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Summary. This report summarizes data on the induction, repair and biological 
relevance of five types of radiation-induced DNA lesions for which repair kinetic 
studies have been performed in eukaryotic cells by various laboratories. These 
lesions are: DNA-protein crosslinks, base damage, single-strand breaks, double- 
strand breaks and bulky lesions (clustered base damage in the nm-range). The 
influence of various factors, such as oxia/anoxia, linear energy transfer of the 
radiation used, incubation medium, cell cycle stage, thiol content, hyperthermia, 
on the induction and repair of these lesions is described. Radiation-sensitive 
cell lines are also included. 

Introduction 

A variety of lesions can be detected in the DNA of eukaryotic cells irradiated 
with ionizing radiation. These include DNA-protein crosslinks (DPCs), base 
alterations and base detachments, sugar alterations, bulky lesions, i.e. clusters 
of base damage, DNA single- and double-strand breaks. For most of these 
lesions, i.e. DNA-protein crosslinks, base damage, single- and double-strand 
breaks and bulky lesions, the kinetics of enzymatic repair has been determined. 
This paper is restricted to the induction of these lesions by ionizing radiation, 
their repair kinetics and biological relevance. It is an extended and updated 
version of an earlier publication (Frankenberg-Schwager 1989). 

DNA-protein crosslinks 

DNA-protein crosslinks are formed by covalent linkage between DNA and 
proteins of the nuclear matrix (e.g. Oleinick et al. 1986). Mainly those DNA 
regions which contain actively transcribing, and presumably also replicating, 
sequences are involved in the linkage to proteins, (e.g. Chiu et al. 1982; Oleinick 
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et al. 1986). There is evidence that these DNA sequences are associated with 
the nuclear matrix (Ciejek et al. 1983; Robinson et al. 1983; McCready et al. 
1982). A relatively high amount of about 6000 DPCs is observed per normal, 
unirradiated cell of Chinese hamster V 79 lung fibroblasts in exponential growth 
(Oleinick et al. 1986). DPCs are induced linearly with radiation dose in the 
range of 10 to 100 Gy as shown for exponentially growing leukemia mouse 
cells (Cress and Bowden 1983) and Chinese hamster V79 cells (Chiu et al. 1984; 
Oleinick et al. 1986). 7-rays increase the number of new linkages between DNA 
and protein at a frequency of 150 DPCs per Gy per V79 cell (Ramakrishnan 
et al. 1987). Thus DPCs are induced at about a 4 time higher frequency than 
DNA double-strand breaks (Ramakrishnan et al. 1987). The same yield of radia- 
tion-induced DPCs is found in normal and radiation-sensitive cell lines (like 
Ataxia telangiectasia cells and the CHO mutant xrs-6 (Oleinick et al. 1990). 
At higher doses the number of DPCs approaches a plateau value which corre- 
sponds to the number of DNA attachment sites to the nuclear matrix (Rama- 
krishnan et al. 1987). The yield of DPCs in irradiated V79 cells is reduced in 
the presence of cysteamine (Radford 1986a). Based on the protective effect of 
the OH radical scavenger dimethyl-sulphoxide (DMSO), which is more pro- 
nounced in active DNA than in bulk DNA (Chiu et al. 1986), it appears that 
OH radicals are responsible for the production of DPCs in V 79 cells (Oleinick 
et al. 1986). The yield of DPCs is enhanced when cells are irradiated under 
hypoxic conditions as shown for a human fibroblast cell line (Fornace and 
Little 1977), for CHO cells (Meyn and Jenkins 1984) and for mouse L and 
Chinese hamster V79 cells (Radford 1986a). Interestingly, DPCs are detected 
in cells from tissues irradiated in situ in acutely hypoxic (N2-asphyxiated) mice 
and even in air-breathing animals (Meyn et al. 1986), indicating the presence 
of radiobiological hypoxic cells in tissues of air-breathing animals. Preirradiation 
hyperthermia (43 ° C for 15 min or longer) has no effect on the yield of radiation- 
induced DPCs in exponentially growing mouse leukemia cells (Cress and Bow- 
den 1983) and in V79 cells (Radford 1986a), suggesting that the increased 
amount of nuclear protein after hyperthermia (Roti-Roti and Winward 1981) 
is not available for covalent bonding to the DNA damaged by ionizing radiation. 
In contrast, pre-irradiation hyperthermia increased the yield of DPCs in mouse 
L cells (Radford 1986a). 

Mammalian cells are capable of repairing radiation-induced DPCs. DNA 
is removed from protein with biphasic kinetics during postirradiation incubation 
of cells at 37 ° C under growth conditions. Human fibroblasts in stationary phase 
from a confluent monolayer irradiated with 50 Gy under oxic or anoxic condi- 
tions exhibit a rapid component of repair of DPCs with a half-time constant 
tl/2 of about 2 h and a slow component with a tl/z-value of 12-13 h (Fornace 
and Little 1977). In actively transcribing DNA sequences, DPCs are not only 
preferentially induced but also the removal of DPCs in these regions is faster 
as compared to nontranscribing DNA (Oleinick et al. 1986). In agreement with 
these findings is the fast repair of DPCs in exponentially growing monolayer 
cultures of V79 cells irradiated with 60 Gy (Fig. 1). The tl/2-value reported for 
the rapid component is 1 h which is followed by a slower component of repair 
(Chiu et al. 1984). Likewise, for growing mouse leukemia cells irradiated with 
50 Gy, a rapid removal of DPCs with a tl/2-value of 20 min is followed by 
a slower component with a ta/2-value of 2 h (Cress and Bowden 1983). After 
preirradiation hyperthermic treatment of these cells, only the slow component 
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Fig. 1. Kinetics of DNA protein crosslink removal in Chinese hamster V79 lung fibroblasts 
after irradiation with a dose of 60 Gy (redrawn from Chiu et al. 1984) 

of the repair kinetics can be detected (Cress and Bowden 1983). The slower 
removal of DPCs after preirradiation hyperthermia may be explained by the 
finding that the chemical nature of the bonding is changed with heat (Cress 
and Bowden 1983). Removal of DPCs is also observed in mouse C3H/10T1/2 
fibroblasts which are held after irradiation with 50 Gy under nongrowth condi- 
tions at 37 ° C; in this case DPC removal is relatively slow with a tl/z-value 
of 10-12 h (Fornace and Little 1977). DPCs are removed with the same efficiency 
in normal and radiation-sensitive (like AT and xrs-6) mammalian cell lines 
(Oleinick et al. 1990). Interestingly, Chinese hamster V79 fibroblasts remove 
y-ray induced DPCs but not UV-induced DPCs (Chiu et al. 1984), which may 
point to a different structure of both types of DPCs. More residual DNA-protein 
crosslinks are observed in human melanoma cells incubated for 6 h after irradia- 
tion with high LET radiation (N ions, linear energy transfer (LET)= 530 keV/ 
pro) compared to sparsely ionizing radiation (Eguchi et al. 1987). The mechanism 
of DPC removal appears to involve excision of the adduct, repair replication 
and a ligation step (Chiu et al. 1984). Poly-(ADP-ribose) plays a role in the 
release of DPCs, since 3-aminobenzamide, an inhibitor of the poly-(ADP-ribose) 
polymerase, slows down the second component of the DPC repair kinetics (Chiu 
et al. 1984). Cycloheximide has no effect on the repair of DPCs, suggesting 
that no newly synthesized proteins are required for DPC release (Chiu et al. 
1984). Repair of DPCs seems to require an intact nuclear membrane, as indicated 
by its absence in metaphase cells (Oleinick et al. 1986). 

The biological relevance of DPCs may depend on their chemical structure. 
To the normally occurring 6000 DPCs per V79 cell in exponential growth phase, 
only 200 DPCs are added by a mean lethal radiation dose (Ramakrishnan et al. 
1987). Radiation-induced DPCs must be structurally different from normally 
occurring DPCs if they are involved in cell killing. However, evidence suggests 
that radiation-induced DPCs do not play a role in radiation-induced cell kill- 
ing: 
a) There is a lack of correlation between the increased yield of DPCs in hypoxic 
cells and the decreased radiation sensitivity of these cells relative to oxic cells 
(e.g. Fornace and Little 1977). Moreover, DPCs induced in oxic or anoxic cells 
are released with the same kinetics (Fornace and Little 1977). 
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b) Potentially lethal damage repair in irradiated C3H/10T1/2 mouse cells is 
completed within 6 h, whereas repair of DPCs under the same conditions con- 
tinues at least up to 24 h (Fornace et al. 1980). 
c) The same efficiency for DPC release is observed in normal and radiation- 
sensitive cells (Oleinick 1990). 
d) Although preirradiation hyperthermia has a synergistic effect on cell killing, 
there seems to be no effect on the initial yield of DPCs. A possible relation 
between DPCs and cell killing could only refer to the decreased rate of DPC 
repair after hyperthermic treatment (Cress et al. 1983). 
Radiation-induced DPCs may be relevant for cell aging, since there is a parallel 
in radiation- and age-induced changes of the properties of chromatin in mamma- 
lian cells (Cutler 1976). 

