

Are SCEs toxic events?

The low probability of conversion of OMeG 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 O®MeG/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 uM) 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 Ml
(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 OSMeG/T-derived secondary lesions
being the trigger (Kaina et al., 1997).
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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.
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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 B (Polf) 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).

Asnoted 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 3 (PolB)
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 O%-benzyl-
guanine (O°BG), which suggests that O®MeG-derived second-
ary lesions, notably DSBs, are processed by ATM. A similar
potentiating effect in ATM cells has been observed for SCEs
scored in 21d post-treatment mitoses (Debiak et al., 2004),
again ascribing a role for ATM in O%MeG-induced genotox-
1c1ty.
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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.

Point mutations

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 O°MeG has been studied in detail. It is clear that
O%MeG 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 >48 h after treatment, whereas aberrations
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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 OMeG
(together with the minor lesion O4methylthymine) 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 (Fiirstenberger 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)
(Fiirstenberger 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 (Fiirsten-
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
(Fiirstenberger 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 Fiirstenberger, 1990; Petrusevska et al., 1988). Overall, the
data support the concept that chromosomal aberrations are
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there is still much to do in order to fully resolve the puzzle.

Acknowledgements

I am grateful to Markus Christmann for his help with the drawings and
Wynand Roos for critical reading the manuscript.

Abbott PJ, Saffhill R: DNA synthesis with methylated
poly(dC-dG) templates. Evidence for a competi-
tive nature to miscoding by OS-methylguanine.
Biochim biophys Acta 562:51-61 (1979).

Armstrong MJ, Galloway SM: Mismatch repair pro-
vokes chromosome aberrations in hamster cells
treated with methylating agents or 6-thioguanine,
but not with ethylating agents. Mutat Res 373:167-
178 (1996).

Becker K, Dosch J, Gregel CM, Martin BM, Kaina B:
Targeted expression of human O%-methylguanine-
DNA methyltransferase (MGMT) in transgenic
mice protects against tumor initiation in two-stage
skin carcinogenesis. Cancer Res 56:3244-3249
(1996).

Becker K, Gregel C, Fricke C, Komitowski D, Dosch J,
Kaina B: DNA repair protein MGMT protects
against N-methyl-N-nitrosourea-induced conver-
sion of benign into malignant tumors. Carcinogen-
esis 24:541-546 (2003).

Branch P, Hampson R, Karran P: DNA mismatch
binding defects, DNA damage tolerance, and mu-
tator phenotypes in human colorectal carcinoma
cell lines. Cancer Res 55:2304-2309 (1995).

Christmann M, Kaina B: Nuclear translocation of mis-
match repair proteins MSH2 and MSH6 as a
response of cells to alkylating agents. J Biol Chem
275:36256-36262 (2000).

Christmann M, Tomicic MT, Roos WP, Kaina B:
Mechanisms of human DNA repair: an update.
Toxicology 193:3-34 (2003).

84 Cytogenet Genome Res 2004:77-86 (2004)

Coquerelle T, Dosch J, Kaina B: Overexpression of N-
methylpurine-DNA glycosylase in Chinese ham-
ster ovary cells renders them more sensitive to the
production of chromosomal aberrations by methy-
lating agents — a case of imbalanced DNA repair.
Mutat Res 336:9-17 (1995).

Debiak G, Nikolova T, Kaina B: Loss of ATM sensi-
tizes against O°-methylguanine triggered apopto-
sis, SCEs and chromosomal aberrations. DNA Re-
pair 3:359-368 (2004).

De Weerd-Kastelein EA, Keijzer W, Rainaldi G, Boots-
ma D: Induction of sister chromatid exchange in
xeroderma pigmentosum cells after exposure to
ultraviolet light. Mutat Res 45:253-261 (1977).



Duckett DR, Drummond JT, Hurchie ATH, Reardon
JT, Sancar A, Lilley DM, Modrich P: Human Mut-
So. recognizes damaged DNA base pairs containing
Of-methylguanine, O%methylthymine, or the cis-
platin-d(GpG) adduct. Proc Natl Acad Sci USA
93:6443-6447 (1996).

Dumenco LL, Allay E, Norton K, Gerson SL: The pre-
vention of thymic lymphomas in transgenic mice
by human Of-alkylguanine-DNA alkyltransferase.
Science 259:219-222 (1993).

Dunkern TR, Roos WP, Kaina B: Apoptosis induced
by MNNG in human TK6 lymphoblastoid cells is
p53 and Fas/CD95/Apo-1 related. Mutat Res
544:167-172 (2003).

Elder RH, Jansen JG, Weeks JR, Willington MA,
Deans B, Watson AJ, Mynett KJ, Bailey JA, Coop-
er DP, Rafferty JA, Heeran MC, Wijnhoven SW,
van Zeeland AA, Margison GP: Alkylpurine-DNA-
N-glycosylase knockout mice show increased sus-
ceptibility to induction of mutations by methyl
methanesulfonate. Mol Cell Biol 18:5828-5837
(1998).

Engelward BP, Dreslin A, Christensen J, Huszar D,
Kurahara C, Samson L: Repair-deficient 3-meth-
yladenine DNA glycosylase homozygous mutant
mouse cells have increased sensitivity to alkyl-
ation-induced chromosome damage and cell kill-
ing. EMBO J 15:945-952 (1996).

Evans HJ, Scott D: The induction of chromosome aber-
rations by nitrogen mustard and its dependence
on DNA synthesis. Proc R Soc B 173:491-512
(1969).

Fiirstenberger G, Berry DL, Sorg B, Marks F: Skin
tumor promotion by phorbol esters is a two-stage
process. Proc Natl Acad Sci USA 78:7722-7726
(1981).

Fiirstenberger G, Schurich B, Kaina B, Marks F: Possi-
ble involvement of chromosomal damage in tumor
induction in initiated mouse skin. Cancer Res Clin
Oncol 115:57 (1989a).

Fiirstenberger G, Schurich B, Kaina B, Petrusevska
RT, Fusenig NE, Marks F: Tumor induction in ini-
tiated mouse skin by phorbol esters and methyl
methanesulfonate: correlation between chromo-
somal damage and conversion (stage I of tumor
promotion) in vivo. Carcinogenesis 10:749-752
(1989b).

Galloway SM, Greenwood SK, Hill RB, Bradt CI, Bean
CL: A role for mismatch repair in production of
chromosome aberrations by methylating agents in
human cells. Mutat Res 346:231-245 (1995).

Greenwood SK, Armstrong ML, Hill RB, Brandt CI,
Johnson TE, Hilliard CA, Galloway SM: Fewer
chromosome aberrations and earlier apoptosis in-
duced by DNA synthesis inhibitors, a topoisomer-
ase IT inhibitor or alkylating agents in human cells
with normal compared with mutant p53. Mutat
Res 401:39-53 (1998).

Grombacher T, Eichhorn U, Kaina B: p53 is involved
in regulation of the DNA repair gene O°-methyl-
guanine-DNA methyltransferase (MGMT) by
DNA damaging agents. Oncogene 17:845-851
(1998).

Haas S, Kaina B: c-Fos is involved in the cellular
defence against the genotoxic effect of UV radia-
tion. Carcinogenesis 16:985-991 (1995).

Ibeanu G, Hartenstein B, Dunn WC, Chang LY, Hof-
mann E, Coquerelle T, Mitra S, Kaina B: Overex-
pression of human DNA repair protein N-methyl-
purine-DNA glycosylase results in the increased
removal of N-methylpurines in DNA without a
concomitant increase in resistance to alkylating
agents in Chinese hamster ovary cells. Carcinogen-
esis 13:1989-1995 (1992).

Kaina B: The interrelationship between SCE induction,
cell survival, mutagenesis, aberration formation
and DNA synthesis inhibition in V79 cells treated
with N-methyl-N-nitrosourea or N-methyl-N'-
nitro-N-nitrosoguanidine. Mutat Res 142:49-54
(1985).

Kaina B: Chromosomal aberrations as a contributing
factor for tumor promotion in the mouse skin.
Teratogen Carcinogen Mutagen 9:331-348 (1989).

