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The L5178Y sublines: a summary of 40 year studies in Warsaw

The purpose of this report has been to review and summarise the results of 40 year studies
concerning the general characteristics and response to UVC radiation, hydrogen peroxide and
ionising radiation of the pair of L5178Y (LY) sublines, LY-R and LY-S, that differ in sen-
sitivity to various DNA damaging agents.

Comparison of karyotypes shows a number of differences in the banding patterns.
Differences are found in ion transport and the ganglioside pattern of the plasma membranes,
as well as in the content and turnover rate of poly(ADP-ribose) polymers. Nuclear matrix
proteins show a differential affinity to these polymers. A unique property of the pair of LY
sublines is inverse cross-sensitivity to X-rays and hydrogen peroxide, with cross-sensitivities
to hydrogen peroxide and UVC, as well as to UVC and a platinum complex (mplatin
analogue). Initial DNA damage and repair and various aspects of the cellular response were
determined in cells damaged with these agents. The higher sensitivity of LY-R cells to
hydrogen peroxide, as compared to LY-S cells, is causally related to the higher content of iron
ions in these cells and less efficient antioxidant defence system. Sensitivity of LY-R cells to
UVC radiation and platinum complexes is explained by impaired excision repair (the incision
step is missing). The reviewed data on the response of LY sublines to ionising radiation point
to the key importance of DNA damage repair and fixation for the ultimate fate of the
irradiated LY cell. The cause of slow double strand break (DSB) repair in LY-S cells is not
identified but the defect (in non-homologous end-joining - NHEJ) explains most features of
the cellular response to irradiation, as compared to the repair-competent LY-R cells. The most
prominent are: very high radiosensitivity of Gl cells, extensive poly(ADP-ribose) dependent
damage fixation, long G2 arrest, considerable chromosomal damage seen as premature chro-
matin condensation (PCC) fragments and aberrations in metaphase cells. The main cause of
radiosensitivity difference between LY sublines lays in DNA repair/damage fixation ability.
At the level of damage corresponding to a comparable lethal effect, the type of death differs
between LY sublines; LY-S cells die by apoptosis, whereas LY-R cells - by necrosis. This ob-
servation is consistent with differential expression of proteins that are pro- or anti-apoptotic.
The prominent role of poly(ADP-ribosylation) in the response of LY-S cells apparently is
connected with damage fixation, but is in contrast with other hypersensitive to X/y-radiation
cell lines with DSB repair defects. Comparison of LY sublines also indicates that their anti-
oxidant defence system is of considerable importance in their susceptibility to hydrogen per-
oxide, but much less so in radiosensitivity.

Podlinie L5178Y: podsumowanie 40 lat badań w Warszawie

Celem raportu jest przegląd i podsumowanie wyników 40 lat badań pary podlinii L5178Y
(LY), LY-R i LY-S, różniących się wrażliwością na różne czynniki uszkadzające DNA. Bada-
nia te dotyczyły ogólnej charakterystyki oraz odpowiedzi na nadtlenek wodoru, promieniowa-
nie UVC i promieniowanie jonizujące.

Porównanie kariotypów wykazało szereg różnic w układzie prążków. Znaleziono róż-
nice w transporcie jonów, składzie gangliozydów błon plazmatycznych, zawartości i obrocie
polimerów poli(ADP-rybozy). Białka zrębu jądrowego wykazują zróżnicowane powinowactwo
do tych polimerów. Unikatową właściwością pary podlinii LY jest odwrotna krzyżowa wraż-
liwość na promieniowanie X i nadtlenek wodoru z jednoczesną krzyżową wrażliwością na
nadtlenek wodoru i promieniowanie UVC, a także na promieniowanie UVC i kompleks
platyny (analog mplatyny). W komórkach uszkadzanych tymi czynnikami charakteryzowano
uszkodzenia początkowe DNA, ich naprawę oraz różne aspekty odpowiedzi komórkowej.
Wyższa wrażliwość na nadtlenek wodoru komórek LY-R w porównaniu z LY-S spowodowana
jest wyższą zawartością jonów żelaza w komórkach tej podlinii i mniej skutecznym układem
obrony anty oksydacyjnej. Wrażliwość komórek LY-R na promieniowanie UVC i kompleksy
platyny wyjaśniono, charakteryzując defekt w naprawie z wycięciem (brak nacięcia nici DNA).



Omówione w raporcie dane na temat odpowiedzi podlinii LY na promieniowanie joni-
zujące wskazują na kluczową rolę naprawy i utrwalania uszkodzeń DNA dla dalszych losów
napromienionych komórek LY. Przyczyna powolnego łączenia pęknięć podwójnoniciowych
DNA w komórkach LY-S nie została do końca zidentyfikowana. Obserwowany defekt w ukła-
dzie niehomologicznego łączenia pęknięć wyjaśnia jednak większość różnic w odpowiedzi na
promieniowanie w porównaniu z komórkami LY-R, posiadającymi sprawny układ naprawy.
Najważniejsze cechy odpowiedzi komórek LY-S są to: bardzo wysoka promieniowrażliwość
w fazie Gl, bardzo znaczne utrwalanie uszkodzeń zależne od poli(ADP-rybozylacji), długie
opóźnienie mitotyczne, liczne uszkodzenia chromosomów widoczne jako fragmenty PCC
(metoda przedwczesnej kondensacji chromatyny) i aberracje w komórkach metafazalnych.

Główną przyczyną różnicy w promieniowrażliwości podlinii LY jest relacja między
zdolnością naprawy i zakresem utrwalania. Przy poziomie uszkodzeń dającym porównywalny
skutek letalny, typ śmierci komórkowej różni się w podliniach: komórki LY-S umierają śmier-
cią apoptotyczną, zaś LY-R - śmiercią nekrotyczną. Obserwacja ta odpowiada zróżnicowanej
ekspresji białek pro- lub anty-apoptotycznych w obu podliniach. Znacząca rola poli(ADP-ry-
bozylacji) w odpowiedzi komórek LY-S na promieniowanie najprawdopodobniej związana
jest z utrwalaniem uszkodzeń; cechy tej jednak nie wykazują inne nadwrażliwe na promie-
niowanie X/y linie komórkowe z defektem naprawy pęknięć podwójnoniciowych. Z porówna-
nia podlinii LY wynika też, że sprawność ich systemu obrony anty oksydacyjnej jest bardzo
ważna we wrażliwości na nadtlenek wodoru, znacznie mniej natomiast - w promieniowrażli-
wości.
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1. INTRODUCTION

The original L5178Y cells were obtained from a methylcholantrene-induced lymphoma in
DBA2 mouse on 8 July 1951 by Law at the Yale University; this fact is noted in the line's
"family name": L for lymphoma, followed by the date of isolation and Y for Yale. This
seemed somewhat lengthy and about 20 years ago was shortened to LY. The original acronym,
however, is always given at the beginning of each paper.

The L5178Y-S (LY-S) subline is the first mammalian radiation sensitive cell line to be
reported. It was isolated from the parental L5178Y line (later called LY-R) and characterised
by Alexander and Mikulski [1]. In 1983 the general characteristics of both LY sublines and
their relation to other L5178Y lines was published [2] together with a description of sponta-
neous conversion of LY-R phenotype into that of LY-S under in vitro conditions. Activation
and silencing of numerous gene groups are more plausible as a mechanism of this conversion
than a single mutation in a pleiotropic gene, since the comparison of karyotypes ([3], O. Ro-
siek, unpublished, A. Wójcik, unpublished) shows a number of translocations and differences
in the banding patterns of LY-R vs LY-S. Both sublines carry a heterozygous inactivating
mutation in Tp53 [4, 5].

References are omitted to other, better known members of the L5178Y family, such as
the LY 3.7.2C Tk+/- line applied in mutagenesis tests, the radiosensitive Japanese M10
mutant, the L5178Y-S/S cells grown by J.T. Lett in simplified culture medium and exhibiting
the lowest mean lethal dose among mammalian cells, and the radioresistant variants obtained
by V.D. Courtenay in the United Kingdom and H.H. Evans in the USA.