Base damage 

Damage to the four DNA bases is a major type of lesion caused by ionizing 
radiation in mammalian cells (Cerutti 1976). It is estimated that after a given 
dose the total number of damaged bases in human lung fibroblasts may be 
twice the number of DNA single-strand (SSBs) breaks (Cerutti 1974). Various 
radiation-induced alterations to the thymine base have been characterized (Cer- 
utti 1974) which, in this paper, are all termed "thymine damage". A linear 
induction of thymine damage is observed for human lung fibroblasts irradiated 
with 7-rays up to 3000 Gy (Mattern et al. 1975), for EMT6 mouse sarcoma 
cells (up to 1000 Gy) (Dooley et al. 1984) and for HeLa cells irradiated with 
carbon ions up to about 10000 Gy (Mattern and Welch 1979). The efficiency 
of induction of thymine damage in HeLa and CHO cells is decreased with 
increasing linear energy transfer (LET) of carbon ions (LET range 170--780 keV/ 
gm) (Mattern and Welch 1979). The frequency of induction of thymine damage 
depends on the chromatin structure. Thymine damage is about three times more 
frequently induced in replicating chromatin (Waters and Childers 1982), and 
a higher yield is also reported for actively transcribing chromatin of HeLa cells 
(Patil et al. 1985). Base damage induced by much lower doses can be monitored 
as endonuclease-sensitive sites (ESSs), i.e. base damaged sites incised by endonu- 
clease yielding additional SSBs (Paterson 1978). However, only about half of 
the amount of radiation-induced base damage can be detected as ESSs, deduced 
on the one hand from the twice as frequent induction of total base damage 
relative to SSBs (Cerutti 1974) and on the other hand from the same frequency 
of ESSs and SSBs observed in human fibroblasts (Fornace et al. 1986). A linear 
relationship between induced ESSs and dose is found in mouse L1210 cells 
(Fornace 1982), in CHO cells (Van der Schans et al. 1979), in mouse L and 
Chinese hamster V79 cells (Radford 1986a) (Fig. 2). Thiol compounds have 
no effects on the yield of radiation-induced ESSs in CHO cells (Van der Schans 
et al. 1979) but cysteamine is reported to protect against ESSs in mouse L 
and V79 cells (Radford 1986a). The yield of base damage measured as ESSs 
is about equal under oxic or hypoxic conditions in irradiated human fibroblasts 
(Paterson et al. 1976), in CHO cells (Van der Schans et al. 1982a) and in mouse 
L cells (Radford 1986a). In contrast, the yield of ESSs in Chinese hamster cells 
is 2.5 times higher under oxic versus anoxic irradiation conditions (Skov et al. 
1979). There is another paper reporting a high oxygen enhancement ratio (OER) 
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Fig. 2. Induction of base damage (measured 
as endonuclease-sensitive sites (ESS)) in 
irradiated mouse L (zx) and Chinese hamster 
V79 (o) cells (redrawn from Radford 1986a) 
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of about 4 for the induction of ESSs in V 79 cells, however, here also extremely 
high OER's for induced DNA single- (OER= 10) and double-strand breaks 
(OER= 6) have been measured (Kinsella et al. 1986). Fibroblasts from normal 
and Xeroderma pigmentosum individuals show the same efficiency of induction 
of ESSs (Fornace et al. 1986). Preirradiation hyperthermia has no effect on the 
induction of ESSs in mouse L cells (Radford 1986a). Recently, a powerful and 
sensitive method combining capillary gas chromatography with mass spectrome- 
try with selected ion-monitoring was applied to detect base damage in irradiated 
cultured human lymphocytes (Dizdaroglu et al. 1987). At a dose range from 
10 to 100 Gy the linear induction of a 8,5'-cyclo-2'-deoxyguanosine could be 
monitored. This type of damage arises by intramolecular cyclisation between 
guanine and the neighbouring sugar moiety and was not known before to occur 
in irradiated cells. 

Thymine damage is removed from the DNA of cells during postirradiation 
incubation in growth medium at 37°C (Mattern et al. 1973, 1975; Mattern 
and Welch 1979; Paterson et al. 1976; Van der Schans et al. 1979). Repair of 
radiation-induced thymine damage is usually completed within 1 h and faster 
than repair of UV-induced thymine damage, which requires one to several hours 
for completion. For example, about 80% of thymine damage induced by a 
dose of 2500 Gy is removed from the DNA of human lung fibroblasts, SV40 
transformed human fibroblasts and CHO cells within 15 rain of postirradiation 
incubation (Mattern et al. 1975). Excision of thymine damage induced by ioniz- 
ing radiation is equally efficient in human and rodent cells, in contrast to UV- 
induced thymine damage which seems to be reduced in the latter cells. This 
indicates that the endonucleolytic incision step differs for base damage induced 
by ionizing radiation and by UV-light. Endonueleolytie activity towards pirradi- 
ated DNA has been detected in human cells (Brent 1976) and in calf thymus 
cells (Bacchetti and Benne 1975). Radiation-induced base damage, monitored 
as ESS, is removed exponentially with time (first order reaction), with tl/z-values 
of about 1 h in human fibroblasts (Paterson et al. 1976) and of about 1.5 h 
in Xeroderma pigmentosum fibroblasts (Fornace et al. 1986). The removal of 
ESS is impaired in a radiation-sensitive cell line of Ataxia telangieetas, ia patients 
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(Paterson et al. 1976; Paterson and Smith 1979) indicating a defective excision 
repair in these cells. Other AT cell lines, however, show normal excision repair 
(Hariharan et al. 1981; Van der Schans et al. 1981). The rate of ESS removal 
is not affected by the absence of oxygen and the presence of thiol compounds 
during irradiation of CHO cells (Van der Schans et al. 1979, 1982a). The chroma- 
tin structure of cells is important not only for the frequency of induction of 
thymine damage but also for the rate of repair. In active chromatin of HeLa 
cells, the rate of removal of thymine damage is higher than in inactive chromatin 
(Patti et al. 1985). Although high LET radiation reduces the yield of thymine 
damage, no effect on the rate of its removal is observed in HeLa cells (Mattern 
and Welch 1979). Base damage is removed from eukaryotic cells by two modes 
of excision repair. The "base excision repair" acts mainly on x-ray-induced 
base damage, whereas the "nucleotide excision repair" acts on damage induced 
by UV-light (e.g. Friedberg 1985). 

There is evidence against the involvement of base damage in radiation-in- 
duced cell killing: 
a) Lack of correlation between cell killing and base damage induction in depen- 
dence of LET. For example, for carbon ions the efficiency for cell killing is 
maximum at a LET-value of about 200 keV/gm, yet the yield of thymine damage 
is reduced by a factor of 5 (Mattern and Welch 1979). Furthermore, the rate 
and extent of repair is the same after high and low LET radiation (Mattern 
and Welch 1979). 
b) Hypoxia protects against radiation-induced cell killing but, in most cases, 
not against base damage (Paterson et al. 1976; Radford 1986a; Van der Schans 
et al. 1982a). 
c) Some radiation-sensitive AT cell lines are capable of repairing ESSs (Harihar- 
an et al. 1981; Van der Schans et al. 1981), others are not (Paterson et al. 1976; 
Paterson and Smith 1979). 
d) Hyperthermia enhances radiation-induced cell killing but has apparently no 
effect on the yield of base damage, measured as ESSs (Radford 1986a). 
Radiation-induced base damage plays a role in the induction of point mutations. 
For example, 84% of the mutational events in the essential gene (aprt) of Chinese 
hamster cells are classified as "point mutations" (Grosovsky et al. 1987). In 
contrast, mainly large deletions rather than point mutations given rise to muta- 
tional events in a non-essential gene (hprt) of V79 cells (Thacker 1986). Thymine 
damage may play a role in the process of cellular ageing. With increasing age 
of human WI-38 cells in culture, the efficiency of removal of radiation-induced 
thymine damage decreases and hence an accumulation of thymine damage in 
the DNA of old cells is observed (Mattern and Cerutti 1979). 