Kaina B: Critical steps in alkylation-induced aberration
formation. Mutat Res 404:119-124 (1998).

Kaina B: DNA damage-triggered apoptosis: critical role
of DNA repair, double-strand breaks, cell prolifer-
ation and signaling. Biochem Pharmacol 66:1547-
1554 (2003).

Kaina B, Aurich O: Dependency of the yield of sister-
chromatid exchanges induced by alkylating agents
on fixation time. Possible involvement of second-
ary lesions in sister-chromatid exchange induction.
Mutat Res 149:451-461 (1985).

Kaina B, Fritz G, Coquerelle T: Contribution of OS-
alkylguanine and N-alkylpurines to the formation
of sister chromatid exchanges, chromosomal aber-
rations, and gene mutations: new insights gained
from studies of genetically engineered mammalian
cell lines. Environ Mol Mutagen 22:283-292
(1993).

Kaina B, Fritz G, Mitra S, Coquerelle T: Transfection
and expression of human Of-methylguanine-DNA
methyltransferase (MGMT) cDNA in Chinese
hamster cells: the role of MGMT in protection
against the genotoxic effects of alkylating agents.
Carcinogenesis 12:1857-1867 (1991).

Kaina B, Fritz G, Ochs K, Haas S, Grombacher T,
Dosch J, Christmann M, Lund P, Gregel CM,
Becker K: Transgenic systems in studies on geno-
toxicity of alkylating agents: critical lesions, thresh-
olds and defense mechanisms. Mutat Res 405:179-
191 (1998).

Kaina B, Waller H, Waller M, Rieger R: The action of
N-methyl-N-nitrosourea on non-established hu-
man cell lines in vitro. I. Cell cycle inhibition and
aberration induction in diploid and Down’s fibro-
blast. Mutat Res 43:387-400 (1977).

Kaina B, Ziouta A, Ochs K, Coquerelle T: Chromosom-
al instability, reproductive cell death and apoptosis
induced by O%-methylguanine in Mex-, Mex+ and
methylation-tolerant mismatch repair compro-
mised cells: facts and models. Mutat Res 381:227-
241 (1997).

Karran P, Stephenson C: Mismatch binding proteins
and tolerance to alkylating agents in human cells.
Mutat Res 236:269-275 (1990).

Kawate H, Sakumi K, Tsuzuki T, Nakatsuru Y, Ishika-
wa T, Takahashi S, Takano H, Noda T, Sekiguchi
M: Separation of killing and tumorigenic effects of
an alkylating agent in mice defective in two of the
DNA repair genes. Proc Natl Acad Sci USA
95:5116-5120(1998).

Kihlman BA: Caffeine and Chromosomes (Elsevier
Scientific, Amsterdam 1977).

Lackinger D, Eichhorn U, Kaina B: Effect of ultraviolet
light, methyl methanesulfonate and ionizing radia-
tion on the genotoxic response and apoptosis of
mouse fibroblasts lacking c-Fos, p53 or both. Mu-
tagenesis 16:233-241 (2001).

Lackinger D, Kaina B: Primary mouse fibroblasts defi-
cient for c-Fos, p53 or for both proteins are hyper-
sensitive to UV light and alkylating agent-induced
chromosomal breakage and apoptosis. Mutat Res
9042:1-11 (2000).

Lehman AR: Replication of damaged DNA in mam-
malian cells: new solutions to an old problem.
Mutat Res 509:23-34 (2002).

Loveless A: Possible relevance of O-alkylation of deox-
yguanosine to the mutagenicity and carcinogenici-
ty of nitrosamines and nitrosamides. Nature 223:
206-207 (1969).

Margison GP, O’Conner PJ: Biological consequences of
reactions with DNA: Role of specific lesions, in
Cooper CS, Grover PL (eds): Handbook of Experi-
mental Pharmacology, Vol. 9, p 547 (Springer Ver-
lag, Berlin 1990).

Marks F, Fiirstenberger G: The conversion stage of
skin carcinogenesis. Carcinogenesis 11:2085-2092
(1990).

Meikrantz W, Bergom MA, Memisoglu A, Samson L:
Of-alkylguanine DNA lesions trigger apoptosis.
Carcinogenesis 19:369-372 (1998).

Morris SM, Heflich RH, Beranek DT, Kodell RL:
Alkylation-induced sister-chromatid exchanges
correlate with reduced cell survival, not mutations.
Mutat Res 105:163-168 (1982).

Morris SM, Beranek DT, Heflich RH: The relationship
between sister-chromatid exchange induction and
the formation of specific methylated DNA adducts
in Chinese hamster ovary cells. Mutat Res 121:
261-266 (1983).

Nakatsuru Y, Matsukuma S, Nemoto N, Sugano H,
Sekiguchi M, Ishikawa T: O%-methylguanine-DNA
methyltransferase protects against nitrosamine-in-
duced hepatocarcinogenesis. Proc Natl Acad Sci
USA 90:6468-6472 (1993).

Natarajan AT, Obe G: Molecular mechanisms involved
in the production of chromosomal aberrations. I.
Utilization of Neurospora endonuclease for the
study of aberration production in G2 stage of the
cell cycle. Mutat Res 52:137-149 (1978).

Natarajan AT, Obe G: Molecular mechanisms involved
in the production of chromosomal aberrations. III.
Restriction endonucleases. Chromosoma 90:120-
127 (1984).

Natarajan AT, Simons JWIM, Vogel EW, van Zeeland
AA: Relationship between cell killing, chromosom-
al aberrations, sister-chromatid exchanges and
point mutations induced by monofunctional alky-
lating agents in Chinese hamster cells. A correla-
tion with different ethylation products in DNA.
Mutat Res 128:31-40 (1984).

Ochs K, Kaina B: Apoptosis induced by DNA damage
OS-methylguanine is Bcl-2 and caspase-9/-3 regu-
lated and Fas/caspase-8 independent. Cancer Res
60:5815-5824 (2000).

Ochs K, Sobol RW, Wilson SH, Kaina B: Cells defi-
cient in DNA polymerase beta are hypersensitive
to alkylating agent-induced apoptosis and chro-
mosomal breakage. Cancer Res 59:1544-1551
(1999).

Ono Y, Furuta T, Ohmoto T, Akiyama K, Seki S: Stable
expression in rat glioma cells of sense and antisense
nucleic acids to a human multifunctional DNA
repair enzyme, APEX nuclease. Mutat Res 315:
55-63(1994).

Painter RB, Howard R: The HeLa DNA-synthesis inhi-
bition test as a rapid screen for mutagenic carcino-
gens. Mutat Res 92:427-437 (1982).

Pegg AE: Methylation of the O%-position of guanine in
DNA is the most likely initiating event in carcino-
genesis by methylating agents. Cancer Invest 2:
223-231(1984).

Pegg AE, Singer B: Is O%-alkylguanine necessary for ini-
tiation of carcinogenesis by alkylating agents? Can-
cer Invest 2:221-238 (1984).

Petrusevska RT, Fiirstenberger G, Marks F, Fusenig
NE: Cytogenetic effects caused by phorbol ester
tumor promoters in primary mouse keratinocyte
cultures: correlation with the convertogenic activi-
ty of TPA in multistage skin carcinogenesis. Carci-
nogenesis 9:1207-1215 (1988).

Rafferty JA, Clarke AR, Sellappan D, Koref MS, Frayl-
ing IM, Margison GP: Induction of murine O°-
alkylguanine-DNA-alkyltransferase in response to
ionizing radiation is p53 gene dose dependent.
Oncogene 12:693-697 (1996).

Cytogenet Genome Res 2004:77-86 (2004) 85



Rasouli-Nia A, Sibghat-Ullah L, Mirzayans R, Pater-
son MC, Day III RS: On the quantitative relation-
ship between O6-methylguanine residues in ge-
nomic DNA and production of sister-chromatid
exchanges, mutations and lethal events in a Mer—
human tumor cell line. Mutat Res 314:99-113
(1994).

Roos WP, Baumgirtner M, Kaina B: Apoptosis trig-
gered by DNA damage OS-methylguanine in hu-
man lymphocytes required DNA replication and is
mediated by p53 and Fas/CD95/Apo-1. Oncogene
23:359-367 (2004).