In the passing years many new radiosensitive mutants of mammalian cells were obtain-
ed and characterised (reviewed in [6]); they have been widely used in research and have
expanded our knowledge of DNA repair mechanisms that act in mammalian cells damaged by
ionising radiation. The L5178Y model was left behind in this respect. Forty years ago, Prof.
P. Alexander gave the LY cells to Dr J.Z. Beer who then worked with Prof. Alexander at the
Chester Beatty Institute in London. Thanks to him, the cells were taken to Warsaw and
became a favourite object of studies at the Department of Radiobiology and Health Protection
of the Institute of Nuclear Research (now Institute of Nuclear Chemistry and Technology).
Apart from the radiation sensitivity difference, the L5178Y model revealed another fascinating
feature: the radiation resistant LY-R subline was more UVC-sensitive and hydrogen peroxide
sensitive than the radiation sensitive LY-S subline. This unique sensitivity pattern is sum-
marised in Table 1.

Table 1. The relative sensitivity pattern of two L5178Y murine lymphoma sublines, LY-R and LY-S.

Subline

LY-R

LY-S

Relative sensitivity
to X/y-rays

Low

High

Relative sensitivity to UVC
radiation

High

Low

Relative sensitivity to H2O2

High

Low

The molecular and cellular mechanisms of the above mentioned sensitivity differences
in LY sublines to these and other DNA damaging agents have been examined for more than
40 years in the Warsaw laboratory and elsewhere. This anniversary makes a good occasion to
stand back from the current work to look at the whole picture, and to view biological features
of this pair of sublines as reflecting the functions of interacting and interconnected subcellular
systems. Although the experiments carried out with the old-fashioned techniques are now
treated with some reservations, they brought solid facts which can still be useful for under-
standing the cellular response in molecular terms.

In spite of the lack of adequate genetic characteristics of the sublines, the time passed
on examination of their phenotypes has not been lost. Knowledge of a gene expression profile



is less valuable without information of its phenotypic reflection. Gene function often depends
on the cellular context, a rather vague notion which should be better understood. One way to
learn it, is to gather information on the cell's properties, even those that apparently are not
connected with the main object of the study. The function of a single gene product may depend
on the cellular context. Such an example are the murine cell mutants, M10 and LX830. They
both are mutated at the xrcc4 locus, but the knowledge of this molecular defect does not
explain why do they differ considerably in sensitivity to alkylating agents [7].

Here, I summarise the present knowledge gained in the Warsaw laboratory on the LY
cellular model, with emphasis on radiation sensitivity in the last part of this report. Many
observations are included that were made in other laboratories, usually with the contribution
of Polish visiting scientists.

2. GENERAL CHARACTERISTICS

Cells and nuclei of both LY sublines are of similar diameter (about 15 and 9 (am, respectively)
and contain the same average amount of protein (1.25xlO"7 mg/cell) and DNA (0.9x10
mg/cell) in a population in the exponential growth phase [2, 8]. LY sublines differ in the
ability to form tumours in non-immunosuppressed DBA2 mice: intraperitoneally injected LY-R
cells easily form ascitic tumours, whereas LY-S cells form solid tumours with low frequency
and after inoculation with a very high number of cells. LY-S cells are stable in vitro in contrast
with LY-R cells. Therefore, the latter have been constantly passaged in DBA2 mice and trans-
ferred into suspension culture at regular intervals [2]. Most experiments with LY sublines
were carried out in Fischer's medium supplemented with bovine serum; only in the last few
years RPMI 1640 medium and foetal calf serum were introduced. To form clones in soft agar,
LY-R cells needed medium supplementation with sodium pyruvate and mercaptoethanol [8],
consistently with the weak antioxidant defence (discovered much later [9]).

2.1. Cell cycle

For LY-R cells (generation time - 12.6 h) analysis of the kinetics of formation of labelled
mitoses gave the following values: Gl - 3.0 h, S - 9.2 h, G2 - 1.4 h, M - 0.5 h. For LY-S cells
(generation time - 10.3 h), Gl and S phases were shorter than those for LY-R cells (Gl - 1.6 h,
S - 6.8 h). The duration of the G2 and M phases was comparable in both sublines (G2 - 1.5 h,
M-0 .5h) [8] .

2.2. Karyotype

Karyotype analysis was carried at the Florida Institute of Technology 20 years ago [3]. A
similar analysis was carried out at the same time in Warsaw, but the results were never pub-
lished. Comparison of the banding patterns revealed differences between LY sublines and the
DBA2 mouse cells.

The modal chromosome number in LY-S cells is 39, including 32 identified and 7 marker
chromosomes. There is only one copy of chromosomes 4, 5, 10, 18, 19 and X. Chromosome
15 is missing. There is a number of minor translocations and deletions, as well as a stable
Robertsonian translocation involving chromosomes 1 and 6.

In contrast with the rather stable LY-S karyotype, LY-R cells exhibit variability in the
10 marker chromosomes. The modal chromosome number in LY-R cells is 41. There is only
one copy of chromosomes 1, 5, 9, 12, 13, 15 and X. Chromosome 19 is missing. Both sublines
differ from DBA2 cells by numerous rearrangements and more subtle alterations in band width.



Karyotype was also analysed in L5178Y-S/S cells at the Colorado State University [10];
the symbol S/S designates a variant of LY-S cells cultured in a simplified medium containing
some bovine plasma protein fractions instead of the full serum. In contrast with the report
quoted above [8], there, the Y chromosome was present, harbouring a large deletion.

2.3. Telomeres

Another difference between LY sublines, discovered more recently [11], consists in the average
telomere length: about 7.1 kb (LY-S cells) and 48 kb (LY-R cells), in spite of equal telomerase
activity. The difference may be related to some aspect of DNA repair defect in LY-S cells, as
discussed by [11]. Figure 1 shows a view of metaphase LY cells stained with fluorescent
probe to telomeric DNA. A similar impaired regulation of telomere length has recently been
described in human HCT116 Ku86+" cells [12] showing that inactivation of even a single
allele of Ku86 can result in a considerably disturbed maintenance of telomeric DNA.

Fig. 1. Metaphase LY-R and LY-S cells stained with fluorescent probe to telomeric DNA. Normally,
each chromosome contains 4 discrete spots where the probe is bound. In LY-S cells the signal is much
weaker than in LY-R cells and even absent in some chromosomes (courtesy of A. Wójcik, unpublished).

2.4. DNA domains

The sizes of DNA supercoiled domains were estimated using sedimentation of nucleoids from
cells irradiated with doses from 1 to 7 Gy. These sizes were 2.44x109 and 5.13xlO8 Da for
LY-R cells and 1.30xl09 and 4.07xl08 Da for LY-S cells. Higher radiosensitivity related to
larger size of the DNA supercoiled domains was suggested by Filippovich et al. [13] for large
and small murine thymocytes. However, no simple relation of this kind was found between
the sizes of DNA supercoiled domains and the susceptibility of LY sublines to ionising
radiation [14], Nevertheless, a difference in DNA "packaging" between LY sublines was
inferred from analysis of ionising radiation-induced DNA damage with the use of chromatin
conformation-sensitive methods (described below).

2.5. Plasma membranes

Plasma membrane properties of LY sublines were characterised in an attempt to find differ-
ences that could be related to the differential response to X/y-radiation [15], No such relation-



ship was found, although some differences between sublines were apparent. Nevertheless,
these properties may be pertinent to possibilities of modification of the cellular response by
combination of radiation and drugs.

2.5.1. Lipid composition
Fatty acid analysis showed similarities: the saturated to unsaturated fatty acid ratio in total lip ids
was 0.77 ± 0.01 and 0.79 ± 0.02 for LY-R and LY-S cells, respectively. Total lipid to protein
ratio (uM/mg) was 0.213 ± 0.008 (LY-R) and 0.234 ± 0.009 (LY-S), cholesterol to protein
ratio (pM/mg) - 0.049 ± 0.004 (LY-R) and 0.059 ± 0.003 (LY-S) (mean values, standard
error indicated). Membrane fluidity, as measured with fluorescence polarisation with 1,6-di-
phenyl-I,3,5-hexatriene did not differ between sublines either in untreated cells or 3 and 24 h
after X-irradiation (10 Gy - aerobic conditions, 27 Gy - hypoxia).