DNA single-strand breaks 

Induction of SSBs has been studied for a large variety of mammalian cells 
and has been found to increase in proportion to the dose of radiation (e.g. 
Ahnstr6m and Edvardsson 1974; Coquerelle et al. 1973; Kohn et al. 1976; Roots 
et al. 1979). The same induction frequency for SSB is observed in radiation- 
resistant Chinese hamster and in radiation-sensitive mouse cells (Sakai and Oka- 
da 1984; Radford 1986a). Likewise, no difference in SSB induction is detected 
in normal human fibroblasts and in radiation-sensitive cells from retinoblastoma 
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patients (Woods et al. 1982). The efficiency of SSB induction decreases with 
increasing LET as shown for Chinese hamster V79 cells irradiated with high 
(100-600 keV/gm) and low (0.5-2.4 keV/gm) LET radiation (Ritter et al. 1977). 
For human skin fibroblasts the efficiency of SSB induction by 14.6 MeV neutrons 
is 30% less than by 7-rays (Van der Schans et al. 1983) and also for mouse 
cells a decreased induction frequency of SSB is reported after irradiation with 
fast neutrons (6 MeV) (Sakai et al. 1987). Hypoxia decreases the yield of radia- 
tion-induced SSBs relative to oxic conditions (Palcic and Skarsgard 1972; Len- 
nartz et al. 1975). The decrease is by a factor of 3 for Chinese hamster cell 
V79 fibroblasts (Koch and Painter 1975) and for human fibroblasts (Revesz 
1985), but also a factor of about 4 has been reported for Chinese hamster cells 
(Hohman et al. 1976). Radiation-induced SSBs, assayed under alkaline condi- 
tions, comprise about 30% or 50% alkaline labile sites in rat thymocytes irradiat- 
ed under oxic or anoxic conditions, respectively (Lennartz et al. 1973). Exoge- 
nously supplied thiol compounds reduce the yield of SSBs in human fibroblasts 
(Van der Schans et al. 1979) and in mouse and Chinese hamster cells (Radford 
1986a) irradiated under hypoxic conditions. In agreement with these findings 
is the increased yield of SSBs in irradiated anoxic human fibroblasts depleted 
in endogenous glutathione (Edgren et al. 1981). Recently, it was reported that 
sensitization to SSB induction occurs in HeLa and CHO cells depleted of intra- 
cellular thiol compounds at moderate oxygen concentrations (0.5-10 ~tM), 
whereas sensitization under oxic or extreme hypoxic conditions (0.01 gM oxy- 
gen) is marginal (Van der Schans et al. 1986). The efficiency of SSB induction 
does not vary during the cell cycle (Graubmann and Dikomey 1983). Preirradia- 
tion hyperthermia has no effect on the yield of SSB in CHO cells (Dewey et al. 
1980), HeLa cells (Lunec et al. 1981) and mouse cells (Radford 1986 a). Contradic- 
tory to this, an increased frequency of radiation-induced SSBs following hyper- 
thermic treatment of CHO cells is observed (Corry et al. 1977; Mills and Meyn 
1981). SSBs are preferably induced by radiation in transcriptionally active DNA 
sequences as shown in mouse (Chiu et al. 1982) and Chinese hamster (Oleinick 
et al. 1985) cells. This is explained by the better accessibility of OH radicals 
to DNA during transcription. 

Repair of radiation-induced SSBs has been studied in many different cell 
lines. SSBs are rejoined exponentially with time (first order reaction) during 
postirradiation incubation of cells under growth conditions at 37 ° C (Fig. 3) 
(e.g. Dikomey and Franzke 1986). Up to three components of the SSB repair 
kinetics can be distinguished. The first component comprises 70-90% of all 
SSBs which are rejoined independently of dose with a tl/2-value between 2 
and 10 min. The induction of these rapidly reparable SSBs can be prevented 
by the presence of cysteamine during irradiation (Van der Schans et al. 1982a). 
The second, slower component represents a dose-dependent rejoining of SSBs 
with tl/z-values of about 10 min and more (e.g. Bryant et al. 1984; Dikomey 
and Franzke 1986; Wheeler and Wierowski 1983; Wheeler and Nelson 1987). 
This component may represent a mixture of SSB rejoining and dose-dependent 
formation of new SSBs due to incisions at base damaged sites (Bryant et al. 
1984; Dikomey and Franzke 1986). The third component is attributed to the 
rejoining of DNA double-strand breaks with a tl/2-value>l h (Bryant and 
B16cher 1980). SSBs are rejoined with the same rate in radiation-resistant and 
-sensitive human cell lines (Paterson et al. 1976; Hariharan et al. 1981; Woods 
et al. 1982; Van der Schans et al. 1982a, 1983) and rodent cells (Sakai and 
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Fig. 3. Rejoining kinetics of radiation-induced total DNA strand breaks measured in various 
studies. The figure is taken from Dikomey and Franzke 1986. Data was taken from 1: V79, 
9 Gy (Ahnstr6m and Edvardsson 1974); 2: Ehrlich ascites, 100 Gy (Bryant and Bl6cher 1980); - 
3: mouse, 3 Gy (Bowden and Kasunic 1981); 4: Ehrlich ascites, 6 Gy (Jorritsma and Konings 
1983); 5: V79, 100 Gy (K6rner et al. 1978); 6: NHIK, 18.5 Gy (McGhie et al. 1983); 7: human 
tympfiocytes, 1 Gy (McWilliams et al. 1983); 8: V79, 45 Gy (Sakai and Okada 1981); Solid 
line: CHO, 3 and 9 Gy (Dikomey and Franzke 1986) 

Okada 1984). However, in the latter case the fraction of unrejoined SSBs is 
higher in radiation-sensitive cells. No difference in the rate of SSB rejoining 
is observed in undifferentiated and terminally differentiated rodent brain cells, 
yet the slower overall SSB rejoining rate in differentiated neurons is mainly 
due to the increased fraction of slow reparable breaks in these cells (Wheeler 
and Nelson 1987). Contact inhibited mouse C3 H /1 0 T1 /2  cells in stationary 
phase exhibit a slow rejoining of SSBs when cells are kept after irradiation 
under nongrowth conditions. 90% of the induced SSBs are rejoined during 
the first hour and most of the remaining SSBs disappear during the next 5 h 
(Fornace et al. 1980). The rate of SSB rejoining after irradiation of CHO cells 
with high LET e-particles is decreased compared to low LET irradiation (Cole 
et al. 1980). In contrast, a similar rate of SSB rejoining is observed for both 
human fibroplasts and cells from AT patients after high LET (14.6 MeV neu- 
trons) and low LET (6°Co 7) irradiation (Van der Schans et al. 1983) and also 
for human lymphocytes (McWilliams et al. 1983). In Chinese hamster cells the 
fraction of nonrejoined SSBs increases with the LET of heavy ions from 1.4% 
(at 1 keV/gm) to 18% (at 1953 keV/gm) (Ritter et al. 1977; see also Roots et al. 
1979). An increased yield of unrejoined SSBs after high LET irradiation is also 
reported for Chinese Hamster V 79 cells irradiated with fast neutrons (Ahnstr6m 
and Edvardsson 1974; K6rner  et al. 1978), for CHO cells, where 20% of the 
SSBs induced by e-particles remained unrejoined after 6 h compared to only 
10% after low LET irradiation (Cole et al. 1980), and in mouse cells irradiated 
with fast neutrons (Sakai et al. 1987). There is no correlation of the rate of 
SSB rejoining with the cycle dependent variation in radiosensitivity (Sawada 
and Okada 1970), but a similar cell cycle dependent variation of nonrejoined 
SSBs and cellular radiosensitivity is observed (Sakai and Okada 1984). On the 
other hand, the rate of SSB rejoining was found to be dependent on the chroma- 
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tin structure of irradiated cells. For example, a slower rate of rejoining is mea- 
sured in Chinese hamster fibroblasts in metaphase compared to asynchronous 
cells (Oleinick et al. 1985). Radiation-induced SSBs are rejoined even under 
extreme hypoxic conditions in Chinese hamster V79 cells, but the amount of 
SSBs left unrejoined after an incubation period of one hour is 20% in cells 
under extreme hypoxia and only 10% under oxic conditions (Koch and Painter 
1975). Treatment of cells at temperatures of about 43 ° C prior to irradiation 
reduces the rate and the extent of SSB rejoining as shown for CHO cells (Clark 
and Lett 1976; Mills and Meyn 1981), HeLa cells (Lunec et al. 1981), mouse 
cells (Bowden and Casunic 1981) and Ehrlich ascites tumour cells (Jorritsma 
and Konings 1983). The rate and extent of SSB rejoining may depend on the 
level of intracellular thiol compounds. Rejoining of SSBs within one hour after 
irradiation of human fibroblasts under oxic conditions is only 70% in gluta- 
thione-depleted cells compared to glutathione-proficient cells, whereas rejoining 
of SSBs radiation-induced under hypoxia is about 100% in both cell lines 
(Edgren et al. 1981; Revesz and Edgren 1984). In contradiction to this, no effect 
of thiol depletion on postirradiation rejoining of SSBs has been reported (Vos 
et al. 1986). 