Shiloh Y: ATM and ATR: networking cellular re-
sponses to DNA damage. Curr Opin Genet Dev
11:71-77 (2001).

Sibghat-Ullah L, Day III RS, Dobler KD, Paterson MC:
Initiation of strand incision at G:T and OS-methyl-
guanine:T base mismatches in DNA by human cell
extracts. Nucleic Acids Res 29:2409-2417 (2001).

Smith ML, Ford JM, Hollander C, Bortnick RA,
Amundson SA, Seo YR, Deng CX, Hanawalt PC,
Fornace AJ: p53-mediated DNA repair responses
to UV radiation: studies of mouse cells lacking p53,
p21, and/or gadd45 genes. Mol Cell Biol 20:3705-
3714 (2001).

Thust R, Mendel J, Schwarz H, Warzok R: Nitrosated
urea pesticide metabolites and other nitrosamides.
Activity in clastogenicity and SCE assays, and
aberration kinetics in Chinese hamster V79E cells.
Mutat Res 79:239-248 (1980).

Tomicic M, Eschbach E, Kaina B: Expression of yeast
but not human apurinic/apyrimidinic endonu-
clease renders Chinese hamster cells more resistant
to DNA damaging agents. Mutat Res 383:155-165
(1997).

Tomicic MT, Bey E, Wutzler P, Thust R, Kaina B:
Comparative analysis of DNA breakage, chromo-
somal aberrations and apoptosis induced by the
anti-herpes purine nucleoside analogues aciclovir,
ganciclovir and penciclovir. Mutat Res 505:1-11
(2002).

86 Cytogenet Genome Res 2004:77-86 (2004)

Tominaga Y, Tsuzuki T, Shiraishi A, Kawate H, Seki-
guchi M: Alkylation-induced apoptosis of em-
bryonic stem cells in which the gene for DNA-
repair, methyltransferase, had been disrupted by
gene targeting. Carcinogenesis 18:889-896 (1997).

van Zeeland AA, Mohn GR, Aaron CS, Glickman BW,
Brendel M, de Serres FJ, Hung CY, Brockman HE:
Molecular dosimetry of the chemical mutagen
ethyl methanesulfonate. Quantitative comparison
of the mutagenic potency in Neurospora crassa and
Saccharomyces cerevisiae. Mutat Res 119:45-54
(1983).

Vogel E, Natarajan AT: The relation between reaction
kinetics and mutagenic action of mono-functional
alkylating agents in higher eukaryotic systems. I.
Recessive lethal mutations and translocations in
Drosophila. Mutat Res 62:51-100 (1979).

Wojcik A, Bruckmann E, Obe G: Insights into the
mechanisms of sister chromatid exchange forma-
tion. Cytogent Genome Res 104:304-309 (2004).

Zhou J, Ahn J, Wilson SH, Prives C: A role for p53 in
base excision repair. EMBO J 15:914-923 (2001).



Basic Aspects

Cytogenet Genome Res 104:87-94 (2004)
DOI: 10.1159/000077470

Cytogeneticand
yCt}e%lomeResearch

Human fibroblasts expressing hTERT show
remarkable karyotype stability even after
exposure to ionizing radiation
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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
atelomere-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-
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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-

Fax +4161 306 12 34
E-mail karger@karger.ch
www. karger.com

© 2004 S. Karger AG, Basel
0301-0171/03/0104-0087$21.00/0

KARGER

Accessible online at:
www. karger.com/cgr



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).
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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 h"TERT immortalized normal
human cells may be useful for the study of gene targeting.

Materials and methods

Cells and culture conditions

HCA-Itrt is a clone of BJ fibroblasts immortalized by the catalytic sub-
unit of human telomerase (WTERT) (Rubio et al., 2002). HCA 17.3 cell line
was derived from HCA-Itrt 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),deldp 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% CO,. G418
(200 pg/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), telomere repeats) were extracted from E .coli DH5a 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 To,AG; 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 x 109 cells were resuspended in culture
medium in a final volume of 800 ul, and 10 pg 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-uF capacitor was charged to 310 V for HCA17.3 and
to 250 V for B3, with Qe. 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 ug/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.



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 pg 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)i radiate/(transformant per survivor),on-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
(KC1 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 pCMYV plasmid as probe. The plasmid DNA was labelled with a
digoxigenin-11-dUTP nick translation kit (Roche). Telomeres were detected
using the (C3TA;);PNA-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 h\TERT 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 SQI9G 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), 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 h\TERT, 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 0 Gy 26y 5 Gy Slope

irradiated with 2 Gy and 5 Gy 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 \TERT 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
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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



Table 2. Analysis of plasmid integration in

. 0G 2G 5G
metaphases at the first post-treatment cells i Y Y
generation 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

. 0 Gy 2 Gy 5 Gy
nuclei
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 23.0 232

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-Itrt, 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.
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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-



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 pCMYV 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-Itrt 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
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explain the observed spontaneous stability, since SCC61 with
short telomeres showed a similar level of stability.
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and HCA17.3 cell lines present a similar viability of cells after
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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-Itrt 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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Mechanisms of formation of chromosomal
aberrations: insights from studies with DNA
repair-deficient cells
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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 G, phase of the cell cycle. Abolition of TCR by
treatment with a-amanitin (an inhibitor of RNA polymerase II)
in the parental cell line AAS8 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 G, 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
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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).

NHE]J 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 (Gy or Gy). 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 G, 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.
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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-
berget 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



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 AAS.

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 AAS 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
a-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 G phase synthesized their DNA after a transient
delay and reached the G; phase of the subsequent division
where increased apoptotic cells were observed as a G; 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 G, synchronized NER proficient and deficient hamster cell
lines. AAS8 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 UVS5 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 G arrest and apoptosis without entry
into S phase. The induction of apoptosis in G; phase indicates
that the inhibition of DNA replication may not be critical for
apoptotic response. Furthermore, UV61 and UV 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 a-amanitin,
which inhibits both transcription and TCR, also resulted in
prolonged G arrest and apoptosis in the first G| phase similar
to that observed in UV61 and UVS5 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 G, radiosensitivity and respond normally to
hydroxyurea post-treatment, namely a potentiation of X-ray-
induced chromosomal aberrations in G, cells similar to wild
type cells.

In contrast, caffeine, a drug known to sensitize cells to irra-
diation by abrogating the G, check-point response, did not
abrogate the G, delay caused by X-ray or mitomycin C of WS
cells and did not enhance chromosomal damage (Franchitto et
al., 1999). The lack of G, 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 G, check point. WS cells have also been
shown to be sensitive to topoisomerase I (camptothecin) and II
(etoposide and amsacrine) inhibitors in S and G, 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 G; phases of the cell cycle. Topoisomerase II inhib-
itors (amsacrine and etoposide) are very potent inducers of CA
in WS cells specifically in the G, 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 G, (Pichierri et al., 2000a).
Instead, the topoisomerase I inhibitor camptothecin induces a
much higher yield of chromosomal damage in both the S and
G, phases of the cell cycle of WS cells compared to normal cells.
This chromosomal sensitivity of WS cells to antitopoisomer-
ases during S and G, 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).
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Insitu DNAse | sensitivity assay indicates DNA
conformation differences between CHO cells
and the radiation-sensitive CHO mutant IRS-20

D.G. Maranon, A.O. Laudicina and M. Muhlmann

National Commission of Atomic Energy (CNEA), Centro Atdmico Constituyentes, Buenos Aires (Argentina)

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
2-59%. 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
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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 CHOKI1 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 1.

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).
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The cell lines were grown in Alpha MEM 10% FBS with 5% CO, 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 1. 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 1. 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 uM of dATP,
dGTP, dCTP and digoxigenin-dUTP (1.2 nmol/ul). Polymerase I (0.4 U/ul)
and 0.06/0.03/0.015/0.007 U/ul 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 2x 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 Bioanalitica 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
DNAse I treatment 0 (U/ul) 173+ 9 100 172 +£3 100 175+ 4 100
0.03 (U/ul) 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).
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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/ul DNAse I
completely digested the DNA of both cell lines and nearly no signals were
seen. 0.03 U/ul led to overdigestion in IRS but not in CHO cells.