Lipid-bound sialic acid content was 30.4 ± 1.7 (LY-R) and 45.2 ± 2.0 nanomoles/108

cells. There was a difference in the composition of neutral glycosphingolipids (more slowly
migrating bands in thin layer chromatography for LY-R than for LY-S cells, the latter con-
taining more quickly migrating monohexosylceramides [16]).

The difference in the ganglioside composition is of interest because of their ability to
regulate activity of growth factor receptors (reviewed in [17]). LY-S cells contain more ganglio-
sides co-migrating in thin layer chromatography with monosialosylganglio-tetraosylceramide
GM1, and disialosyltetraosylceramides, GDla and GDlb, than LY-R cells (ganglioside
nomenclature follows Svennerholm). This difference in ganglioside composition may affect
ligand binding to growth factor receptors or their dimerisation [18-20]. Hence, in LY-S cells
relatively weaker (as compared to LY-R) signalling events can be expected that are generated
in lipid rafts in response to growth factors. The slightly higher cholesterol content in LY-S as
compared to LY-R cells may add to this effect, by decreasing growth factor binding [21]. The
antigens that cause rejection of intraperitoneally injected LY-S cells in DBA2 mice were not
identified.

2.5.2. Ion content and transport
Interesting differences were found in the cation transport system (Fig. 2): Na+/K+ ATP-ase
activity is two times higher in LY-S cells than in LY-R cells. This is also reflected in differ-
ential sensitivity to ouabain (Na+/K+ ATP-ase inhibitor) and amilorid (Na+/H+ antiport inhibi-
tor) (unpublished). For ouabain, the difference in survival was the largest (eightfold) at 0.1
mM and disappeared in the concentration range 0.5-3.0 mM. For amilorid, Dio differed less
(Fig.2B). Since the Na+/K+ pump functions at the expense of a large part of the cellular reserve
of energy in the form of ATP, this difference may be important for cellular properties, like
osmotic fragility (see below).

Table 2. Total (mean value and standard error) or free (mean value and standard deviation) ion content
of LY sublines.

Ion

Sodium

Potassium

Magnesium

Chloride

Total content,
uM/100mg
dry weight

Free calcium, nM

Labile iron pool, uM

Total iron (nucleus), ng/106 cells

Total copper (nucleus), ng/106 cells

LY-R

0.0821 ±0.0156

0.6397 ±0.0594

0.0288 ± 0.0026

0.2670 ±0.0185

148.6 ±25.2

0.57 ± 0.17

7.7 ± 1.8

10.2 ±3.4

LY-S

0.0563 ±0.0164

0.6711 ±0.0437

0.0385 ±0.0035

0.2617 ±0.0256

150.8± 1.8

0.18 ±0.07

3.1 ±0.9

15.1 ± 1.2

Method and reference

X-ray microanalysis [22]

FURA-2 fluorescence [23]

Calcein fluorescence [24]

Atomic absorption
spectrometry [25]
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Ion content of both sublines was examined by X-ray microanalysis [22]; there was a dif-
ference in sodium and potassium content, as shown in Table 2.
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Fig.2. Features of cation transport in LY sublines. (A) sensitivity to cation transport inhibitors, ex-
pressed as Dio - dose reducing survival to 10% (unpublished data). Ouabain, concentration indicated,
continuous treatment until clone scoring; amilorid, concentration indicated, 4 h treatment followed by
cloning. (B) comparison of activities of cation transport ATP-ases in LY sublines (data from [15]).

The ratio of their sum to chloride content was about 2.7 in both sublines. Free calcium
ions were at a comparable level. Marked differences in iron and copper (both in that localised
in the nucleus and in the labile iron pool) turned to be the critical determinant of susceptibility
to oxidants, as discussed below.

2.5.3. Other transport systems
Na+-dependent amino acid transport system was shown to be similarly efficient in untreated
cells and 3 or 24 h after irradiation (10 Gy - aerobic conditions, 27 Gy - hypoxia) for both sub-
lines [15]. The drug transport system (responsible for multidrug resistance) measured by the rate
of efflux of rhodamine 123 in the presence or absence of verapamil was identical in these LY
sublines [26].

11



2.5.4. Osmotic fragility
Osmotic fragility measured by exposure to hypotonic salt solution (0.75N KC1) at 37°C was
considerably higher in LY-S than in LY-R cells: the cell numbers were reduced by 50% after
120 min (LY-S) and 260 min (LY-R) [27].

2.5.5. Membrane potential
Membrane potential was measured with the use of 8 Rb+ and tritiated methyltriphenyl phos-
phonium method, according to Scott and Nicholls [28]. It was 47.7 mV in LY-S and 56.6 mV in
LY-R cells; y-irradiation (20 Gy) did not alter it after 1 or 3 h post-irradiation incubation [29].

2.6. Arachidonic acid metabolism

Incorporation of exogenous (14C-labelled) arachidonic acid was higher in LY-R than in LY-S
cells, whereas release was similar and not affected by inhibition of protein kinase C.

Calcium ionophore, A23187, which activates phospholipase A25 increased the release to
a greater extent in LY-R cells but in both sublines was not necessary for activation of synthesis
of arachidonic acid metabolites, prostaglandins and 5-hydroxyeicosatetranoic acid (5-HETE).
Synthesis of the latter metabolite was equally stimulated by hydrogen peroxide 1-10 uM, but
there was a higher level of radioactive label in HETE in LY-R than in LY-S cells (11.31 ± 0.90
vs 8.37 ± 0.56 picomoles/108 cells, mean values with standard error). These data indicate that
the basic features of arachidonic acid metabolism are similar in LY sublines [30]. Differences
after X-irradiation are described below.

2.7. Sensitivity profiles

Sensitivity of LY sublines to various damaging agents was examined with the aim of finding
common features in the cellular responses to these agents and ionising radiation. The relative
(LY-R7LY-S) sensitivities are shown diagrammatically in Figs 3 (LY-R cells more sensitive
than LY-S cells) and 4 (LY-R cells equally or more resistant than LY-S cells). The numerical
values, experimental details and references were published in [26, 31-34]. As discussed below,
in some cases the reason for high sensitivity to a particular agent was identified. This concerns,
among others, the sensitivity of LY-R cells to hydrogen peroxide, platinum complex, cis-? AD
(czs-dichlorobis(cyclopentylamine)platinum II) and UVC radiation. The peculiar hypersen-
sitivity of LY-R cells to cooling in D2O-containing medium was not further studied.
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Fig.3. Relative (LY-R/LY-S) sensitivity/resistance to various damaging agents to which LY-R cells are
more sensitive than LY-S cells [26, 31-34].
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Cross-sensitivity of LY-S cells to X/y-rays, bleomycin, topoisomerase II poisons, etopo-
side (VI6) and ellipticine as well as alkylating agents is similar to that reported for other
radiosensitive cell lines (reviewed in [6]). The reason for the high sensitivity of LY-S cells
has been expected to be impaired DSB (double strand break) repair. Therefore, the higher sus-
ceptibility of LY-R than LY-S cells to topoisomerase I poison, camptothecin [32, 35], came as
surprise, since this drug exerts its lethal effect due to generation of DSB in replicating DNA
[36]. This relative sensitivity pattern was explained by a higher phosphorylation of topo-
isomerase I molecules in LY-R cells (the reason for higher susceptibility of the enzyme's
molecules to camptothecin) than in LY-S cells [37] and by the efficient repair of camptothecin-
-generated DSB by the homologous recombination repair system in the LY-S subline [38],
Furthermore, the extent of topoisomerase I phosphorylation was shown to be dependent on
poly(ADP-ribosylation). Activity of poly(ADP-ribose) połymerase (PARP) was higher in LY-S
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are equally or more resistant than LY-S cells [26, 31-34].

than in LY-R nuclei (see below). When the activity of PARP was inhibited by treatment of
LY-S cells with benzamide, casein kinase 2-catalysed phosphorylation of topoisomerase I in-
creased. This was accompanied by an increase in sensitivity to camptothecin, as reflected in
the diminished viability of LY-S cells [39].