There is evidence that SSBs are not involved in cell killing: 
a) With increasing LET of radiation the efficiency for cell killing increases (e.g. 
Fowler 1981), yet the efficiency for SSB induction decreases (Ritter et al. 1977; 
Roots et al. 1979; Van der Schans et al. 1983; Sakai et al. 1987). 
b) The rate of rejoining of the majority of SSBs is about equal after high and 
low LET radiation (Van der Schans et al. 1983; Sakai et al. 1987) and not related 
to cellular radiosensitivity (e.g. Szumiel 1981). 
c) A level of SSBs, induced by hydrogen peroxide via OH radicals, correspond- 
ing to 10 Gy does not result in killing of Chinese hamster cells and does not 
affect cell inactivation by y-rays (Ward et al. 1985). 
However, a correlation between unrejoined SSBs and cell killing is observed 
for radiation-resistant and -sensitive cell lines (Sakai and Okada 1984), for the 
cell cycle dependency (Sakai and Okada 1984), for the LET dependency (Cole 
et al. 1980; Ritter et al. 1977), and for preirradiation hyperthermia (Clark and 
Lett 1976; Bowden and Casunic 1981; Lunec et al. 1981; Mills and Meyn 1981). 
It remains to be elucidated to which extent DNA double-strand breaks contrib- 
ute to the amount of unrejoined SSBs (see Ritter et al. 1977; Dikomey and 
Franzke 1986; Radford 1986a; Sakai et al. 1987). 

D N A double-strand breaks 

After irradiation with supralethal doses, a linear relationship between double- 
strand breaks (DSBs) and dose has been observed for various types of eukaryotic 
cells (e.g. Corry and Cole 1968; Lehman and Ormerod 1970; Frankenberg- 
Schwager et al. 1979; B16cher 1982; Van der Schans et al. 1982a). Contradictory 
to this, in cases where neutral filter elution was used to measure DSBs, it was 
reported that a non-linear, shoulder-type induction curve for DSBs in rodent 
cells is found at low doses as applied in survival studies (Radford 1985; Prise 
et al. 1987). Controversial opinions exist about the possibility that this finding 
is a technical artefact depending on the cellular lysis conditions applied (Okayasu 
and Iliakis 1989; Radford 1990). However, in yeast cells, DSBs are induced 
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under various irradiation conditions linearly with dose in a dose range applied 
in survival assays (Fig. 4) (Frankenberg-Schwager et al. 1979; Frankenberg et al. 
1986). Yeast mutants, exhibiting no detectable rejoining of DSBs, show an expo- 
nential survival curve where about one DSB per cell corresponds to one lethal 
event (Frankenberg et al. 1981). On the basis that one unrepaired DSB is lethal 
for a yeast cell, a curvi-linear induction of DSB with dose should result in 
a shoulder-type rather than an exponential survival curve of such DSB repair 
deficient mutants. Moreover, measuring chromosome breaks by the premature 
chromosome condensation (PCC) technique, a linear relationship between 
breaks and dose is observed in the dose range up to 20 Gy (Waldren and Johnson 
1974) but also at lower doses (Cornforth and Bedford 1983; Pantelias and Maillie 
1985). The yield of radiation-induced DSBs is lower by a factor of about 25 
than the yield of SSBs based on 1000 SSBs per mammalian cell per Gy (Elkind 
1979) and 40 DSBs per cell per Gy (B16cher 1982). In oxic cells the yield of 
radiation-induced DSBs is about three-fold higher than in anoxic cells (Fig. 4) 
(e.g. Lennartz et al. 1975; Kampf  et al. 1977a; Frankenberg-Schwager et al. 1979; 
Radford 1985; Prise et al. 1987). The yield of DSBs (measured by the neutral 
sedimentation technique) increases with increasing LET of the radiation applied 
(Kampf et al. 1977; Cole et al. 1980; Frankenberg et al. 1981; Van der Schans 
et al. 1983). In agreement with this, Ne ions ( L E T =  183 keV/gm) are found 
to be 1.5 times more effective at producing chromatin breakage (assayed by 
the PCC technique) compared to x-rays (Goodwin et al. 1989). In contrast, vir- 
tually the same induction frequency for DSBs is observed for sparsely ionizing 
radiations and e-particles, when the neutral filter elution rather than the neutral 
sedimentation technique was applied for DSB measurement (Coquerelle et al. 
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Fig. 5. Kinetics of double-strand 
break rejoining under nongrowth 
conditions in Ehrlich ascites 
tumor cells irradiated in 
stationary phase with 10, 20 and 
40 Gy, tiDSB: number of DSB per 
cell (redrawn from B16cher and 
Pohlit 1982) 
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1987; Prise et al. 1987). Preirradiation hyperthermic treatment of rodent cells 
is reported to yield an increased induction frequency of DSBs (Radford 1985, 
1986 b). No difference between radiation-resistant and -sensitive cell lines is found 
for the induction of DSBs (Van der Schans et al. 1982a, 1983) and for chromo- 
some breakage (Cornforth and Bedford 1985). However, in one study a higher 
yield of initial DSBs is observed in radiation-sensitive cell lines compared to 
-resistant cells (Radford 1986b). The effect of glutathione-depletion on the yield 
of DSBs is relatively small in CHO cells irradiated under oxic or severely hypoxic 
conditions; only at moderate hypoxia does glutathione-depletion sensitize for 
DSB induction (Van der Schans et al. 1986). In rodent cells, a protective effect 
of cysteamine against radiation-induced DSBs is observed (Radford 1986b). 

DSBs are rejoined during postirradiation incubation in various types of cells 
under growth or nongrowth conditions with monophasic (Bradley and Kohn 
1979; Bryant and B16cher 1980) or biphasic (Cole et al. 1980; Van der Schans 
et al. 1982a, 1983; Coquerelle et al. 1987) kinetics. The rejoining of radiation- 
induced DSBs is exponential with time (first order reaction) and independent 
of dose as shown for mouse cells (Bradley and Kohn 1979) and Ehrlich ascites 
tumour cells (Fig. 5) (B16cher and Pohlit 1982). Great variations in the half-time 
constants tl/2 are observed for DSB rejoining under growth conditions, which 
may depend on the method of DSB measurement: an initial rapid component, 
with a tl/2-value of 3-10 min (Cole et al. 1980; Van der Schans et al. 1983; 
Weibezahn and Coquerelle 1981) is followed by a slow component, the tl/2-value 
of which ranges from 40 min to 4 h (Lehman and Stevens 1977; Bradley and 
Kohn 1979; Bryant and B16cher 1980). DSB rejoining in stationary Ehrlich 
ascites tumour cells is slower under nongrowth conditions (tt/2 = 3 h) compared 
to growth conditions (tl/2 = 1.8 h) (Bryant and B16cher 1980). A close correlation 
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exists between DSB rejoining and rejoining of chromosome breaks monitored 
by the PCC technique. The biphasic, dose-independent rejoining of chromosome 
breaks under nongrowth conditions shows an exponential dependence of time 
with tl/2-values of 2 h and 6 h for the fast and slow component, respectively 
(Cornforth and Bedford 1983). The rate of DSB rejoining is independent of 
the cell cycle phase in which cells are irradiated (Weibezahn and Coquerelle 
1981; B16cher et al. 1983). The same rate of DSB rejoining is observed for radia- 
tion-resistant and most -sensitive cell lines (Lehman and Stevens 1977; Coquer- 
elle and Weibezahn 1981; Van der Schans et al. 1982b, 1983) but few radiation- 
sensitive lines do exhibit an impaired rate of DSB rejoining (Coquerelle and 
Weibezahn 1981). Radiation-sensitive cells from Ataxia telangiectasia patients 
with normal rate of DSB rejoining show, however, a higher fraction of nonre- 
joined chromosome breaks (Taylor 1978; Cornforth and Bedford 1985). After 
high LET irradiation the rate of DSB rejoining may be (Bryant and B16cher 
1980; Coquerelle et al. 1987; B16cher 1988; Frankenberg-Schwager et al. 1990) 
or may not be slower (Van der Schans et al. 1983) compared to low LET irradia- 
tion. In the course of DSB rejoining after low and high LET irradiation the 
linear relationship between initial DSB and dose is converted into a linear- 
quadratic relationship between unrejoined DSB and dose (Frankenberg- 
Schwager et al. 1980a, b, 1982; B16cher and Pohlit 1982; B16cher 1988; Franken- 
berg-Schwager et al. 1990) and the fraction of unrejoined DSBs is higher after 
high LET irradiation (Cole et al. 1980; Coquerelle et al. 1987; Frankenberg- 
Schwager et al. 1982; B16cher 1988; Frankenberg-Schwager et al. 1990). Similar 
findings were reported for interphase chromatin breaks (PCC fragments) after 
irradiation of noncycling, diploid human fibroblasts with low doses of x-rays: 
Initial PCC fragments depend linearly on dose, whilst residual PCC fragments 
(present after a 24 h incubation of cells under nongrowth conditions) show a 
non-linear dependence on dose (Cornforth and Bedford 1987). Likewise, the 
fraction of unrejoined chromatin fragments was higher in a human/hamster 
hybrid cell-line irradiated with Ne ions compared to x-rays (Goodwin et al. 
1989). Hyperthermic treatment reduces the rate and extent of rejoining of radia- 
tion-induced DSBs (Corry et al. 1977; Ben-Hur et al. 1978; Dikomey 1982). 
No effect of thiol depletion on the rejoining of DSBs is reported for CHO 
cells irradiated under oxic or hypoxic conditions (Vos et al. 1986). No difference 
in the time course of DSB rejoining was observed after a 2 h incubation in 
growth medium of primary human skin fibroblasts irradiated in the presence 
of air, N z or N 2 +cysteamine (20 raM) (Van der Schans et al. 1982). The mecha- 
nism of rejoining of radiation-induced DSBs seems to involve a recombinational 
process (Resnick 1976) but other authors suggest that at least part of the DSBs 
are rejoined by simple ligation (Weibezahn and Coquerelle 1981). In fact, there 
is experimental evidence for the occurrence of the heteroduplex postulated to 
be formed during the recombinational repair of DSBs in mammalian cells (Res- 
nick and Moore 1979; Fonck et al. 1984). 