After digestion with 0.015 U/ul DNAse I very little difference was seen
between both cell lines. 0.007 U/ul DNAse I gave similar results as 0.015
U/ul 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/ul 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/ul 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

102 Cytogenet Genome Res 104:100-103 (2004)

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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DNA damage processing and aberration

formationin plants

I. Schubert, A. Pecinka, A. Meister, V. Schubert, M. Klatte and G. Jovtchev

Institut fiir Pflanzengenetik und Kulturpflanzenforschung (IPK), Gatersleben (Germany)

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 >40,000 and one chromatid-type
aberration per ~ 25 million primarily induced Of-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
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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 (Dobel 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 ~30% of metaphases after 12 h recov-
ery (Baranczewski et al., 1997b). More than two thirds of these
aberrations occur within heterochromatic regions (~ 10% of
the genome, Baranczewski et al., 1997a). Of-methylguanine
(05-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 ~ 25 million of the originally induced O-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 O%MeG residues induced by
challenge treatment, both by >50 %, 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, O%-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
>40,000 O5-MeG residues one SCE and per ~25 million one
chromatid aberration is formed. The majority of chromatid
aberrations (~ 70%) 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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nuclease I-Scel, various mechanisms of recombinational repair
of Scel-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.
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chromosomes or chromatids

treatment

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-



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 (~ 8-fold) excess of transloca-
tions between homologous chromosomes and a vast majority
(up to >90%) 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 (~ 100 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 4. thalia-
na chromosomes and of ~100 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 ~15% 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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DNA and telomeres: beginnings and endings
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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.
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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,
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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.€., 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
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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



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), Telomere Reference
Transformed (T) dysfunction
(fusion)
DNA-PKcs (scid) NHEJ Mouse Pand T Yes Bailey et al., 1999
DNA-PKcs (scid) NHEJ Dog Pand T Yes Bailey, Goodwin and Meek, unpublished
Meek et al., 2001
DNA-PKcs (null) NHEJ Human T Yes Bailey, Goodwin and Allalunis-Turner, unpublished
(M0597) Leesmiller et al., 1995
DNA-PKcs (KO) NHEJ Mouse Pand T Yes Bailey et al., 1999
Gilley et al., 2001
Goytisolo et al., 2001
DNA-PKcs (SNPs) NHEJ Mouse (Balb/c) Pand 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”~  NHEJ/HR Mouse P Yes Jaco et al., 2003
DNA-PKcs™/ Rad54™~ Yes
DNA-PKcs”™/ Rad54™ Yes
(KOs)
scid / hRAD54 NHEJ/HR Mouse T Yes Bailey, Goodwin and Pluth, unpublished
(mutations) 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
Xreed (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 Pand T No Bailey, Goodwin and Brenneman, unpublished
Donoho et al., 2003
NBSI (deletion) HR and NHEJ Human P and hTERT No Bailey, Goodwin and Zdzienicka, unpublished
Kraakman-vanderZwet et al., 1999
p53 (KO) Cell cycle arrest, Mouse Pand T No Bailey et al., 1999
apoptosis
p53 (Li Fraumeni) Cell cycle arrest, Human T No Bailey and Goodwin, unpublished
apoptosis Gollahon et al., 1998
ATM (KO) Cell cycle arrest Mouse Pand T No Bailey, Goodwin and Turker, unpublished
Gage et al., 2001
ATM (AT) Cell cycle arrest Human P No Bailey and Goodwin, unpublished
PARPI (KO) SSB repair and damage ~ Mouse Tand P No Bailey, Goodwin and Chen, unpublished
sensing 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-PKGcs 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 NBSI gene (Carney et al., 1998). Human NBSI1
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 RADS54 participate in homologous recombina-
tion (HR) repair (Thompson and Schild, 2001). Deletion of
BRCAZ2’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 RADS54 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
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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/RADS54
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, TRF24BAM (Bailey et al.,
2001). This implied that of the two sister telomeres replicated
from the same parental template, only one became dysfunc-



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 TRF24BAM gllele in the second study. This
interpretation is supported by recent ChIPs analyses using the
same TRF24BAM gystem as the first study demonstrating only
an ~ 50% 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, ~ 0.05 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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DNA repair factors and telomere-chromosome
integrity in mammalian cells
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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.
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Telomeres and telomerase

Telomeres are specialised structures that cap the ends of
eukaryotic chromosomes. They consist of (TTAGGG), repeats
that are associated with an array of proteins (Blackburn, 1991).
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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), 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 (~ 60
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 6™ 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-
PKGcs) 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.

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/G, 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 NHE] 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
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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.

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.



The DNA-dependent protein kinase catalytic subunit
(DNA-PKGcs) 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 (4dprt1) 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 Atzm~/- 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 Afm~- 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 At~ 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.

Cytogenet Genome Res 104:116-122 (2004) 119



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); 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 g-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-

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-
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vided by Dr. Yoichi Shinkai, Kyoto University, Japan). (c-j) Representative
images of chromosome fusion events in mouse cells lacking DNA repair fac-
tors. (¢) A dicentric (Dic) chromosome showing telomere signals at the ter-
mini with no telomeres at the fusion point of g-arms. (d) Image shown in (c)
under DAPIL. (e) A ring like structure possibly due to the telomere loss on
g-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).

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.

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

DNA damage
signalling/DNA “
repair factors Complex

. B . B

— Loss of Telomere Equilibrium

(end-to-end fusions,

Chromosome — Genomic Instability translocations, allelic losses,

altered gene expression...etc.)

Alternative Activation

. of telomerase
mechanisms

. B . B

Immortal Growth/
Tumourigenesis

Telomerase

<+— (Telomere length changes)

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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Interstitial telomeric repeats are not
preferentially involved in radiation-induced
chromosome aberrations in human cells
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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 I'TS localized
in 2g31 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
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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.
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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 I'TS 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 SQIG, 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 ug/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% CO,.

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 (}3’Cs 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 y-ray source at a dose rate of 1.1 Gy/min (2 and 4 Gy). Aliquots of
2 x 10° 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-cm? flask with 10 ml of fresh medium and
incubated for 24 h. During the last 2 or 3 h, colcemid (50 ug/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



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 (C5TA;); 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

x2 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 y-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 y-irradiation

v-ray dose Number of Total number of ~ Number of aberrations involving
(Gy) mitoses aberrations hr 2 chr2q chr 2p

0 49 2 0 0 0

2 49 35 2 1 1

4 47 80 9 5 4

2pl6. 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 x2 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 y-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. 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, ¢ and d) Chromosomes 4 from the metaphase a.
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Chromosome-specific radiation sensitivity

Although the general radiation sensitivity of the cells was
not increased by transfection, we determined the influence of
the artificial I'TS 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

Fig. 1. Examples of chromosome aberrations involving 2p (A) or 2q (B)
induced by y-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.

LL]
=

(f, g and h) Chromosomes 7 from metaphase e. (b and f) pSXN plasmid
probe, detected in green, is indicated by arrows. (¢ 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.
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Mean number of breaks/cell

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.
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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 > 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

pSXNeo-tel-1,6kb 1

/

pSXNeo tel

SQ9G

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.

>Q18
\Q ;tl
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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® whole chr expected observed ratio®
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
*  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
Whole Expected Junction with telomere Junction without telomere  Ratio”
chromosome - -
observed ratio” observed ratio”

0 3.0 0.12 0.0 3.0

2 18.0 0.72 2.0 2.8 3.0 42 1.5

5 47.0 1.88 4.0 2.1 14.0 7.4 3.5

Observed/expected.

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-(T,AG3)1.6-kb plasmid con-
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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.



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 7y irradiation.
This result suggests that the short telomeric tract does not con-
fer to this region a hypersensitivity to y-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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Lack of spontaneous and radiation-induced
chromosome breakage at interstitial telomeric
sites in murine scidcells
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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)
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(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 I'TSs 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 G, 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 G, 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); labeled with Cy3 (Perseptive Biosystems).
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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).