2.8. PoJy(ADP-ribosylation)

There are remarkable differences in the content and metabolism of poly(ADP-ribose) polymers
between LY sublines. The content in LY-S cells is exceptionally high as compared to other
rodent and human cell lines and tissues and three times higher than that in LY-R cells [40].
The content and turnover are presented in Fig. 5. The decrease in polymer content was measured
in the presence of 2 mM benzamide which inhibited polymer synthesis by 96%. In LY-R cells,
20% of polymers decayed with a half-life of 96 min and the rest with a half-life of 5.5 h. In
LY-S cells, 77% of polymers decayed with a half-life of 15 min and the remaining fraction
was not further degraded.
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Fig.5. Turnover of constitutive poly(ADP-ribose) in intact LY-R (o) and LY-S (•) cells. (A) absolute
content, expressed as sRAdo (l,N6-etnenoribosyladenosine). Difference between LY sublines in the first
three points is statistically significant (p<0.01). (B) semi logarithmic plots of the time courses of poly-
mer degradation. Benzamide present at 2 mM concentration. Data points represent mean values ± stan-
dard error from two experiments with 3-5 separate determinations each. Reproduced by permission
from [40].

Fig.6. ADP-ribose polymer size distribution of constitutive polymers from LY-R and LY-S cells. Re-
produced by permission from [42],
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PARP activity in the nucleus is about five (5.38) times higher in LY-S than in LY-R
cells [39], but equal in both cell sublines when measured in permeabilised cells, where DNA
degradation is extensive [41] thus, inducing maximal PARP stimulation. The substrate for
PARP, NAD+, is present in equal concentrations in both LY sublines (36.7 ± 3.2 nanomoles/mg
DNA - LY-R, 36.9 ±3.1 nanomoles/mg DNA - LY-S) [42].

Figure 6 shows the size distribution of constitutive polymers: computer-aided densito-
metric scanning reveals more polymers in the class from 5 to 13 ADP-ribose residues and
fewer long polymers (37 residues and larger) in LY-S cells as compared to LY-R cells [42].
This is compatible with the preferential degradation of larger polymers by poly(ADP-ribose)
glycohydrolase.

After labelling of intact cells with tritiated adenosine, the distribution of label that re-
sulted from post-translational protein ADP-ribosylation was examined in acid-soluble nuclear
proteins [43]. It was found mainly in low mobility group proteins and histone H2A1 in equal
amounts in both sublines. Additionally, more label was found in LY-S cells in histone H2B
and in LY-R cells in histone H2A2.

B
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£ 0.4-

& 0.2-

0.0-

LY-S LY-R

i

Fig.7. ADP-ribose polymer blot analyses of nuclear matrix proteins isolated from LY-R and LY-S
cells; equal quantities (20 \ig) of protein were loaded on 10% SDS-polyacryamide gels and electro-
phoresed. (A) Coomassie blue stain, positions of Mr markers indicated, Hist - histones; (B) polymer
blot; (C) densitometric analysis of the blot shown in (B). Reproduced by permission from [42].

It should be noted that up to 90% of the polymers co-extract with nuclear matrix proteins
[44]. So, it seems important that polymer blot analyses of isolated nuclear matrix proteins
point to an almost twofold reduction in polymer binding affinity in LY-S cells as compared to
LY-R cells. This is shown in Fig.7. The reason for this may be an altered expression of several
proteins found in the nucleoid fraction, as pointed out by Kapiszewska et al. [45] and Malyapa
et al. [46]. According to the latter authors, lack of certain proteins in this fraction accompanies
high radiation sensitivity. The difference in matrix proteins between LY sublines may be per-
tinent to chromatin function and the biological expression of DNA damage.
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3. RESPONSE TO HYDROGEN PEROXIDE

The LY sublines are inversely cross-sensitive to hydrogen peroxide and X-rays, as mentioned
in the Introduction section and Table 1. Since with both damaging agents the main damaging
species is the highly reactive hydroxy radical, this difference in sensitivity seemed worth closer
examination.

3.1. DNA damage related to iron content

Hydrogen peroxide in the presence of transition metal ions (mostly iron in vivo) undergoes the
Fenton reaction, that generates the highly reactive and damaging hydroxy radicals. So, the
final effect of hydrogen peroxide treatment depends on the extent of this reaction, the ferrous
ions available, and the supply of reducing equivalents from the ongoing metabolism that allow
the recycling of iron ions.

Figure 8 compares clonogenic ability and DNA strand breakage (the sum of single strand
breaks, SSB, and DSB estimated by the alkaline comet assay) after hydrogen peroxide treat-
ment (1 uM, 1 h) at 37 and 4°C [47]. It can be seen that the extent of metabolic activity (tem-
perature-dependent) affected LY-R (sensitive) cells less than LY-S (resistant) cells.

37 oC

4oC

Effects of hydrogen peroxide treatment

JQLY-S
IELY-R

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Surviving fraction

B

37 oC

4oC

5 10 15

DNA damage, tail moment

Fig.8. Comparison of survival from clonogenic ability (A) and DNA strand breakage (the sum of
breaks, SSB and DSB, estimated by the alkaline comet assay; (B)) after hydrogen peroxide treatment
(1 uM, 1 h) at 37 and 4°C. Mean values ± standard error indicated. Data from Kruszewski et ah [47].

The survival data correspond with DNA damage, although it must be taken into consider-
ation that repair is taking place during the treatment interval, especially at the higher tempera-
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ture. Even with the limited metabolic supply of reducing equivalents at 4°C, the damage to
DNA is very high in LY-R cells. A more detailed examination of DNA lesions (Fig.9) shows
that both types of base damage (examined with the alkaline comet assay combined with specific
endonucleases) are higher in LY-R cells than in LY-S cells [48]. Mutation frequency per 10s

survivors at the hgprt (hypoxanthine: guanine phosphoribosyltransferase) locus after treatment
(1 uM, 1 h) at 4°C is 2.4 ± 0.6 and 1.8 ± 0.1 in LY-R and LY-S cells, respectively. Treatment
at 37°C induced 2.1 ± 0.3 (LY-R) and 3.4 ± 0.3 (LY-S) hgprt mutations per 105 survivors
[47]. Here, the temperature effect is absent in the oxidant-sensitive LY-R cells, whereas pre-
sent in the more resistant LY-S cells.
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LY-R LY-S

DNA breaks
ENDOIII sensitive sites
FPG sensitive sites

CONTROL H2O2 CONTROL H2O2

Fig.9. DNA strand breakage and base damage estimated in LY cells treated with 25 |j,M hydrogen per-
oxide in phosphate buffered saline - PBS (1 h, 0°C) with the use of alkaline comet assay combined with
endonuclease III (ENDOIII) or Fapy-DNA glycosylase (FPG). Mean values ± standard deviation indi-
cated. Reproduced by permission from [48].

The data presented in Fig. 8 were taken as indication of a differential availability of iron
ions in the LY sublines. In LY-R cells, even the reduced metabolism-related recycling did not
prevent generation of a considerable damage to DNA; therefore, it was concluded that the
amount of iron must be very high as compared to LY-S cells. Indeed, both total iron content
of the nuclei and the labile iron pool consisting of the chelatable iron ions that are available
for Fenton reaction proved to differ as expected (Table 2). Consistent with this result was a
higher protective effect of the iron chelator, desferroxamine, in hydrogen peroxide treated LY-R
cells than in LY-S cells [49]. Further support came from the difference in the expression of
the main proteins that control the cellular level of iron (transferrin receptor which is responsible
for iron ion uptake and ferritin which sequestrates the ions in the cytoplasm). More details on
iron content control in LY sublines can be found in [24].