Evidence exists that radiation-induced DSBs lead to cell killing: 
a) With increasing LET of the radiation both cell killing and the yield of unre- 
joined DSBs increase (Cole etal. 1980; Frankenberg-Schwager etal. 1982; 
Coquerelle et al. 1987; B16cher 1988; Frankenberg-Schwager et al. 1990). 
b) Radiation-sensitive human fibroblasts from Ataxia teIangiectasia patients 
show a higher level of unrejoined chromosome breaks compared to normal 
cells (Taylor 1978; Cornforth and Bedford 1985). 
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c) Yeast mutants, completely deficient in DSB rejoining, are killed by about 
one DSB per cell (e.g. Frankenberg et al. 1984a). They do not repair potentially 
lethal damage (Petin 1979; Reddy et al. 1982; Frankenberg-Schwager et al. 1985, 
1987) and sublethal damage (Reddy et al. 1982; Frankenberg et al. 1984b, Fran- 
kenberg-Schwager et al. 1985). Furthermore, these mutants do not show a dose- 
rate effect (Reddy et al. 1982), which is in agreement with the finding that the 
better survival of normal cells at low dose-rate irradiation is correlated with 
the rejoining of DSBs during irradiation (Frankenberg-Schwager et al. 1981). 
DSBs (Kampf et al. 1977; Cole et al. 1980; Frankenberg et al. 1981; Van der 
Schans et al. 1983; Frankenberg et al. 1986) seem to be involved in chromosome 
abberration production (e.g. Bauchinger etal. 1975; Edwards etal. 1980; 
Zoetelief and Barendsen 1983; Thacker etal. 1986) and cell transformation 
(Borek et al. 1978; Han and Elkind 1979; Robertson et al. 1983; Barendsen 
and Gaiser 1985; Hall and Hei 1985), based on a similar LET-dependence for 
all three endpoints. 
There is no evidence for the involvement of DSB in the formation of point 
mutations based on the fact that DSB repair-proficient and -deficient yeast 
cells exhibit the same mutation frequency (Magni et al. 1977). 

Bulky lesions 

Bulky lesions are defined as clusters of base damage involving at least three 
unpaired bases, not necessarily combined with a strand break (Silber and Loeb 
1982; Kohfeldt et al. 1988). These lesions can be detected by the DNA single- 
strand specific endonuclease S 1 resulting in the formation of DSBs. The induc- 
tion of bulky lesions (S 1-sites) by ionizing radiation depends on the structure 
of DNA: These lesions do not occur in DNA irradiated in vitro, but they 
are found in the DNA of irradiated yeast (Andrews et al. 1984; Geigl 1987) 
and mammalian cells (Yoshizawa et al. 1978; Furuno et al. 1979). Bulky lesions 
are induced in proportion to the radiation dose at the same or somewhat higher 
frequency as DSBs (Yoshizawa et al. 1978; Andrews et al. 1984; Geigl 1987). 
The yield of bulky lesions is reduced by approximately 50% in mouse leukemia 
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Fig. 6. Repair under nongrowth conditions of bulky lesions and double-strand breaks (DSB) 
in diploid (a) and haploid (b) yeast cells irradiated with 200 Gy. C: Radiation-induced lesions 
per DNA molecule of band 13/12, S 1 : endonuclease S 1, (redrawn from Geigl 1987) 
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cells i r radiated with cyclotron neu t rons  (30 MeV) compared  to v-rays ( F u r u n o  
et al. 1979). 

Bulky lesions disappear  from the D N A  of yeast cells at abou t  the same 
rate as DSBs (Fig. 6a) (Geigl 1987). The mechan i sm involved in the repair  of 
bulky lesions in yeast seems to require a r ecombina t iona l  process, since haploid  
cells in s ta t ionary  phase are no t  capable of removing  nei ther  bu lky  lesions nor  
DSBs (Fig. 6b) (Geigl 1987). The biological  significance of rad ia t ion- induced  
bulky  lesions remains  to be elucidated. 

References 

Ahnstr6m G, Edvardsson KA (1974) Radiation-induced single-strand breaks in DNA deter- 
mined by rate of alkaline strand separation and hydroxylapatite chromatography: an alter- 
native to velocity sedimentation. Int J Radiat Biol 26:493-497 

Andrews J, Martin-Bertam H, Hagen U (1984) S 1-nuclease sensitive sites in yeast DNA: an 
assay for radiation-induced base damage. Int J Radiat Biol 45:497-505 

Bacchetti S, Benne R (1975) Purification and characterization of an endonuclease from calf 
thymus acting on irradiated DNA. Biochim Biophys Acta 390:285-297 

Barendsen GW, Gaiser JF (1985) Cell transformation in vitro by fast neutrons of different 
energies: implications for mechanism. Radiat Prot Dosimetry 13:145-148 

Bauchinger M, Schmid E, Rimpl G, Kiihn H (1975) Chromosome aberrations in human lym- 
phocytes after irradiation with 15 MeV neutrons in vitro. I. Dose response relation and 
RBE. Mutat Res 27:103--109 

Ben-Hur E, Elkind MM, Riklis E (1978) Cancer therapy by hyperthermia and radiation. Urban 
und Schwarzenberg, Baltimore Miinchen, pp 29 36 

B16cher D (1981) Strahleninduzierte DNA Doppelstrangbriiche in Ehrlich ascites Tumorzellen 
und ihre m6gliche Bedeutung fiir das Zelliiberleben. Thesis. Johann-Wolfgang-Goethe 
Universit/it, Frankfurt am Main 

B16cher D (1982) DNA double-strand breaks in Ehrlich ascites tumour cells at low doses 
of x-rays. Determination of induced breaks by centrifugation at reduced speed. Int J Radiat 
Biol 42: 31%328 

B16cher D (1988) DNA double-strand break repair determines the RBE of e-particles. Int 
J Radiat Biol 54:761 771 

B16cher D, Pohlit W (1982) DNA double-strand breaks in Ehrlich aseites tumour cells at 
low doses of x-rays. Can cell death be attributed to double-strand breaks? Int J Radiat 
Biol 42:329 338 

Bl6cher D, Nfisse M, Bryant PE (1983) Kinetics of double-strand break repair in the DNA 
of x-irradiated synchronized mammalian cells. Int J Radiat Biol 43:579 584 

Borek C, Hall EJ, Rossi HH (1978) Malignant transformation in cultured hamster embryo 
cells produced by x-rays, 430 keV monoenergetic neutrons, and heavy ions. Cancer Res 
38:2997-3005 

Bowden GT, Casunic MD (1981) Hyperthermic potentiation of the effects of a clinically signifi- 
cant x-ray dose on cell survival, DNA damage, and DNA repair. Radiat Res 87:109-120 

Bradley MO, Kohen KW (1979) X-ray induced DNA double-strand break production and 
repair in mammalian cells as measured by neutral filter elution. Nucl Acids Res 7:793-804 

Brent TP (1976) Purification and characterization of human endonucleases specific for damaged 
DNA. Analysis of lesions induced by UV or x-radiation. Biochim Biophys Acta 454:172-183 

Bryant PE, B16cher D (1980) Measurement of the kinetics of DNA double-strand break repair 
in Ehrlich ascites tumour ceils using the unwinding method. Int J Radiat Biol 38:335 347 

Bryant PE, Warring R, Ahnstr6m G (1984) DNA repair kinetics after low doses of x-rays. 
A comparison of results obtained by the unwinding and nucleoid sedimentation methods. 
Murat Res 131:19~6 