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).

RbD (8;11) (Slijepcevic et al., 1997). True Rb metacentric chro-
mosomes lack I'TSs 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 G 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).
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cells obtained directly from mice (B) following treatment with equal concen-
trations of colcemid. (C) Chromosome 1 length in various cell lines without
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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



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-
PKecs 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

Alul. The method was also used to detect minute sister chroma-
tid exchanges in the T-banded subtelomeric area (--SCEs). The
presence of -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
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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; ¢ 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 pm.

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
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Table 1. Chromosome measurements?

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

v 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

?  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 Mendizabal, 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 A/ul
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 ¢-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 #-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



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

1. 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), 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), repeats was carried out by Steinmiiller 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).

1I. 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 HelLa metaphase expressing [HA], 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; Ludenia 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)

References

Allen TD, Jack EM, Harrison CJ: The three dimension-
al structure of human metaphase chromosomes
determined by scanning electron microscopy, in
Adolph KW (ed): Chromosomes and Chromatin,

Baker E, Hinton L, Callen DF, Altree M, Dobbie A,
Eyre HJ, Sutherland GR, Thompson E, Thompson
P, Woollatt E, Haan E: Study of 250 children with
idiopathic mental retardation reveals nine cryptic

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.

Acknowledgements

The author thanks Dr. S. Bekaert for sending an electronic version of
Figure 5 from her paper published in Cytometry.

Blackburn EH, Szostak JW: The molecular structure of
centromeres and telomeres. Annu Rev Biochem
53:163-194 (1984).

Borg I, Squire M, Menzel C, Stout K, Morgan D, Wil-

II, pp 51-72 (CRC Press, Boca Raton 1988).

Anderlid BM, Schoumans J, Anneren G, Sahlen S,
Kyllerman M, Vujic M, Hagberg B, Blennow E,
Nordenskjold M: Subtelomeric rearrangements de-
tected in patients with idiopathic mental retarda-
tion. Am J med Genet 107:275-284 (2002).

Badge RM, Yardley J, Jeffreys AJ, Armour JA: Cross-
over breakpoint mapping identifies a subtelomeric
hotspot for male meiotic recombination. Hum mo-
lec Genet 9:1239-1244 (2000).

and diverse subtelomeric chromosome anomalies.
Am J med Genet 107:285-293 (2002).

Bekaert S, Koll S, Thas O, Van Oostveldt P: Comparing
telomere length of sister chromatids in human lym-
phocytes using three-dimensional confocal micros-
copy. Cytometry 48:34-44 (2002).

Blackburn EH, Gall JG: A tandemly repeated sequence
at the termini of the extrachromosomal ribosomal
RNA genes in Tetrahymena. J molec Biol 120:33-
53(1978).

Blackburn EH, Greider CW: Telomeres (Cold Spring
Harbor Laboratory Press, 1995).

140 Cytogenet Genome Res 104:137-141 (2004)

latt L, O’Brien PC, Ferguson-Smith MA, Ropers
HH, Tommerup N, Kalscheuer VM, Sargan DR: A
cryptic deletion of 2935 including part of the
PAX3 gene detected by breakpoint mapping in a
child with autism and a de novo 2;8 translocation.
J med Genet 39:391-399 (2002).

Chong L, van Steensel B, Broccoli D, Erdjument-Bro-
mage H, Hanish J, Tempst P, de Lange T: A
human telomeric protein. Science 270:1663-1667
(1995).



Comings DE, Avelino E: Mechanisms of chromosome
banding. VII. Interaction of methylene blue with
DNA and chromatin. Chromosoma 51:365-379
(1974).

Cornforth MN, Eberle RL: Termini of human chromo-
somes display elevated rates of mitotic recombina-
tion. Mutagenesis 16:85-89 (2001).

Day JP, Marder BA, Morgan WF: Telomeres and their
possible role in chromosome stabilization. Environ
molec Mutagen 22:245-249 (1993).

de Vries BB, White SM, Knight SJ, Regan R, Homfray
T, Young ID, Super M, McKeown C, Splitt M,
Quarrell OW, Trainer AH, Niermeijer MF, Mal-
colm S, Flint J, Hurst JA, Winter RM: Clinical
studies on submicroscopic subtelomeric rearrange-
ments: a checklist. J med Genet 38:145-150
(2001).

Drets ME: Insights into the structure of the subtelomer-
ic chromosome segments. Gen Mol Biol 23:1087-
1093 (2000).

Drets ME, Mendizabal M: Microphotometrical image
analysis of the subtelomeric region of the T-banded
endoreduplicated chromosomes of Chinese ham-
ster ovary (CHO) cells. Gen Mol Biol 21:219-225
(1998a).

Drets ME, Mendizabal M: The underlying structure of
the subtelomeric segments detected by micropho-
tometrical scanning and graphic image analysis.
Fundamental and molecular mechanisms of muta-
genesis. Mutat Res 404:13-16 (1998b).

Drets ME, Monteverde FJ: Automated cytogenetics
with modern computerized scanning microscope
photometer systems, in Obe G, Basler A (eds):
Cytogenetics. Basic and applied aspects, pp 48-64
(Springer-Verlag, Berlin 1987).

Drets ME, Folle GA, Monteverde FJ: Quantitative
detection of chromosome structures by computer-
ized microphotometric scanning, in Obe G, Nata-
rajan AT (eds): Chromosomal aberrations. Basic
and applied aspects, pp 1-12 (Springer-Verlag,
Berlin 1989).

Drets ME, Obe G, Monteverde FJ, Folle GA, Medina
II, De Galvez MG, Duarte JE, Mechoso BH: Com-
puterized graphic and light microscope analyses of
T-banded chromosome segments of Chinese ham-
ster ovary cells and human lymphocytes. Biol
Zentrbl 111:204-214(1992a).

Drets ME, Obe G, Folle GA, Medina II, De Galvez
MG, Duarte JE, Mechoso BH: Appearance of
“holes” in subtelomeric regions of human and Chi-
nese hamster ovary cell chromosomes due to pro-
longed incubation in T-banding buffer followed by
Giemsa staining. Brazilian J Genet 15:927-933
(1992b).

Drets ME, Folle GA, Martinez W, Bonomi R, Duarte
JE, Mechoso BH, Larrafiaga J: Quantitative local-
ization of chromatid breaks induced by Alu I in the
long arms of chromosome number 1 of Chinese
hamster ovary (CHO) cells by microphotometric
scanning, in Obe G, Natarajan AT (eds): Interna-
tional Symposium: Chromosomal Aberrations.
Origin and Significance, pp 169-183 (Springer-
Verlag, Berlin 1994).

Drets ME, Drets GA, Queirolo PJ, Monteverde FJ:
Computer graphics as a tool in cytogenetic research
and education. Comp Appl Biosc (CABIOS) 11:
463-468 (1995a).

Drets ME, Mendizébal M, Boccardo EM, Bonomi R:
Further analyses of subtelomeric and paracentric
holes induced in human and Chinese hamster ova-
ry cell chromosomes. Biol Zentrbl 114:329-338
(1995b).

Dutrillaux B: Nouveau systéme de marquage chromos-
omique: Les bandes T. Chromosoma 41:395-402
(1973).

Fan YS, Zhang Y, Speevak M, Farrell S, Jung JH, Siu
VM: Detection of submicroscopic aberrations in
patients with unexplained mental retardation by
fluorescence in situ hybridization using multiple
subtelomeric probes. Genet Med 3:416-421
(2001).

Fang G, Cech TR: Telomere proteins, in Blackburn
EH, Greider CW (eds): Telomeres, pp 69-105
(Cold Spring Harbor Laboratory Press, Cold
Spring Harbor 1995).

Fauth C, Zhang H, Harabacz S, Brown J, Saracoglu K,
Lederer G, Rittinger O, Rost I, Eils R, Kearney L,
Speicher MR: A new strategy for the detection of
subtelomeric rearrangements. Hum Genet 109:
576-583(2001).

Greider CW: Telomerase activity, cell proliferation,
and cancer. Proc natl Acad Sci, USA 95:90-92
(1998).