3.2. Antioxidant defence system and NF-KB translocation

Further experimental data [9, 50, 51] point to a lower efficiency of the antioxidant defence
system in the hydrogen peroxide sensitive LY-R cells than in the hydrogen peroxide resistant
LY-S cells (see Table 3 for numerical data). In particular, activity of catalase is twofold higher
and sensitivity to its inhibitor, AMT (3-amino-l,2,4-triazole) considerably lower in LY-S than
in LY-R cells. The content of monobromobimane-reactive thiols is 54% higher in LY-S than
in LY-R cells. On the contrary, activity of glutathione peroxidase (GPX) is about two times
higher in LY-R than in LY-S cells; however, upon induction with selenium the activity in-
creases 15.6 times in LY-R cells and as much as 50.3 times in LY-S cells [9].
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Table 3. Activities of antioxidant defence enzymes in LY cells (mean values ± standard error indicated;
data for total cell extracts from [9,50, 51]).

Enzyme

Catalase (units/mg protein)

Glutathione peroxidase (units x 103/mg protein)

Glutathione peroxidase after induction with selenium (units x 103/mg protein)

Cu, Zn-superoxide dismutase (units/mg protein)

LY-R

14.08 ± 2.07

5.16±2.28

79.78 ±15.36

6.85 ±0.63

LY-S

26.70 ± 2.68

2.49 ± 0.88

126.64 ±16.37

3.25 ±0.33

Pretreatment with selenium exerts a dramatic effect on DNA damage and growth of
hydrogen peroxide treated cells. This is shown in Fig. 10. Alkaline comet assay applied to
assess DNA damage shows the relative importance of catalase and GPX for cell protection.
Inhibition of catalase with AMT has a negligible effect on the damage. In contrast, induction
of GPX gives a pronounced protection, especially in LY-R cells. This is also reflected in the
post-treatment growth (Fig. 10B).
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Fig. 10. Effects of GPX induction with selenium on the response to hydrogen peroxide. (A) DNA
damage expressed as tail moment in LY cells following 1 h exposure at 37°C to hydrogen peroxide 50
uM, AMT (catalase inhibitor) and to combined simultaneous treatment with these agents (CTRL - con-
trol; AMT concentrations: LY-R cells - 5 mM, LY-S cells - 10 mM). Mean values ± standard error
indicated. (B) Relative cell numbers (Nt/Nc, where Nt is the number of cells/ml in the treated cell
culture, Nc is the number of cells/ml in the control, both grown from the same initial cell density
during 48 h) in hydrogen peroxide treated LY cell cultures grown in Fischer's medium with or without
selenium supplementation before the treatment. Mean values ± standard deviation indicated. Repro-
duced by permission from [9].
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One consequence of treatment with oxidants is activation of members of a Rel/NF-KB
(nuclear factor KB) transcription factor family (reviewed in [52]). NF-KB is present in the
cytoplasm as a heterodimer complexed to an inhibitory subunit, IKB. In consequence of
specific stimuli the latter subunit becomes degraded. This is followed by translocation of the
heterodimer to the nucleus which is related, among others, to the cellular response to oxidants.
A differential induction is seen of p65-NF-KB nuclear translocation in LY-R and LY-S cells
[53]: in LY-S cells there is a weaker nuclear translocation of p65-NF-KJB subunit in response
to hydrogen peroxide or to 1 Gy of X-rays than in LY-R cells. Other factors that act by gener-
ating reactive oxygen species (phorbol ester and lovastatin) also cause a weaker NF-KB trans-
location in LY-S than in LY-R cells. Altogether, induction of p65-NF-KB nuclear translocation
corresponds to the antioxidant status, but is not related to the sensitivity of the LY subline to
the inducing agent.

So, the difference in sensitivity to oxidative stress between LY sublines depends primarily
on differential iron homeostasis control and hence, iron content, especially that present in the
form of the labile iron pool, potentially active in the Fenton reaction. Highly efficient generation
of hydroxyl radicals in LY-R cells is the cause of higher DNA damage and in consequence, a
more pronounced lethal effect of hydrogen peroxide treatment (at micromolar concentrations)
in LY-R than in LY-S cells. Weaker antioxidant defence in LY-R cells further increases their
susceptibility to oxidative stress as compared to LY-S cells.

4. RESPONSE TO UVC RADIATION

The LY sublines are cross-sensitive to hydrogen peroxide and UVC radiation while being in-
versely cross-sensitive to UVC radiation and X-rays, as mentioned in the Introduction section
and in Table 1. The cross-sensitivity, however, does not stem from common mechanisms of
sensitivity to these two damaging agents. As discussed below, the relative UVC sensitivity of
LY-R cells as compared to LY-S cells is connected with DNA repair processes. The main
features of the response of LY cells to UVC radiation are summarised in Table 4.

Table 4. Response of LY sublines to UVC radiation.

Characteristic feature

Sensitivity (cloning)
- Do (exposure in Fischer's medium)
- Do (exposure in PBS)

Effect of divided exposure to UVC

Excision repair (DNA strand incision)

Percentage cells with chromatid aberrations 20 h
after equitoxic exposure

Mutation frequency at the D37 fluence per 106 surviving cells:
- ouabain resistant
- thioguanine resistant

Sensitisation by 0.75 raM caffeine

Incorporation of tritiated thymidine:
- after exposure to 20 J/m2 UVC alone
- after exposure to 20 J/m2 UVC and 0.75 mM caffeine

Sensitisation by 2 mM benzamide

Incorporation of tritiated thymidine after exposure to 20 J/m2

and 2 mM benzamide

LY-R

High
2.8 J/m2

0.8 J/m2

Sensitising

Absent

30 (10 J/m2)

5.0 ±1.1
129 ±49

No

LY-S

Low
9.0 J/m2

2.7 J/m2

Sparing

Present

26 (30 J/m2)

8.4 ±3.0
3.0 ±0.7

Yes

Equally inhibited
No effect of caffeine

No

No change as compared
to UVC alone

Yes

Inhibition
partly reversed

Reference

[54]

[55]

[56-58]

[54]

[59]

[60, 61]

[54]
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4.1. Survival and DNA repair

Table 4 and Fig.llA show that LY-R cells are considerably more UVC-sensitive than LY-S
cells. Divided exposure of LY-R cells (Fig. 1 IB) results in a decrease in relative survival, with
a gradual return to relative survival equal to unity for intervals between the first and second
exposure from 5 to 28 h [55]. In contrast, the relative survival of LY-S cells after divided
exposure remains stable (close to unity) for intervals 1-12 h and then increases to about 2 for
intervals 12-24 h.
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Fig.l 1. (A) Survival of UVC-irradiated (in Fischer's medium) LY cells determined by cloning with or
without treatment with 2 mM benzamide (Bz) during the whole time of clone growth. For benzamide
treated samples the results were normalised to their appropriated zero fluence controls. The data points
are mean values of 2-4 experiments; standard error indicated when larger than the point plotted. Re-
produced by permission from [54]. (B) Relative survival (i.e. survival related to that after single
exposure, ordinate axis) after divided exposure to UVC fluences giving for undivided exposure 22%
survival for LY-R cells and 6% survival for LY-S cells. Reproduced by permission from [55].
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The high UVC sensitivity of LY-R cells found explanation in DNA repair studies carried
out with three methods: nucleoid sedimentation [56], DNA unwinding combined with treatment
with 1 -P-D-arabinofuranosyl cytosine [57] and DNA sedimentation with the use of 5'-bromo-
deoxy uridine photolysis [58]. All three methods gave consistent results that pointed to a low
level of incisions in DNA from UVC-exposed LY-R cells as compared to LY-S cells. In other
experiments, sedimentation in an alkaline sucrose gradient was carried out using LY cells ex-
posed to 30 J/m2 UVC and pulse labelled with tritiated thymidine 30 min after exposure [60].
In agreement with the apparent impaired excision of photoproducts in LY-R cells, it was found
that the newly synthesised DNA in these cells had the same sedimentation profile as that from
the unexposed (control) cells. It was concluded that no gaps were generated that might have
been due to incomplete excision. In contrast, LY-S cells after exposure to UVC-synthesised
DNA in fragments shorter than for the control, and this fragmentation was compatible with
the ongoing excision. Treatment with 0.75 mM caffeine (applied for the whole interval between
UVC exposure and clone scoring) markedly decreased survival of LY-S cells without sen-
sitising LY-R cells [60].