Cerutti PA (1974) Effects of ionizing radiation on mammalian cells. Naturwissenschaften 61:51- 
59 

Cerutti PA (1976) Photochemistry and photobiology of nucleic acids, vol 2. Academic Press, 
New York, pp 375~401 



287 

Chiu S, Oleinick NL, Friedman LR, Stambrook PJ (1982) Hypersensitivity of DNA in transcrip- 
tionally active chromatin to ionizing radiation. Biochim Biophys Acta 699:15-2l 

Chiu S, Sokany NM, Friedman LR, Oleinick NL (1984) Differential processing of ultraviolet 
or ionizing radiation-induced DNA-protein crosslinks in Chinese hamster cells. Int J Radiat 
Biol 46: 681-690 

Chiu S, Friedman L, Xue L, Oleinick NL (1986) Modification of DNA damage in transcription- 
ally active vs. bulk chromatin. Int J Radiat Oncol Biol Phys 12:1529-1532 

Ciejek EM, Tsai MJ, O'Malley BW (1983) Actively transcribed genes are associated with the 
nuclear matrix. Nature 306:607-609 

Clark EP, Lett JT (1976) The effect of hyperthermia on the rejoining of DNA strand breaks 
in x-irradiated CHO cells. Radiat Res 67:519 

Cole A, Meyn RE, Chen R, Corry PM, Hittelman W (1980) Radiation biology in cancer 
research. Raven Press, New York, pp 33-58 

Coquerelle T, Weibezahn KF (1981) Rejoining of DNA double-strand breaks in human fibro- 
blasts and its impairment in one Ataxia telangiectasia and two Fanconi strains. J Supramol 
Struct Cell Biochem 17:369-376 

Coquerelle T, Bopp A, Kessler B, Hagen U (1973) Strand breaks and 5'-end groups in DNA 
of irradiated thymocytes. Int J Radiat Biol 24:397-404 

Coquerelle T, Weibezahn KF, Lficke-Huhle C (1987) Rejoining of double-strand breaks in 
normal human and Ataxia telangiectasia fibroblasts after exposure to 6°Co ?-rays, 241 
Am a-particles or Neomycin. Int J Radiat Biol 51:209-218 

Cornforth MN, Bedford JS (1983) X-ray induced breakage and rejoining of human interphase 
chromosomes. Science 222:1141-1143 

Cornforth MN, Bedford JS (1985) On the nature of a defect in cells from individuals with 
Ataxia telangiectasia. Science 227:1589-1591 

Cornforth MN, Bedford JS (1987) A quantitative comparison of potentially lethal damage 
repair and the rejoining of interphase chromosome breaks in low passage normal human 
fibroblasts. Radiat Res 111 : 385-405 

Corry PM, Cole A (1968) Radiation-induced double-strand scissions of the DNA of mammalian 
metaphase cells. Radiat Res 36:528-543 

Corry PM, Robinson S, Getz S (1977) Hyperthermic effects on DNA repair mechanisms. 
Radiology 123:475-482 

Cress AE, Bowden GT (1983) Covalent DNA-protein crosslinking occurs after hyperthermia 
and radiation. Radiat Res 95:610-619 

Cutler RG (1976) Ageing, carcinogenesis, and radiation biology. Plenum Press, New York 
London, pp 443-492 

Dewey WC, Freeman ML, Raaphorst GP, Clark EP, Wang RSL, Highfield DP, Spiro I J, 
Tomasovic SP, Demnan PL, Coss RA (1980) Radiation biology and cancer research. Raven 
Press, New York, pp 58%621 

Dikomey E (1982) Effect of hyperthermia at 42 ° C and 45 ° C on repair of radiation-induced 
DNA strand breaks in CHO cells. Int J Radiat Biol 41:603-614 

Dikomey E, Franzke J (1986) DNA repair kinetics after exposure to x-irradiation and to 
internal/~-rays in CHO cells. Radiat Environ Biophys 25:189 194 

Dizdaroglu M, Dirksen M-L, Jiang H, Robbins JH (1987) Ionizing radiation induced damage 
in the DNA of cultured human cells. Identification of 8,5'-cyclo-2'-deoxy guanosine. Bio- 
chem J 241:929-932 

Dooley DA, Sacks PG, Miller MW (1984) Production of thymine base damage in ultrasound 
exposed EMTG mouse mammary sarcoma cells. Radiat Res 97:71-86 

Edgren M, Revesz L, Larsson A (1981) Induction and repair of single-strand DNA breaks 
after x-irradiation of human fibroblasts deficient in glutathione. Int J Radiat Bio140:355-363 

Edwards AA, Purrott RJ, Prosser JS, Lloyd DC (1980) The induction of chromosome aberra- 
tions in human lymphocytes by e-radiation. Int J Radiat Biol 38:83 91 

Eguchi K, Inada T, Yaguchi M, Satoh S, Kaneko I (1987) Induction and repair of DNA 
lesions in cultured human melanoma cells exposed to a nitrogen-ion beam. Int J Radiat 
Biol 52:115-123 

Elkind MM (1979) DNA repair and cell repair, are they related? Int J Radiat Oncol Biol 
Phys 5:1089-1094 

Fonck K, Barthel R, Bryant PE (1984) Kinetics of recombinational hybrid formation in x- 
irradiated mammalian cells: a possible first step in the repair of DNA double-strand breaks. 
Mutat Res DNA Rep Rep 132:113-118 



288 

Fornace AJ (1982) Measurement of M. luteus endonuclease sensitive lesions by alkaline elution. 
Mutat Res 94:263-276 

Fornace AJ, Little JB (1977) DNA crosslinking induced by x-rays and chemical agents. Biochim 
Biophys Acta 477:343 355 

Fornace A J, Nagasawa H, Little JB (1980) Relationship of DNA repair to chromosome aberra- 
tions, sister chromatid exchanges and survival during liquid holding recovery in x-irradiated 
mammalian cells. Mutat Res 70:323-336 

Fornace AJ, Dobson PP, Kinsella TJ (1986) Repair of y-ray induced DNA base damage in 
Xeroderma pigmentosum cells. Radiat Res 106:73-77 

Fowler JF (1981) Nuclear particles in cancer treatment. Hilger, Bristol 
Frankenberg D, Frankenberg-Schwager M, B16cher D, Harbich R (1981) Evidence for DNA 

double-strand breaks as the critical lesions in yeast cells irradiated with sparsely or densely 
ionizing radiation under oxic or anoxic conditions. Radiat Res 88 : 52z1~532 

Frankenberg D, Frankenberg-Schwager M, Harbich R (1984a) Interpretation of the shape 
of survival curves in terms of induction and repair/misrepair of DNA double-strand breaks. 
Br J Canc 49 [Suppl VII :233-238 

Frankenberg D, Frankenberg-Schwager M, Harbich R (1984b) Split-dose recovery is due to 
the repair of DNA double-strand breaks. Int J Radiat Biol 46:541-553 

Frankenberg D, Goodhead DT, Frankenberg-Schwager M, Harbich R, Bance DA, Wilkinson 
RE (1986) Effectiveness of 1.5 keV aluminium K and 0.3 keV carbon K characteristic X-rays 
at inducing DNA double-strand breaks in yeast cells. Int J Radiat Biol 50:727 741 

Frankenberg-Schwager M (1989) Review of repair kinetics for DNA damage induced in eukar- 
yotic cells in vitro by ionizing radiation. Radiother Oncol 14:307-320 

Frankenberg-Schwager M, Frankenberg D, B16cher D, Adamczyk C (1979) The influence of 
oxygen on the survival and yield of DNA double-strand breaks in irradiated yeast cells. 
Int J Radiat Biol 36:261-270 

Frankenberg-Schwager M, Frankenberg D, B16cher D, Adamczyk C (1980a) Repair of DNA 
double-strand breaks in irradiated yeast cells under nongrowth conditions. Radiat Res 
82:498-510 

Frankenberg-Schwager M, Frankenberg D, B16cher D, Adamezyk C (1980b) The linear rela- 
tionship between DNA double-strand breaks and radiation dose (30 MeV electrons) is 
converted into a quadratic function by cellular repair. Int J Radiat Biol 37:207-212 

Frankenberg-Schwager M, Frankenberg D, Bl6cher D, Adamczyk C (1981) Effect of dose 
rate on the induction of DNA double-strand breaks in eukaryotic cells. Radiat Res 87:710- 
717 

Frankenberg-Schwager M, Frankenberg D, B16cher D, Harbich R, Adamczyk C (1982) Irrepa- 
rable DNA double-strand breaks induced in eukaryotic cells by sparsely or densely ionizing 
radiation and their importance for cell killing. Murat Res 96:132 

Frankenberg-Schwager M, Frankenberg D, Harbich R (1985) Potentially lethal damage, sub- 
lethal damage and DNA double-strand breaks. Radiat Protect Dosimetry 13:171 174 