Greider CW, Blackburn EH: The telomere terminal
transferase of Tetrahymena is a ribonucleoprotein
enzyme with two kinds of primer specificity. Cell
51:887-898 (1987).

Henderson E: Telomere DNA structure, in Blackburn
EH, Greider CW (eds): Telomeres, pp 11-34 (Cold
Spring Harbor Laboratory Press, Cold Spring Har-
bor 1995).

Holmquist GP: Chromosome bands, their chromatin
flavors and their functional features. Am J hum
Genet 51:17-37 (1992).

Jalal SM, Harwood AR, Sekhon GS, Pham Lorentz C,
Ketterling RP, Babovic-Vuksanovic D, Meyer RG,
Ensenauer R, Anderson MH Jr, Michels VV: Utili-
ty of subtelomeric fluorescent DNA probes for
detection of chromosome anomalies in 425 pa-
tients. Genet Med 5:28-34 (2003).

Joyce CA, Dennis NR, Cooper S, Browne CE: Subtelo-
meric rearrangements: results from a study of se-
lected and unselected probands with idiopathic
mental retardation and control individuals by us-
ing high-resolution G-banding and FISH. Hum
Genet 109:440-451 (2001).

Keller K, Williams C, Wharton P, Paulk M, Bent-Wil-
liams A, Gray B, Ward A, Stalker H, Wallace M,
Carter R, Zori R: Routine cytogenetic and FISH
studies for 17p11/15q11 duplications and subtelo-
meric rearrangements studies in children with au-
tism spectrum disorders. Am J med Genet 117:
105-111(2003).

Lima-De-Faria A: Chromomere analysis of chromo-
some complement of rye. Chromosoma 5:1-68
(1952).

Ludena P, Sentis C, De Cabo F, Velazquez M, Fernan-
dez-Piqueras J: Visualization of R-bands in human
metaphase chromosomes by the restriction endo-
nuclease Msel. Cytogenet Cell Genet 57:82-86
(1991).

Luderus ME, van Steensel B, Chong L, Sibon OC,
Cremers FF, de Lange T: Structure, subnuclear dis-
tribution, and nuclear matrix association of the
mammalian telomeric complex. J Cell Biol 135:
867-881(1996).

McEachern MJ, Krauskopf A, Blackburn EH: Telo-
meres and their control. A Rev Genet 34:331-358
(2000).

Mefford HC, Trask BJ: The complex structure and
dynamic evolution of human subtelomeres. Nature
Rev Genet 3:91-102 (2002).

Meyne J, Baker RJ, Hobart HH, Hsu TC, Ryder OA,
Ward OG, Wiley JE, Wurster-Hill DH, Yates TL,
Moyzis RK: Distribution of non-telomeric sites of
the (TTAGGG), telomeric sequence in vertebrate
chromosomes. Chromosoma 99:3-10 (1990a).

Meyne J, Ratliff RL, Buckingham JM, Jones MD, Wil-
son JS, Moyzis RK: The Human Telomere, in
Fredga K, Kihlman BA, Bennet MD (eds): Chro-
mosomes Today, Vol 10, pp 75-80 (Unwin Hy-
man, London 1990b).

Mondello C, Pirzio L, Azzalin CM, Giolotto E: Instabil-
ity of interstitial telomeric sequences in the human
genome. Genomics 68:111-117 (2000).

Moyzis R, Buckinham JM, Cram LS, Dani M, Deaven
LL, Jones MD, Meyne J, Ratliff RL, Wu JR: A
highly conserved repetitive DNA sequence
(TTAGGG), present at the telomeres of human
chromosomes. Proc natl Acad Sci, USA 85:6622—
6626 (1988).

Obe G, Pfeiffer P, Savage JRK, Johannes C, Goedecke
W, Jeppesen P, Natarajan AT, Martinez-Lopez W,
Folle GA, Drets ME: Chromosomal aberrations:
formation, identification and distribution. Mutat
Res 504:17-36 (2002).

Pardue ML, DeBaryshe PG: Telomeres and telomer-
ase: more than the end of the line. Chromosoma
108:73-82(1999).

Popp S, Schulze B, Granzow M, Keller M, Holtgreve-
Grez H, Schoell B, Brough M, Hager HD, Tariver-
dian G, Brown J, Kearney L, Jauch A: Study of 30
patients with unexplained developmental delay
and dysmorphic features or congenital abnormali-
ties using conventional cytogenetics and multiplex
FISH telomere (M-TEL) integrity assay. Hum
Genet 111:31-39 (2002).

Riegel M, Baumer A, Jamar M, Delbecque K, Herens
C, Verloes A, Schinzel A: Submicroscopic terminal
deletions and duplications in retarded patients
with unclassified malformation syndromes. Hum
Genet 109:286-294 (2001).

Saitoh Y, Laemmli UK: Metaphase chromosome struc-
ture: bands arise from a differential folding path of
the highly AT-rich scaffold. Cell 76:609-622
(1994).

Schubert I: Telomeric polymorphism in Vicia faba.
Biol Zentrbl 111:164-168 (1992).

Sismani C, Armour JA, Flint J, Girgalli C, Regan R,
Patsalis PC: Screening for subtelomeric chromo-
some abnormalities in children with idiopathic
mental retardation using multiprobe telomeric
FISH and the new MAPH telomeric assay. Eur J
hum Genet 9:527-532 (2001).

Smith S, de Lange T: TRF1, a mammalian telomeric
protein. Trends Genet 13:21-26 (1997).

Steinmiiller J, Schleiermacher E, Scherthan H: Direct
detection of repetitive whole chromosome paint
and telomere DNA probes by immunogold elec-
tron microscopy. Chrom Res 1:45-51 (1993).

Sumner AT: Chromosome Banding (Unwin Hyman,
London 1990).

Wells RA, Germino GG, Krishna S, Buckle VI, Reed-
ers ST: Telomere-related sequences at interstitial
sites in the human genome. Genomics 8:699-704
(1990).

Wolff DJ, Clifton K, Karr C, Charles J: Pilot assess-
ment of the subtelomeric regions of children with
autism: detection of a 2q deletion. Genet Med 4:
10-14(2002).

Zakian VA: Structure and function of telomeres. A Rev
Genet 23:579-604 (1989).

Cytogenet Genome Res 104:137-141 (2004) 141



Modelling

Cytogenet Genome Res 104:142-148 (2004)
DOI: 10.1159/000077479

Cytogeneticand
yCt}e%lomeResearch

Quantitative analysis of radiation-induced
chromosome aberrations

R.K. Sachs,2 D. Levy,2 P. Hahnfeldt® and L. Hlatky®

aDepartment of Mathematics, University of California at Berkeley, Berkeley CA;
bDana Farber Cancer Institute, Harvard Medical School, Boston MA (USA)

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-
fects, transmissibility, kinetics, and relations to other radiobio-
logical endpoints are summarized. We also outline recent work

on graph-theoretical descriptions of aberrations, Monte-Carlo
computer simulations of aberration spectra, software for quan-
tifying aberration complexity, and systematic links of apparent-
ly incomplete with complete or truly incomplete aberrations.
Copyright © 2003 S. Karger AG, Basel

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
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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 Go/G,, 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).

(i)

Non-homologous

I endj Jomlng

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-
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Fig. 1. A complex aberration. (A) schematically shows an observed
mFISH pattern with at least five misrejoinings. Descriptors are (red’(::blue’)
(yellow’z: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 ¢ and/or f with g
on the right.

A Breakage-and-reunion

v.“ﬂ

Non-homologous
end j jomlng

Radiation makes Simple Radlatlon makes Complex
two breaks aberration more than two breaks aberration
B 1-hit recombinational misrepair Exchange first
Find local Homologous
' b Enzymatic
homology repair
processmg
Radiation Aberration Radiation makes Aberration
makes a break two lesions

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: Sachset 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; Miinkel 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; (¢) if proximity effects were negligible the ratio of sim-
ple dicentrics to simple centric rings for a human genome
would be ~ 87.