4.2. Mutagenesis

Determination of UVC-induced mutations [59, 62, 63] gave results consistent with a repair
defect in LY-R cells, since the mutation frequency in hgprt locus (measured as frequency of
clones resistant to 6-thioguanine) was more than forty times higher in LY-R cells as compared
to LY-S cells (Table 4); gene duplication in LY-S cells was excluded [62].

The resistance to Na+/K+ ATP-ase inhibitor, ouabain, was induced at a comparable fre-
quency in both sublines [59]. Factors other than repair defect can contribute to differences in
mutability in individual loci between LY sublines. A convincing analysis of mutations in LY
sublines was done with the use of a polyomavirus-based shuttle vector; the target gene was
supF [64]. This approach eliminated some of the confounding factors. Survival of transforming
ability of plasmid in UVC-irradiated LY-R cells was lower and mutation frequency higher
than in similarly treated LY-S cells, whereas the distribution of mutations was similar as in
normal human and XPA (xeroderma pigmentosum, complementation group A) cells. In LY-S
cells there were fewer tandem double mutations than in LY-R cells, consistent with more
efficient excision of pyrimidine dimers, and there were fewer mutational hot spots in LY-S
cells [64].

4.3. Effects of combined UVC and benzamide or caffeine treatment

The DNA repair experiments in UVC-exposed LY cells were not continued, and the mol-
ecular defect was not identified. Some indirect information on the repair defect in LY-R cells
can be obtained from examination of the effects of benzamide and caffeine on UVC-exposed
cells. Interestingly, the sensitivity pattern and the effects of benzamide and caffeine are similar
in the case of UVC irradiation and treatment with an antitumour platinum complex, m-PAD
[8, 65]. Inhibition of poly(ADP-ribosylation) with 2 mM benzamide (applied for the whole
interval between UVC exposure and clone scoring) sensitised LY-S cells without changing
the survival of LY-R cells. The ratio of poly(ADP-ribose) polymers (quantified as l,N6-etheno-
ribosyl adenosine) to NAD+ in the presence of 2 mM benzamide decreased in UVC-exposed
(8.5 or 32 J/m2) LY-S cells almost fourfold during 4 min, indicating a rapid catabolism. In
LY-R cells this decrease was only about twofold [66]. It is plausible to assume that this differ-
ence reflects a diminished activation of poly(ADP-ribosylation) by DNA strand incisions
generated in the course of excision repair to a lesser extent in LY-R cells. Apparently, this dif-
ference is of biological importance: benzamide treatment not only decreased survival of LY-S
cells (Fig. 11 A), but also increased the frequency of chromatid aberrations in this cell line,
without affecting LY-R cells. Interestingly, histone H4 was ADP-ribosylated in UVC-irradiated,
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but not in control LY-S cells or LY-R cells; this modification accompanied the cellular resis-
tance to the respective damaging agent, since an increase in histone H4 ADP-ribosylation was
found in y-irradiated LY-R cells [43].

Inhibition of poly(ADP-ribosylation) does not affect UVC-irradiated human cells (e.g.
[67, 68], but in rodent cells, PARP and Cockayne syndrome protein B seem to be important for
pyrimidine ditner repair [69]. Conceivably, both proteins are involved in chromatin remodel-
ling, improving accessibility of the damaged sites to the repair machinery [69]. If this is the
case, then the repair deficient LY-R cells should be insensitive to inhibition of poly(ADP-ri-
bosylation) after UVC exposure, and this is, in fact, observed (Fig.l 1 A).

Translesion replication probably is equal in both sublines, as judged from the percentage
of G:C —»• A:T transitions [64]. Why then is the LY-R subline, in contrast with LY-S cells, not
sensitised by caffeine? Recently, Kaufmann et al. [70] postulated the existence of a S phase
specific, polymerase r\ independent and caffeine sensitive repair. In a much older paper [71] the
authors concluded that "...the replicative bypass repair process is either caffeine resistant or sen-
sitive, depending on the cell type used, but not necessarily on the excision repair capability".
Notably, established rodent and human cell lines, among them SV40 transformed XP cells,
were sensitised to UVC by caffeine, whereas other human and rodent cells (among them ex-
cision deficient XP) were not. Post-UVC recovery of replication also differed in susceptibility
to inhibition by caffeine: mouse cells and human XPV (xerodermapigmentosum variant) cells
were affected, whereas human normal and XPA cells were insensitive [71]. Since there are nu-
merous translesion replication polymerases [72] with as yet undefined sensitivity to caffeine,
explanation for the differential response of LY sublines to combined UVC + caffeine treat-
ment must await the results of further studies.

4.4. UVC-induced alterations in chromatin organisation

The spectral index method [73] was applied to examine the response of chromatin to increase-
ing NaCl and MgCL; concentrations in UVC-irradiated LY cells. No alteration in chromatin
properties was observed 1 h after UVC irradiation of LY-R cells. Chromatin from UVC-ir-
radiated LY-S cells exhibited a lowered spectral index, indicating that at given Na+ and Mg2+

concentrations (1 or 200 raM NaCl, 0 or 0.5 mM MgCb) chromatin was more compact than
that from the unirradiated cells. Benzamide treatment reversed the effect of UVC irradiation
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Fig. 12. Binding of 8-MOP to DNA in LY cells exposed o 85 J/m2 UVC (in Fischer's medium, un-
corrected for absorption of 254 nm radiation in the medium; survival 2x10 and 7xlO"3 for LY-R and
LY-S, respectively). 8-MOP binding levels in sham-irradiated, identically treated control samples of
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experiments, expressed as percentage of the control samples. Standard error indicated. Reproduced by
permission from [75].
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in LY-S cells and did not change the response pattern of chromatin from LY-R cells or unir-
radiatedLY-S cells [74].

Chromatin organisation in UVC-exposed LY cells was further probed with the UVA-as-
sisted photobinding of tritiated 8-methoxypsoralen (MOP). Following UVC exposure, MOP
binding was reduced by 40% at 15 min post-exposure in LY-S cells and gradually rose to the
control level during the subsequent 45 min (Fig. 12). MOP preferentially binds to DNA in the
chromatin sections that have "open" conformation, to the linker or transcribed DNA. So, this
result indicated transient chromatin condensation in UVC-exposed LY-S cells and was con-
firmed by increased sedimentation distance of nucleoids. In contrast, MOP binding increased
by about 20% at 45 and 60 min post-exposure in LY-R cells and was consistent with slower
nucleoid sedimentation [75].

These alterations of chromatin organisation in LY-S cells apparently accompany excision
repair and are connected with poly(ADP-ribosylation). Since in LY-R cells the response of
chromatin is strikingly different from that in LY-S cells, it is tempting to assume that there is
a causal relationship between repair capacity and the observed conformational reorganisation
of chromatin. Nevertheless, this work was not continued and the applied methods do not sup-
ply information sufficiently specific to be translated into molecular terms.

5. CELLULAR RESPONSE TO IONISING RADIATION

The preceding sections provided information on the origin and general features of L5178Y
sublines, LY-R (radioresistant) and LY-S (radiosensitive) and described their response to
UVC radiation and hydrogen peroxide. One peculiar feature of this cellular model is inverse
cross-sensitivity to X/y-rays a nd hydrogen peroxide, unusual in other pairs of radiation
hypersensitive and parental, normally radioresistant cell lines {e.g. [76]). With both damaging
agents, the main lesion-inducing species is the highly reactive hydroxyl radical, but the
mechanisms of sensitivity to these two agents are different in LY sublines. LY-R cells are
relatively sensitive to hydrogen peroxide beacuse of higher iron content and lower antioxidant
defence than those in LY-S cells [9, 24,47-51]. In LY-R cells, the high activity of the iron-ca-
talysed Fenton reaction generating hydroxyl radicals is the cause of higher DNA damage
upon hydrogen peroxide treatment than in the LY-S subline. In contrast, LY-S cells are more
radiosensitive than LY-R cells beacuse of impaired repair of DSB, as described below.