Frankenberg-Schwager M, Frankenberg D, Harbich R (1987) Potentially lethal damage is 
due to the difference of DNA double-strand break repair under immediate and delayed 
plating conditions. Radiat Res 111 : 192 200 

Frankenberg-Schwager M, Frankenberg D, Harbich R, Adamczyk C (1990) A comparative 
study of rejoining of DNA double-strand breaks in yeast irradiated with 3.5 MeV c~-particles 
or with 30 MeV electrons. Int J Radiat Biol 57:1151-1168 

Friedberg EC (1985) DNA repair. Freeman, New York 
Furuno I, Yada T, Matsudaira H, Maruyama T (1979) Induction and repair of DNA strand 

breaks in cultured mammalian cells following fast neutron irradiation. Int J Radiat Biol 
36:639-648 

Geigl E-M (1987) Untersuchung von S 1-Nuclease-sensitiven Stellen im Genom der Here Sac- 
charomyees cerevisiae nach in vivo Bestrahlung mit Gamma-Strahlen. Thesis, GSF-Report 
18/87, GSF Mfinchen 

Goodwin E, Blakely E, Ivery G, Tobias C (1989) Repair and misrepair of heavy-ion-induced 
chromosomal damage. Adv Space Res 9:1083-1089 

Graubmann S, Dikomey E (1983) Induction and repair of DNA strand breaks in CHO cells 
irradiated in various phases of the cell cycle. Int J Radiat Biol 43:475~483 



289 

Grosovsky AJ, de Boer JG, Drobetsky EA, Glickman BW (1987) DNA sequence analysis 
of ionizing radiation induced mutation in mammalian cells. Proc 8th Int Congr Radiat 
Res (abstr) 217 

Hall EJ, Hei TK (1985) Oncogenic transformation in vitro by radiations of varying LET. 
Radiat Protect Dosimetry 13 : 149-151 

Han A, Elkind MM (1979) Transformation of mouse C 3 H 10T 1/2 cells by singular and fraction- 
ated doses of x-rays and fission spectrum neutrons. Canc Res 39:123 130 

Hariharan PV, Eleczko S, Smith BP, Paterson MC (1981) Normal rejoining of DNA strand 
breaks in Ataxia telangiectasia fibroblast lines after low X-ray exposure. Radiat Res 86:589 
597 

Hohman WF, Placic B, Skarsgard LD (1976) The effect of nitroimidazole and nitroxyl radio- 
sensitizers on the post-irradiation synthesis of DNA. Int J Radiat Biol 30:247-261 

Jorritsma JBM, Konings AWT (1983) Inhibition of repair of radiation-induced strand breaks 
by hyperthermia, and its relationship to cell survival after hyperthermia alone. Int J Radiat 
Biol 43:505-516 

Kampf G, Regel K, Eichhorn K, Abel H (1977a) Radiation-induced DNA strand breaks 
in dependence on radiation quality and oxygen and their repair in mammalian cells. Stud 
Biophys 61:53-60 

Kampf G, Tolkendorf E, Regel K, Abel H (1977b) Cell inactivation and DNA strand break 
rates after irradiation with x-rays and fast neutrons. Stud Biophys 62:17-24 

Kinsella TJ, Dobson PP, Russo A, Mitchell JB, Fornace AJ (1986) Modulation of X ray 
DNA damage by SR-2508 ± buthionine sulfoximine, lnt J Radiat Oncol Biol Phys 12:1127 
1130 

Koch CJ, Painter RB (1975) The effects of extreme hypoxia on the repair of DNA single-strand 
breaks in mammalian cells. Radiat Res 64:256-269 

K6rner IJ, Gtinther K, Malz W (1978) Kinetics of DNA single-strand break rejoining in x- 
and neutron-irradiated Chinese hamster cells. Stud Biophys 70:157 182 

Kohfeldt E, Bertram H, Hagen U (1988) Action of gamma endonuclease on clustered lesions 
in irradiated DNA. Radiat Environ Biophys 27:123-132 

Kohn KW, Erickson LC, Ewing RAG, Friedman CA (1976) Fractionation of DNA from 
mammalian cells by alkaline elution. Biochemistry 15:4629-4637 

Lehman AR, Ormerod MG (1970) Double-strand breaks in the DNA of a mammalian cell 
after x-irradiation. Biochim Biophys Acta 217:268-277 

Lehman AR, Stevens S (1977) The production and repair of double-strand breaks in cells 
from normal humans and from patients with Ataxia telangiectasia. Biochim Biophys Acta 
474: 49-60 

Lennartz M, Coquerelle T, Hagen U (1973) Effect of oxygen on DNA strand breaks in irradiated 
thymocytes. Int J Radiat Biol 24:621-625 

Lennartz M, Coquerelle T, Bopp A, Hagen U (1975) Oxygen effect on strand breaks and 
specific endgroups in DNA of irradiated thymocytes. Int J Radiat Biol 27:577 587 

Lunec J, Hesslewood IP, Parker R, Leaper S (1981) Hyperthermic enhancement of radiation 
cell killing in HeLa S 3 cells and its effect on the production and repair of DNA strand 
breaks. Radiat Res 85:116-125 

Magni GE, Panzeri L, Sora S (1977) Molecular specificity of x-radiation and its repair in 
Saccharomyces eerevisiae. Mutat Res 42:223-234 

Mattern MR, Cerutti PA (1975) Age-dependent excision repair of damaged thymine from 
gamma-irradiated DNA in isolated nuclei from human fibroblasts. Nature 254:450-452 

Mattern MR, Welch GP (1979) Production and excision of thymine damage in the DNA 
of mammalian cells exposed to high-LET radiations. Radiat Res 80:474-483 

Mattern MR, Hariharan PV, Dunlap BE, Cerutti PA (1973) DNA degradation and excision 
repair in gamma-irradiated Chinese hamster ovary cells. Nature New Biol 245:23t~232 

Mattern MR, Hariharan PV, Cerutti PA (1975) Selective excision of gamma-ray damaged 
thymine from the DNA of cultured mammalian cells. Biochim Biophys Acta 395:48 55 

McCready S J, Jackson DA, Cook PR (1982) Attachment of intact superhelical DNA to the 
nuclear cage during replication and transcription. Progr Mutat Res 4:113-130 

McGhie JB, Wold E, Pettersen EO, Moan J (1983) Combined electron radiation and hyperther- 
mia. Repair of DNA strand breaks in NHIK 3025 cells irradiated and incubated at 37, 
42.5 or 45 ° C. Radiat Res 96:31-40 



290 

McWilliams RS, Cross WG, Kaplan JG, Birnboim HC (1983) Rapid rejoining of D N A  strand 
breaks in resting human lymphocytes after irradiation by low doses of 60-Co-gamma rays 
and of 14.6 MeV neutrons. Radiat Res 94:499-507 

Meyn RE, Jenkins WT (1984) Modification of radiation-induced DNA lesions by oxygen. 
Radiat Res (abstr):83 

Meyn RE, Jenkins WT, Murray D (1986) Mechanism of DNA damage and repair. Plenum 
Press, New York London, pp 151-158 

Mills MD, Meyn RE (1981) Effects of hyperthermia on repair of radiation-induced DNA 
strand breaks. Radiat Res 87:314-328 

Okayasu R, Iliakis G (1989) Linear D N A  elution dose response curves obtained in CHO 
cells with non-unwinding filter elution after appropriate selection of the lysis conditions. 
Int J Radiat Biol 55:569-581 

Oleinick NL, Chiu S, Friedman LR (1985) Gamma radiation as a probe of chromatin structure: 
damage to and repair of active chromatin in the metaphase chromosome. Radiat Res 
98 : 629-641 

Oleinick NL, Chiu S, Friedman LR, Xue L, Ramakrishnan N (1986) Mechanism of DNA 
damage and repair. Plenum Press, New York London, pp 181-192 

Oleinick NL, Chiu S, Xue L, Ramakrishnan N, Friedman LR (1990) Properties of DNA 
crosslinks (DPC) induced by ionizing radiation. J Cell Biochem [Suppl] 14A (abstr) UCLA 
Symposium: 80 

Palcic B, Skarsgard LD (1972) The effects of oxygen on DNA single-strand breaks produced 
by ionizing radiation in mammalian cells. Int J Radiat Biol 21:417M33 

Pantelias GE, Maillie HD (1985) Direct analysis of radiation-induced chromosome fragments 
and rings in unstimulated human peripheral blood lymphocytes by means of the premature 
chromosome condensation technique. Mutat Res 149:67 

Paterson MC (1978) Use of purified lesion recognizing enzymes to monitor D N A  repair in 
vivo. Adv Radiat Biol 7:1-53 