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; Cigarran et al.,

1998) suggest taking the “effective length” (Savage, 1991) of

a chromosome as approximately o (genomic content)?3
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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. I1B) 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



for the dependence of aberration frequency Y on total dose D
and dose-rate R(t):

(A) Y = aD + GAD?,

where
(B)G = if d } dr’ R(H)K(t - 1)R(t’), with (C) K(s) = exp(=1s). (1)
DY ’

Here pairwise misrejoining of DSBs and mono-exponential
restitution with rate constant A = 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 a and B 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 o and B, 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 A ~ 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., 1997¢). 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 ¢3; 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+c¢3; 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. IA. 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 ~ 10 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
(17::3:2) (4::1) (2::37) (3::17:47) (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 ~ 55.6 % have cycle structure
cl0; only 16/1,152 ~1.4% have the obligate cycle structure
c2+cd+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) (27::3")
(3:17:2) (1::1) (2::2) (:1:) (:2::1:) there are 20,736 processes with
11 misrejoinings. Only 32/20,736 ~0.15% 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 >1,000,000 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 > 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 > 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 > 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.
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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; Vazquez 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., 1997¢).

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:
¢ 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.



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.

point mutations — does the large-scale nature of the genome

alteration entailed in an aberration lead to especially impor-

observe?

tant phenotypic changes, or are aberrations merely easier to

There is still a lot to learn.

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
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Models of chromosome aberration induction:
an example based on radiation track structure
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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 Go/G 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
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(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-RARa 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
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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 Go/G phase of the cell cycle seem to be more consis-
tent with the breakage-and-reunion model (Sachs et al., 2000Db).
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



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/Ly), where L 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 um 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 um, 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-um 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-Gy-! -cell-! 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 b/, where [ 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 a and B
(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] + [E|] = [C1] - [P1] + [E1]
[DSB] + [Ez] = [C2] — [P2] + [Ex]

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], [C,] and [C,] and by
describing the formation of an exchange of type m with the
equation d[A, ])/dt = ko, -[C1] , where k; is the rate of the reac-
tion [C] — [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; IT) 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;
IIT) each CL gives rise to two independent chromosome free-
ends; I'V) 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 um 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-um 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-
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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-um-! = (CL-Gy-!.
cell'!)-0.16-LET-V-L. LET is the radiation Linear Energy
Transfer in keV/um, V is the cell nucleus volume in um3 and
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Fig. 1. Simple and complex exchanges (upper
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mosome 4 following gamma-ray irradiation of hu-
man lymphocytes. The lines are model predic-
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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 um 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.

Dose (Gy)

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/
um) protons and high-LET (86 keV/um) 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/um 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/
um 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/um
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
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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);
¢) 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

The present study was supported financially by the Deutsche Forschungsgemein-
schaft (Grant CR 60/19-1).

Received 10 September 2003; manuscript accepted 18 December 2003.

Request reprints from Gregor Kreth, Kirchhoff Institute for Physics, INF 227
69120 Heidelberg (Germany); telephone: +49-6221-549275
fax +49-6221-549839; e-mail: gkreth@kip.uni-heidelberg.de

(#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 ~ 1 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
~ 1 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 um, 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, Y!; 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 p, of an individual modeled 1-Mbp domain containing » DSBs is calcu-
lated from an adaptation of the equation of Poisson distribution (Johnston et
al., 1997):

nh e-b
Pn=

, (1)
n!

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-y-q %))

where D is the dose of radiation (Gy), ¢ is the size of the domain in bp (here
1-10% bp) and y is the yield of DSBs which was adapted to y = 8.07-10-° Gy~!
bp-! 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 p,; was assumed:

(i)

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] = p4. 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 G/G 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.

! Human Genome Resources:

human/

http://www.ncbi.nlm.nik.gov/genome/guide/
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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 (~ 150 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 = 1.5% to the experimental case (marked in black), and
25 heterologous pairs showed a difference =0.8% (marked in
gray). In the case of a statistical distribution of CTs, three heter-
ologous pairs revealed a difference =1.5% and 22 pairs
=0.8%. 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



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.
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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 ~

(DNA content)?3.

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 ~ (DNA content)?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.
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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



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

lich-Bode (Heidelberg).

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.

References

Boyle S, Gilchrist S, Bridger JM, Mahy NL, Ellis JA,
Bickmore WA: The spatial organization of human
chromosomes within the nuclei of normal and
emerin-mutant cells. Hum molec Genet 10:211-
219 (2001).

Cornforth MN, Greulich-Bode KM, Bradford DL, Ar-
suaga J, Vazquez M, Sachs RK, Briickner M, Molls
M, Hahnfeldt P, Hlatky L, Brenner DJ: Chromo-
somes are predominantly located randomly with
respect to each other in interphase human cells. J
Cell Biol 159:237-244 (2002).

Cremer C, Muenkel C, Granzow M, Jauch A, Dietzel S,
Eils R, Guan XY, Meltzer PS, Trent JM, Langow-
ski J, Cremer T: Nuclear architecture and the
induction of chromosomal aberrations. Mutat Res
366:97-116 (1996).

Cremer M, von Hase J, Volm T, Brero A, Kreth G,
Walter J, Fischer C, Solovei I, Cremer C, Cremer
T: Non-random radial higher-order chromatin ar-
rangements in nuclei of diploid human cells.
Chrom Res 9:541-567 (2001).

Cremer T, Cremer C: Chromosome territories, nuclear
architecture and gene regulation in mammalian
cells. Nature Rev 2:292-301 (2001).

Johnston PJ, Olive PL, Bryant PE: Higher-order chro-
matin structure-dependent repair of DNA double-
strand breaks: modeling the elution of DNA from
nucleoids. Radiat Res 148:561-567 (1997).

Acknowledgment

For stimulating discussions we thank T. Cremer (Munich) and K. Greu-

Kreth G, Muenkel C, Langowski J, Cremer T, Cremer
C: Chromatin structure and chromosome aberra-
tions: modeling of damage induced by isotropic
and localized irradiation. Mutat Res 404:77-88
(1998).

Kreth G, Edelmann P, Cremer C: Towards a dynamical
approach for the simulation of large scale cancer
correlated chromatin structures. It J Anat Embryol
106:21-30(2001).

Sachs RK, Chen AM, Brenner DJ: Proximity effects in
the production of chromosome aberrations by ion-
izing radiation. Int J Radiat Biol 71:1-19 (1997).

Cytogenet Genome Res 104:157-161 (2004) 161



Low-LET Radiation

Cytogenet Genome Res 104:162-167 (2004)
DOI: 10.1159/000077482

Cytogeneticand
%;%oanﬂmmrh

Dose dependency of FISH-detected
translocations in stable and unstable cells after
37Cs y irradiation of human lymphocytes

invitro

H. Romm and G. Stephan

Federal Office for Radiation Protection, Department of Radiation Protection and Health, Oberschleissheim (Germany)

Abstract. Human peripheral lymphocytes were exposed to
137Cs y-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 = ¢ + oD +

BD2. As expected, the a coefficients of the dose-response curves
for translocations in stable cells or in total cells do not differ.
However, at doses >1 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),
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especially when the victims received doses >1 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 y-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)

Dose  Scored Genome dic in whole Painted aberrations® dic in whole dic/100 cells + SE tc +ti/100 cells + SE
(Gy) cells equivalent  genome® dic © P et genome/100 cells (genome equivalent)  (genome equivalent)
cells +SE

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

433 330 114 421 166 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 y-
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 pg/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 ug/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, 2x 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 2x 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 =1 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 = 3 breaks in =2 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:

Zfifj)] Fg (Lucas, 1997)
i<j

Fy=2.05 [Zﬁ(l -f-

where fj 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 y-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 = 0.8/
1,000 cells) was found to be similar to our control group (2.8 +
0.5/1,000 cells) for the age group of 40-49 years (Pressl et al.,
1999).

At doses of =1 Gy, 1,018 dicentric chromosomes in total
were observed, including 372 painted dicentrics. The ratio of
painted to whole genome dicentrics is 0.37 = 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 37Cs y-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 = 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 +
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).
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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 (¢%/y = 1, u <
+1.96) 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).