Table 5 shows the general characteristics of the response of LY-R and LY-S cells to
ionising radiation. One striking feature of the response is lack of difference between LY sub-
lines in the response to high LET (linear energy transfer) radiation. Radford [90] has postu-
lated that high LET radiation inflicts a high proportion of complex DSB, which are difficult to
repair. LY sublines have the same ability to deal with these lesions, whereas the sensitivity of
LY-S cells to low LET X/y-rays is due to a defect in repair of a lesion type that is differ-
entially induced by high- and low-LET radiation and is innocuous for cells with normal repair
capability.

Chronologically, the first indication that the high intrinsic radiosensitivity of LY-S cells
is connected with DNA damage came from examination of tritium labelling effects [85]. Treat-
ment with tritiated water, lysine and thymidine gave increasing lethal effects, depending on
whether the tritium decays took place in the whole cell, in histones (which are lysine rich and
placed in the near vicinity to DNA) or in the DNA itself (cf. Table 5). The difference between
sensitivity of LY sublines to these tritium locations increased as the decays became located
closer to the target, DNA.

LY-S cells exhibit a unique feature: not only the sparing effect of X-ray dose fractionation
is missing, but the first radiation dose seems to sensitise to the second one, as survival after
divided radiation dose is lower than that after single dose [55]. This phenomenon was redis-
covered by Yau et al. [91] in 1979 and named "inverse split-dose effect".
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Table 5. Response of LY sublines to ionising radiation.

Characteristic feature

Response to X/y-irradiation
Radiation sensitivity (cloning)

Oxygen enhancement ratio

Effect of dose fractionation at 37°C

Effect of low dose rate, as measured by the ratio:
Do at 0.88 Gy/min

Do at 0.00037 Gy/min

Repair of SSB (alkaline elution)

Repair of DSB (neutral elution)

Repair of chromatid breaks
(premature chromatin condensation)

Initial base damage (gas chromatography/mass
spectrometry, GC/MS)

Repair of base damage (GC/MS)

Response to tritium (3-radiation
Relative susceptibility to tritiated compounds of
different intracellular localisation from cell survival:
-3HOH
- 3H-lysine
- 3H-thymidine

Response to 9 GeV protons
Sensitivity (cloning)
Response to 1.6 MeV deuterons
Sensitivity (cloning)
Response to 2.5 MeV helium ions
Sensitivity (cloning)

Response to 6.2 MeV neutrons:
- sensitivity (cloning)
- repair of SSB (alkaline sedimentation)

LY-R subline

Low
(D0=l. lGy)

2.7

Sparing

Marked, 26.5

LY-S subline

High
(D0=0.5Gy)

2.7

Sensitising

Small, 5.1

At the same rate and to the same
residual level

Normal

Normal

Low

Impaired

Impaired

High

At approximately the same rate
and to the same residual level

1
1
1

D0=1.04Gy

D0=0.67Gy

D0=0.34Gy

2.6
7.5

40.0

D0=0.63Gy

D0=0.55Gy

D0 = 0.31Gy

Equal (Do = 0.42 Gy)
At the same rate and to the same

residual level

Reference

[2]

[77]

[55]

[78]

[79]

[79-82]

[80,81]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

5.1. Cell cycle: progression and radiosensitivity fluctuations

Alterations in progression of LY cells through the cell cycle after X-irradiation are illustrated
in Fig. 13 [92]. The main features are lack of arrest at the Gl/S phase boundary and differ-
ential G2 phase arrest. The latter is much more pronounced in LY-S cells than in LY-R cells
(11 and 4 h/Gy, respectively) [8]. G2 phase arrest can be prolonged by A23187 (calcium iono-
phore) treatment with a sparing effect on survival [22] or shortened by caffeine treatment with
a sensitising effect in LY-S but not LY-R cells [41]. Sensitisation, however, is caused by
caffeine's effect on DNA repair, not on the duration of arrest [93].
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Fig. 13. Distribution of X-irradiated (5 Gy) LY-R and LY-S cells in Gl (A), S (B) and G2/M (C) phases
of the cell cycle. Reproduced by permission from [92].
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Cells were separated by centrifugal elutriation according to size and position in the cell cycle and X-ir-
radiated with 2 Gy. Reproduced by permission from [80].
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Cell age dependence of radio sensitivity of LY sublines is strikingly different [80], as
shown in Fig. 14. In LY-R cells, survival after X-irradiation with 2 Gy remains almost un-
altered (variation less than twofold), whereas in LY-S cells it varies about hundredfold from
the very low level in Gl phase to a peak of resistance in late S phase.

5.2. Post-irradiation poly(ADP-ribosylation)

General features of poly(ADP-ribose) polymer metabolism in LY sublines have been discussed
in section 2.8. (Figs 5 and 6); also, some ADP-ribose polymer-binding proteins missing in the

A B

5 10 15 20 25 30

Time after irradiation (mitt)

35 5 10 15 20 25 30

Time after irradittdtun (min)

Fig. 15. NAD+ (A) and poly(ADP-ribose) (B) content in LY cells after X-irradiation (2 Gy). Mean re-
sults from three experiments and standard error are shown. Reproduced by permission from [42].

nuclear matrix of LY-S cells as compared to those in LY-R cells have been presented in Fig.7.
Remarkable differences in poly(ADP-ribosylation) are noted in LY cells after X-irradiation
[42]. LY-R cells respond by increasing about fourfold the amount of the polymer during the
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Fig. 16. Differential effects of poly(ADP-ribose) synthesis inhibition by 2 mM benzamide (BZ) or
3-aminobenzamide (AB). (A) Comparison by neutral comet assay of the course of DSB rejoining in
the presence or absence of 2 mM 3-aminiobenzamide in LY-R and LY-S cells. Irradiation at time zero
with 10 Gy X-rays. Mean results ± standard deviation from 4-5 experiments. (B) Frequency of chromatid
exchanges in LY cells X-irradiated with 1 Gy with or without continuous 2 mM benzamide treatment
(starting 30 min before irradiation). Reproduced by permission from [95].
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first 15 min after X-irradiation and maintaining the NAD+ level unchanged or slightly higher
than under control conditions. In contrast, in LY-S cells there is a 20% decrease in NAD+

between 5 and 15 min after irradiation and the polymer content remains almost unaltered
(Fig. 15). These changes and the polymer size distribution are compatible with the high turnover
rate of the polymer in LY-S cells and the preferential attack of large polymers by poly(ADP-ri-
bose) glycohydrolase. Interestingly, an increase in histone H4 ADP-ribosylation takes place in
y-irradiated LY-R but not LY-S cells; this modification seems to parallel the cellular resistance
to the respective damaging agent, since it is seen in UVC-irradiated LY-S but not LY-R cells
(c/ section 4.3., [43]).

The described differences in polymer synthesis in X-irradiated cells are accompanied by
a differential effect of poly(ADP-ribose) polymerase inhibitors: there is a decrease in DNA
strand break rejoining [94, 95], and an increase in chromosomal damage in LY-S cells but not
in LY-R cells [96], as shown in Fig. 16. Accordingly, the lethal effect of X-rays is enhanced by
continuous 2 mM benzamide post-irradiation treatment only in LY-S cells (enhancement ratio
from clonogenic survival is 1.53) [41].

5.3. Post-irradiation metabolism of arachidonic acid

As mentioned in section 2.6., the basic features of arachidonic acid metabolism are similar in
LY sublines. However, differences between sublines are noted after X-irradiation [30]. In both
sublines, irradiation (5 Gy) does not affect the uptake of exogenous arachidonic acid and does
not potentiate its release. Stimulation of prostaglandin (PG) synthesis is seen in irradiated LY-R
cells (from 3.93 ± 0.32 picomoles/108 cells in control to 5.10 ± 0.41 picomoles/108 cells 30 min
after irradiation with 5 Gy X-rays, p<0.05).

0.001 0.01 0.1 1
H2O2 x 10"3M

Fig. 17. The effect of hydrogen peroxide on PG synthesis in control (open symbols) and X-irradiated
(5 Gy - closed symbols) LY-R and LY-S cells. Standard error indicated. Reproduced by permission
from [30].

Figure 17 shows the differential change in susceptibility of PG synthesis to hydrogen peroxide
in unirradiated and X-irradiated (5 Gy) LY-R and LY-S cells. The higher catalase activity in
LY-S cells (described above, cf. Table 3) is a plausible cause of the difference.