Paterson MC, Smith PJ (1979) Ataxia telangiecrasia: an inherited human disorder involving 
hypersensitivity to ionizing radiation and related DNA damaging chemicals. Ann Rev 
Genet 13 : 291-318 

Paterson MC, Smith BP, Lohman PHM, Anderson AK, Fishman L (1976) Defective excision 
repair of gamma-ray damaged D N A  in human (Ataxia telangiectasia) fibroblasts. Nature 
260: 444-446 

Patil MS, Locher SE, Hariharan PV (1985) Radiation induced thymine base damage and 
its excision repair in active and inactive chromatin of HeLa cells. Int J Radiat Biol 48:691 
700 

Petin VG (1979) Effect of gamma and alpha irradiation on survival of wild-type and sensitive 
mutants of yeast. Mutat Res 60:43-49 

Prise KM, Davies S, Michael BD (1987) The relationship between radiation-induced DNA 
double-strand breaks and cell kill in hamster V 79 fibroblasts irradiated with 250 kVp x-rays, 
2.3 MeV neutrons or 238pu c~-particles. Int J Radiat Biol 52:893-902 

Radford IR (1985) The level of induced DNA double-strand breakage correlates with cell 
killing after x-irradiation. Int J Radiat Biol 48:45-54 

Radford IR (1986a) Effect of radiomodifying agents on the ratios of x-ray-induced lesions 
in cellular DNA: use in lethal lesions determination. Int J Radiat Biol 49:621-637 

Radford IR (1986b) Evidence for a general relationship between the induced level of DNA 
double-strand breakage and cell killing after x-irradiation of mammalian cells. Int J Radiat 
Biol 49:611-620 

Radford IR (1990) Lysis solution composition and non-linear dose-response to ionizing radia- 
tion in the non-denaturing D N A  filter elution technique. Int J Radiat Biol 57:479-483 

Ramakrishnan N, Chiu S, Oleinick NL (1987) Yield of DNA-protein crosslinks in y-irradiated 
Chinese hamster cells. Cancer Res 47:2032-2035 

Reddy NMS, Anjaria KB, Subrahmanyam P (1982) Absence of a dose rate effect and recovery 
from sublethal damage in rad52 strain of diploid yeast Saccharomyces cerevisiae exposed 
to gamma rays. Mutat Res 105 : 145-148 

Resnick MA (1976) The repair of double-strand breaks in DNA: a model involving recombina- 
tion. J Theor Biol 59:9~106 



291 

Resnick MA, Moore PD (1979) Molecular recombination and the repair of DNA double-strand 
breaks in CHO cells. Nucl Acids Res 6:3145-3160 

Revesz L (1985) The role of endogenous thiols in intrinsic radioprotection. Int J Radiat Biol 
47:361 368 

Revesz L, Edgren M (1984) Glutathione dependent yield and repair of single-strand breaks 
in irradiated cells. Br J Canc Res 49 [Suppl VII : 55-60 

Ritter MA, Cleaver JE, Tobias CA (1977) High LET radiations induce a large proportion 
of non-rejoining DNA breaks. Nature 266:653-655 

Robertson JB, Koehler A, George J, Little JB (1983) Oncogenic transformation of mouse 
Bulb/3 T 3 cells by plutonium-238 alpha particles. Radiat Res 96:261~74 

Robinson SI, Small D, Idzerda R, McKnight AS, Vogelstein B (1983) The association of 
transcriptionally active genes with the nuclear matrix of the chicken oviduct. Nucl Acids 
Res 11:5113-5130 

Roots R, Yang TC, Craise L, Blakely EA (1979) Impaired repair capacity of DNA breaks 
induced in mammalian cellular DNA by accelerated heavy ions. Radiat Res 78:38-49 

Roti-Roti JL, Winward RT (1981) The effects of hyperthermia on the protein-to-DNA ratio 
of isolated HeLa cell chromatin. Radiat Res 74:159-169 

Sakai K, Okada S (1981) An alkaline separation method for detection of small amount of 
DNA damage. J Radiat Res 22:415-424 

Sakai K, Okada S (1984) Radiation-induced DNA damage and cellular lethality in cultured 
mammalian cells. Radiat Res 98:479-490 

Sakai K, Suzuki S, Nakamura N, Okada S (1987) Induction and subsequent repair of DNA 
damage by fast neutrons in cultured mammalian cells. Radiat Res 110:311-320 

Sawada S, Okada S (1970) Rejoining of single-strand breaks of DNA in cultured mammalian 
cells. Radiat Res 41 : 145-162 

Silber JR, Loeb LL (1982) S1 nuclease does not cleave DNA at single-base mis-matches. 
Biochim Biophys Acta 656:256-264 

Skov KA, Palcic B, Skarsgard LD (1979) Radiosensitization of mammalian cells by misonida- 
zole and oxygen: DNA damage exposed by Micrococcus luteus enzymes. Radiat Res 79: 591- 
600 

Szumiel I (1981) Intrinsic radiosensitivity of proliferating mammalian cells. Adv Radiat Biol 
9:281-321 

Taylor AMR (1978) Unrepaired DNA strand breaks in irradiated Ataxia telangiectasia lympho- 
cytes suggested from cytogenetic observations. Mutat Res 50:407-418 

Thacker J (1986) The nature of mutants induced by ionizing radiation in cultured hamster 
cells. III. Molecular characterization of HPRT deficient mutants induced by v-rays or e- 
particles showing that the majority have deletions of all or part of the hprt gene. Mutat 
Res 160:267-275 

Thacker J, Wilkinson RE, Goodhead DT (1986) The induction of chromosome exchange aberra- 
tions by carbon ultrasoft x-rays in V79 hamster cells. Int J Radiat Biol 49:645-656 

Van der Schans GP, Centen HB, Lohman PHM (1979) The induction of gamma-endonuclease- 
susceptible sites by gamma rays in CHO cells and their cellular repair are not effected 
by the presence of thiol compounds during irradiation. Mutat Res 59:119-122 

Van der Schans GP, Centen HB, Lohman PHM (1981) Chromosome damage and repair. 
Plenum Press, New York London, pp 355-359 

Van der Schans GP, Centen HB, Lohman PHM (1982a) Progress in mutation research, vol 4. 
Elsevier, Amsterdam, pp 285-299 

Van der Schans GP, Centen HB, Lohman PHM (1982b) A cellular and molecular link between 
cancer, neuropathology and immune deficiency. Wiley, Chichester New York Brisbane, 
pp 291-303 

Van der Schans GP, Paterson MC, Cross WG (1983) DNA strand breaks and rejoining in 
cultured human fibroblasts exposed to fast neutrons or gamma rays. Int J Radiat Biol 
44: 75-85 

Van der Schans GP, Vos O, Ros-Verhej WSD, Lohman PHM (1986) The influence of oxygen 
on the induction of radiation damage in DNA in mammalian cells after sensitization by 
intracellular glutathione depletion. Int J Radiat Biol 50:453-465 

Vos O, Van der Schans GP, Ros-Verhej WSD (1986) Reduction of intracellular glutathione 
content and radiosensitivity. Int J Radiat Biol 50:155-165 



292 

Waldren CA, Johnson RT (1974) Analysis of interphase chromosome damage by means of 
premature chromosome condensation after x- and ultraviolet irradiation. Proc NAS 71 : 1137 

Ward JF, Blakely WF, Joner EI (1985) Mammalian cells are not killed by DNA single-strand 
breaks caused by hydroxyl radicals from hydrogen peroxide. Radiat Res 103:383-392 

Waters RL, Childers TJ (1982) Radiation induced thymine base damage in replicating chroma- 
tin. Radiat Res 90:564-574 

Weibezahn KF, Coquerelle T (1981) Radiation-induced DNA double-strand breaks are rejoined 
by ligation and recombination processes. Nuel Acids Res 9: 3139-3150 

Wheeler KT, Wierowski JV (1983) DNA repair kinetics in irradiated undifferentiated and 
terminally differentiated cells. Radiat Environ Biophys 22:3-19 

Wheeler KT, Nelson GB (1987) Saturation of a DNA repair process in dividing and nondividing 
mammalian cells. Radiat Res 109:109-117 

Woods WG, Lopez M, Kalvonijan M (1982) Normal repair of gamma-radiation-induced single- 
and double-strand DNA breaks in retinoblastoma fibroblasts. Biochim Biophys Acta 
698: 40-48 

Yoshizawa K, Furuno I, Yada T, Matsudaira H (1978) Induction and repair of strand breaks 
and 3'-hydroxy terminals in the DNA of mouse brain following gamma irradiation. Biochim 
Biophys Acta 521 : 144-154 

Zoetelief J, Barendsen GW (1983) Dose-effect relationships for induction of cell inactivation 
and asymmetrical chromosome exchanges in three cell lines by photons and neutrons of 
different energy. Int J Radiat Biol 43 : 349-362 