Table 3. Yield of complete (tc) and incomplete (ti) translocations in all observed cells and in stable cells

Dose  Distribution of tc + ti o’y u tc+ti+ SE per tc +ti + SE Distribution of tc +ti ~ 6%/y u tc +ti + SE per
(Gy) intotal cells 100 total cells  (apparently simple) in stable cells 100 stable cells
0 1 ) 3 per 100 total cells 1 )
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
Dose Distribution of tc 02/y u tc = SE tc = SE Distribution of tc 02/y u tc+SE
(Gy) intotal cells per 100 (apparently simple) in stable cells per 100
0 ) ) 3 total cells per 100 total cells 0 1 ) 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+£046 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
433 250 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
Table 5. Values of the coefficients a and
: . . _ B Translocation  Cell type c+SEx 1072 o+ SE B+SE x DF
for translocations in the equation y = ¢ + aD + tvpe Gvix 102 Gy x 102
BD2 (Fg values, genome equivalent) P Y Y
te+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
tetti stable cells 0.51+£0.18 246 +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 = ¢ + aD + BD? by an iteratively weighted
(reciprocal sample mean variance n/c?) 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 o coefficients
are very similar for all aberrations investigated, because they
are barely influenced by heavily damaged cells or cells with
complex exchanges. The o term for translocations (tc + ti)
observed here is 0.015 = 0.008 (corrected for full genome) and
is therefore within the range of 0.008-0.030, described in litera-
ture for y-rays (see below). The  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 °Co-y or 137Cs-y 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 § 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 B 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 B coefficient of dose-
response curve declines to 0.053 = 0.003 which is close to oth-
er curves for y-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 y-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
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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.

Acknowledgement

We are indebted to Dipl.-Phys. Werner Panzer of the GSF for irradiating
the blood samples and carrying out the physical dosimetry.



References

Bauchinger M, Schmid E, Zitzelsberger H, Braselmann
H, Nahrstedt U: Radiation-induced chromosome
aberrations analysed by two-colour fluorescence in
situ hybridization with composite whole chromo-
some-specific DNA probes and a pancentromeric
DNA probe. Int J Radiat Biol 64:179-184 (1993).

Buckton KE, Pike MC: Time in culture — an important
variable in studying in vivo radiation-induced
chromosome damage in man. Int J Radiat Biol
8:439-452 (1964).

Finnon P, Moquet JE, Edwards AA, Lloyd DC: The
60Co gamma ray dose-response for chromosomal
aberrations in human lymphocytes analysed by
FISH; applicability to biological dosimetry. Int J
Radiat Biol 75:1215-1222 (1999).

Guerrero-Carbajal YC, Moquet JE, Edwards AA,
Lloyd DC: The persistence of FISH translocations
for retrospective biological dosimetry after simu-
lated whole or partial body irradiation. Radiat Prot
Dosim 76:159-168 (1998).

Hsieh WA, Deng W, Chang WP, Galvan N, Owens CL,
Morrison DP, Gale KL, Lucas JN: Alpha coeffi-
cient of dose-response for chromosome transloca-
tions measured by FISH in human lymphocytes
exposed to chronic ®°Co gamma rays at body tem-
perature. Int J Radiat Biol 75:435-439 (1999).

Kulka U, Huber R, Muller P, Knehr S, Bauchinger M:
Combined FISH painting and harlequin staining
for cell cycle-controlled chromosome analysis in
human lymphocytes. Int J Radiat Biol 68:25-27
(1995).

Lindholm C, Luomahaara S, Koivistoinen A, Ilus T,
Edwards AA, Salomaa S: Comparison of dose-
response curves for chromosomal aberrations es-
tablished by chromosome painting and conven-
tional analysis. Int J Radiat Biol 74:27-34 (1998).

Lindholm C, Romm H, Stephan G, Schmid E, Moquet
J, Edwards A: Intercomparison of translocation
and dicentric frequencies between laboratories in a
follow-up of the radiological accident in Estonia.
Int J Radiat Biol 78:883-890 (2002).

Lucas JN: Dose reconstruction for individuals exposed
to ionizing radiation using chromosome painting.
Radiat Res 148:533-38 (1997).

Lucas JN, Awa A, Straume T, Poggensee M, Kodama
Y, Nakamo M, Ohtaki K, Weier HU, Pinkel D,
Gray J, Littlefield G: Rapid translocation frequen-
cy analysis in humans decades after exposure to
ionizing radiation. Int J Radiat Biol 62:53-63
(1992).

Lucas JN, Hill F, Burk C, Fester T, Straume T: Dose-
response curve for chromosome translocations
measured in human lymphocytes exposed to ©°Co
gamma rays. Health Phys 68:761-765 (1995).

Lucas JN, Chen AM, Sachs RK: Theoretical predic-
tions on the equality of radiation-produced dicen-
trics and translocations detected by chromosome
painting. Int J Radiat Biol 69:145-153 (1996).

Lucas JN, Hill FS, Burk CE, Lewis AD, Lucas AK,
Chen AM, Sailes FC, Straume T: Dose-response
curve for chromosome translocations induced by
low dose rate!3’Cs gamma rays. Radiat Prot Dosim
71:279-282 (1997).

Matsumoto K, Ramsey MJ, Nelson DO, Tucker JD:
Persistence of radiation-induced translocations in
human peripheral blood determined by chromo-
some painting. Radiat Res 149:602-613 (1998).

Morton NE: Parameters of the human genome. Proc
natl Acad Sci, USA 88:7474-7476 (1991).

Natarajan AT, Santos SJ, Darroudi F, Hadjidikova V,
Vermeulen S, Chatterjee S, Berg M, Grigorova M,
Sakamoto Hojo ET, Granath F, Ramalho AT, Cu-
rado MP: 137Cesium-induced chromosome aberra-
tions analyzed by fluorescence in situ hybridiza-
tion: eight years follow-up of the Goiania radiation
accident victims. Mutat Res 400:299-312 (1998).

Papworth DG: in Appendix to paper by J.R.K. Savage,
Sites of radiation-induced chromosome exchanges.
Current Topics Radiat Res 6:129-194 (1970).

Pressl S, Edwards A, Stephan G: The influence of age,
sex and smoking habits on the background level of
FISH-detected translocations. Mutat Res 442:89—
95(1999).

Savage JRK, Simpson PJ: FISH “painting” patterns
resulting from complex exchanges. Mutat Res
312:51-60 (1994).

Stephan G, Pressl S: Chromosome aberrations in hu-
man lymphocytes analysed by fluorescence in situ
hybridization after in vitro irradiation, and in
radiation workers, 11 years after an accidental
radiation exposure. Int J Radiat Biol 71:293-299
(1997).

Tucker JD, Morgan WF, Awa AA, Bauchinger M, Bla-
key D, Cornforth MN, Littlefield LG, Natarajan
AT, Shasserre C: PAINT: a proposed nomencla-
ture for structural aberrations detected by whole
chromosome painting. Mutat Res 347:21-24
(1995).

Tucker JD, Ramsey MJ, Lee DA, Minkler JL: Valida-
tion of chromosome painting as a biodosimeter in
human peripheral lymphocytes following acute ex-
posure to ionizing radiation in vitro. Int J Radiat
Biol 64:27-37 (1993).

Cytogenet Genome Res 104:162-167 (2004) 167



Low-LET Radiation

Cytogenet Genome Res 104:168-172 (2004)
DOI: 10.1159/000077483

Cytogeneticand
yCt}e%lomeResearch

Effect of DMSO on radiation-induced
chromosome aberrations analysed by FISH

S. Cigarran,2 L. Barrios,” M.R. Caballin@ and J.F. Barquinero@

aUnitat d’Antropologia, Dpt. Biologia Animal, Biologia Vegetal i Ecologia;
bUnitat de Biologia Cel.lular, Dpt. Biologia Cel.lular i Fisiologia Universitat Autbnoma de Barcelona, Bellaterra (Spain)

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)?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
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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 pg/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 pg/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 content?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 DMSQO, the frequency of
dicentrics in solid stained metaphases was 0.92 + 0.09 (Ta-
ble 1), similar to that described previously in our laboratory,
0.98 £ 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 = 0.05 and 0.47 £ 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 0.5M M

Cells analysed 