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G2 chromatid damage and repair kinetics in
normal human fibroblast cells exposed to low-
or high-LET radiation
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Abstract. Radiation-induced chromosome damage can be
measured in interphase using the Premature Chromosome
Condensation (PCC) technique. With the introduction of a new
PCC technique using the potent phosphatase inhibitor calycu-
lin-A, chromosomes can be condensed within five minutes, and
it is now possible to examine the early damage induced by
radiation. Using this method, it has been shown that high-LET
radiation induces a higher frequency of chromatid breaks and a
miuch higher frequency of isochromatid breaks than low-LET

radiation. The kinetics of chromatid break rejoining consists of
two exponential components representing a rapid and a slow
time constant, which appears to be similar for low- and high-
LET radiations. However, after high-LET radiation exposures,
the rejoining process for isochromatid breaks influences the
repair kinetics of chromatid-type breaks, and this plays an
important role in the assessment of chromatid break rejoining
in the G2 phase of the cell cycle.

Copyright©2003 S. Karger AG, Basel

A number of experiments have been performed to quantify
the biological effects of high-LET radiation exposure and
results prove that this type of radiation is more lethal to cells
than equivalent doses of sparsely ionizing radiation such as y-
or X-rays (Suzuki et al., 1989; Raju et al., 1991; Napolitano et
al., 1992). High-LET radiation exposures produce more chro-
mosome breakage and more complex chromosome rearrange-
ments, which usually leads to cell death. However, some types
of damage may confer a proliferative advantage on cells leading
to oncogenic cell transformation and carcinogenesis. Indeed,
the frequencies of transformation and mutations induced by
high-LET radiation have been shown to be greater than those
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induced by similar doses of low-LET radiation (Thacker et al.,
1979; Yang et al., 1985; Suzuki et al., 1989; Tsuboi et al., 1992),
suggesting that carcinogenesis is the most important biological
effect caused by exposure to high-LET radiation.
Chromosome aberration analysis is one of the most reliable
and sensitive methods of measuring radiation-induced dam-
age. Although cytogenetic damage is typically evaluated in the
mitotic phase of the cell cycle, this raises problems because
many cells experience severe cell cycle delays and interphase
cell death (Suzuki et al, 1990; Ritter et al., 1992, 1996,
Edwards et al., 1994, 1996; George et al., 2001), especially after
high-LET radiation exposure. Assessing damage in interphase
chromosomes can reduce some of these problems and produce
a more accurate determination of cytogenetic effects following
high-LET exposure. The premature chromosome condensation
{(PCCQC) technique, first described by Johnson and Rao (Johnson
and Rao, 1970), condenses interphase chromosomes by fusion
to mitotic inducer cells, and this method contributed greatly to
the study of early effects of radiation damage and chromosome
break rejoining, However, this fusion PCC method is technical-
ly difficult to perform and laborious; the PCC index is low, and
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Fig. 1. An example of G2 PCC immediately after exposure to 2 Gy of
80 keV/um carbon particles. Arrows show chromatid-type breaks and arrow
heads show isochromatid breaks.

chromosomes are not well condensed. The fusion PCC tech-
nique also requires a considerable manipulation time and is
therefore not amendable to studying chromosomal breaks in-
duced immediately after irradiation.

With the recent introduction of a technique using the pro-
tein phosphatase inhibitor calyculin-A to induce condensation
in interphase cells (Gotoh et al., 1995; Durante et al., 1998a),
PCC collection is now technically much simpler and a higher
index of well-condensed chromosomes can be obtained. Caly-
culin-A can induce PCC in many types of cells and in different
phases of the cell cycle, especially in G2-phase cells and con-
densation is induced within five minutes of application. Using
this technique, Durante and colleagues (Durante et al., 1999)
found similar frequencies of aberrations in G2 chromosomes
condensed using calyculin-A and in chromosomes condensed
in G1 using the fusion PCC technique. However, lower fre-
quencies were observed in chromosomes collected at meta-
phase, apparently due to the effect of cell cycle delay or cell
cycle block. In this report, high-LET radiation-induced chro-
mosome aberrations in G2-phase normal human fibroblast
cells are discussed.

Initial chromatid breaks

Gotoh et al., (1999) studied radiation-induced G2 chroma-
tid breaks using calyculin-A-induced PCC from human fibro-
blast cells (AG01522) after y-ray exposure during exponential
growth phase, and initial chromatid breaks were found to
increase linearly with dose, Using a similar method, Kawata et
al. (2000, 2001a, 2001b) studied high-LET radiation-induced
G2 chromosome aberrations in AG01522 cells. An example of
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chromatid damage observed immediately after exposure to
2 Gy of 80 keV/um carbon ions is shown in Fig. 1, where more
than 20 isochromatid breaks (G2 fragments) and a number of
chromatid breaks are observed.

The dose-response curves for chromatid-type breaks, iso-
chromatid breaks, and total break yield (chromatid-type plus
isochromatid-type) after exposure to radiation of different LET
values are summarized in Fig. 2. The LET values for the radia-
tion used here range from 0.6 to 440 keV/um. A linear increase
in chromatid breaks and total break yield was discovered,
which was independent of the radiation type. On the other
hand, isochromatid breaks increased linearly after exposure to
high-LET radiation, and a linear quadratic increase was ob-
served after y-ray and 13 keV/pum carbon exposure. Interesting-
ly, asthe LET value increased, the initial percentage of chroma-
tid-type breaks decreased and the percentage of isochromatid
breaks increased, until finally isochromatid breaks predomi-
nated over chromatid-type breaks after the 440 keV/um iron
irradiation. More than 50 % of the initial breaks are isochroma-
tid-type after 440 keV/um iron particle exposure, while more
than 90% are chromatid-type breaks after y-ray exposure.

The differences in break patterns for low- and high-LET
radiations may be attributed to the structure of G2 chromo-
somes and densely ionizing clusters produced by high-LET
radiation. In the G2 phase of the cell cycle, sister chromatids
are tightly attached to one another (Murray and Hunt, 1993)
and the two chromatid breaks that lead to an isochromatid
break would be in close proximity. The probability of a single
track of low-LET radiation producing two breaks on sister chro-
matids is low because ionizations are generally spaced farther
apart than the distance between sister chromatids, and there-
fore chromatid-type breaks would predominate after low-LET
exposure. However, the probability of an isochromatid break
occurring from a single track of high-LET radiation is propor-
tional to the LET of the charged particles because the distance
between the ionization clusters decreases with increasing LET.
An increased yield of isochromatid breaks after a-particles or
neutron exposure has also been reported (Durante et al., 1994;
Griffin et al., 1994; Vral et al., 2000) using mitotic collection
and the G2-assay. A high percentage of isochromatid breaks
can, therefore, be a signature of high-LET radiation exposure of
G2 phase cells.

When the distribution of isochromatid breaks is assessed
within the cell, an overdispersion is observed for high-LET
exposure when compared with similar doses of low-LET radia-
tion. Kawata et al. (2002) calculated the relative variance (s2/y)
from the measured value of the mean value (y) and the variance
(s?), which was around 1.3 for 1.2 Gy of y-rays, 2.0 for 1.5 Gy of
185 keV/um iron, and around 3.1 for 1.5 Gy of 440 keV/um
iron particles, respectively. Because energy deposition is fo-
cused along the high-LET particle tracks, some cells will be very
heavily damaged, while cells hit by §-rays alone will suffer mod-
est damage, and other cells with no hits will be normal (Cuci-
notta et al., 1998). This is in contrast to low-LET radiation
exposure, such as y-rays, where a more even distribution of
damage will induce a uniform distribution of isochromatid
breaks.
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