Both PG and 5-hydroxyeicosatetranoic acid syntheses also are stimulated by calcium
ionophore, A23187, in irradiated, but not in control cells. LY-S cells are totally unresponsive in
these respects [30]. Eicosanoid biosynthesis is under control of tyrosine kinases [97] that are
activated by ionising radiation. LY sublines may differ in this respect (see below). Additional-
ly, the radioprotective effect of PG {e.g. [98]) may add to the relatively radioresistant pheno-
type of LY-R cells.
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5.4. Stimulation of tyrosine kinase activity

Total tyrosine kinase activity in cells extracts was measured with the use of y-32P-ATP and
two different peptide substrates after X-irradiation (1 Gy) and 1 or 3 h incubation [99] (Fig. 18).
The control activity level was similar in both sublines, but about twofold stimulation was seen
earlier in LY-R cells (after 1 h); in LY-S cells it took place after 3 h, while at that time the
kinase activity in LY-R cells returned to the control value [99]. Part of this activity may stem
from receptor kinases and the observed difference - from the effect of ganglioside composition
on their activation, as mentioned in section 2.5.1.

o
a.

Control 1 3 Control 1

Time after irradiation (Hours)

o
Q.

Control 1 3 Control 1

Time after irradiation (Hours)

Fig. 18. Stimulation of tyrosine kinase activity by X-irradiation in LY cells. (A) PKS1 (protein kinase
substrate 1) corresponds to amino acids 6-20 of the cell division kinase p34 cdc2. (B) PKS2 (protein
kinase substrate 2) corresponds to the amino acid sequence 1-17 of gastrin. Cells were X-irradiated
(1 Gy); after 1 or 3 h incubation, whole cell extracts were prepared and kinase activity determined.
Reproduced by permission from [99].

Determination of c-Abl tyrosine kinase activity in immunoprecipitates showed a com-
parable activity in the nuclei of both sublines but a two times lower activity in the cytoplasm
of LY-S cells in comparison with LY-R cells (Fig. 19). The 32P labelling and the co-preci-
pitated proteins were practically identical in both sublines and were in a rather low molecular
mass range, as shown in Fig.20. So, there was no indication of c-Abl interaction with large
molecules like Atm or DNA-dependent protein kinase (DNA-PK) reported in other cell lines.
Irradiation (1 or 5 Gy y-rays) did not appreciably alter the kinase activity measured in nuclear
extracts 1 or 3 h later. Also, expression of the kinase protein (determined by Western blotting)
was similar in both sublines and not altered by irradiation [100].

Cytoplasmic activated c-Abl exerts an anti-apoptotic effect, probably through phospha-
tidyl inositol 3-kinase and Bad [101]. The pathways leading to this anti-apoptotic effect are
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Fig. 19. Activity of tyrosine kinase, c-Abl, in LY-R and LY-S cells, as determined with y-32P-ATP in
immunoprecipitates from nuclear and cytoplasmic extracts. Phosphorylation of co-precipitating proteins
(control) or of the added specific substrate, CRK; standard deviation indicated [100].

shown in Fig.21. Activation depends on ligand (growth factor) binding at the receptor tyrosine
kinases sites. In LY sublines (in the cell culture conditions) the activity is constitutive. Hence,
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Fig.20. Electrophoretic determination of distribution of 32P-label in proteins present in c-Abl immuno-
precipitates according to molecular mass [100]. The CRK protein was added as a marker.

the relatively low cytoplasmic activity of the kinase in LY-S cells is consistent with the higher
apoptotic proneness of these cells as compared to LY-R cells.
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Fig.21. Diagram showing pathways leading to the anti-apoptotic effect of c-Abl. Arrows indicate acti-
vation. MAPK - mitogen-activated protein kinase, ERK - extracellular-signal-regulated kinase.

5.5. Apoptosis

The most thorough study of apoptosis in LY-S cells was carried out by video time-lapse
microscopy [102]. Within 16-28 h after X-irradiation with 4 Gy about 97% of cells attempted
cell division before undergoing apoptosis. During G2 arrest the cells become large (first noted
by Okada in 1970 [103], as well as later, in camptothecin-treated cells [38]) and undergo a
complicated sequence of unequal division and fusion events, followed by apoptosis with
formation of apoptotic bodies. Also Tauchi and Sawada [104] described apoptosis in L5178Y
cells as death following mitotic failure.

LY-R LY-S

2GyX
48 h

5GyX
48 h

Fig.22. Post-irradiation apoptosis measured by the TUNEL method in LY-R and LY-S cells, unir-
radiated and irradiated with 2 or 5 Gy y-rays. Reproduced by permission from [92].
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The comparison of post-irradiation apoptosis in LY sublines indicated that the more
radiosensitive cell line, LY-S, exhibited enhanced apoptosis in comparison with the radiore-
sistant LY-R cells [92, 105] (Figs 22 and 23).

L5178Y-R L5178Y-S

1,0 1,5
Dose(Gy)

0.5 1.0 1J5

Dose(Gy)
2.0

Fig.23. Dose-dependence and time course of post-irradiation apoptosis in LY sublines from flow-cyto-
metric determination. Reproduced by permission from [105],

Both sublines are heterozygous for a p53 mutation [4, 5] in codon 170 that precludes the
transactivation function. Typically for p53 mutants, the p53 protein is present in undamaged
cells. The ratio LY-R/LY-S of p53 protein is 1.80 ± 0.23, as determined by Western blotting
with the Mab 240 antibody that recognises mutant protein. Figure 24 shows that the increase
in p53 in X-irradiated LY cells is negligible, if any. The presence of mutant p53 prevents cor-
rect tetramerisation which is necessary for the transactivation function. Due to this function,
activation of transcription of numerous genes takes place in cells under stress induced by
various DNA damaging agents. The respective proteins carry out functions connected with
control of cell cycle progression, DNA repair and apoptosis. Accordingly, in X-irradiated
LY cells there is no Gl arrest and no change in expression in apoptosis-related proteins
after irradiation, such as E2F-1, bax, bclxL, bcl2 [92]. Both sublines show high constitutive
bax and c-Jun kinase content. LY-R cells lack bcl2 and LY-S - cdknla (formerly designated
p21/WAFl)[92,93].

Time after
irradiation:
(dose, Gy)
LY-R
LY-S

2h 24 h
5 contr 2 5 contr

std p53

Fig.24. Expression of p53 in sham-irradiated (contr) and X-irradiated (2 or 5 Gy) LY cells 2 or 24 h
after irradiation Western blots (60 p.g protein per lane) are shown. Arrows indicate standard (breast
cancer p53, cell lysate from a biopsy, 60 u.g protein per lane). Reproduced by permission from [92].

Absence of cdknla may be another pro-apoptotic factor in LY-S cells, since this protein
inhibits pro-caspase 3 activation [106]. Accelerated apoptosis takes place in caffeine-treated
X-irradiated LY-S cells; such treatment increases the residual DNA damage (estimated by
comet assay) by 25%. In contrast, in LY-R cells, the treatment affects neither residual DNA
damage nor the timing of apoptosis [93]. So, apart from the expression levels of apoptosis-re-
lated proteins, the most probable reason for the difference in type of post-irradiation death
between LY sublines is the persistence of residual unrepaired/misrepaired DNA damage. The
DNA repair difference is discussed below.
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5.6. DNA damage induction and repair

The molecular mechanism of radiosensitivity of LY-S cells is still not entirely resolved. The
first indication that the high intrinsic radiosensitivity of LY-S cells is connected with DNA
damage came from examination of tritium labelling effects (Table 5) [85]. Further studies,
with the use of increasingly specific and sensitive methods indicated that DSB repair is im-
paired in the radiosensitive subline (Table 5). Base damage induction is higher in LY-S than
in LY-R cells (in spite of a more efficient antioxidative defence), but base damage excision
repair was shown to be equal. Thus, the possibility was eliminated that DSB rejoining differ-
ence in LY sublines is caused by repair of complex lesions involving a differentially efficient
base excision component [84].

At alkaline pH, a difference in DNA strand break, rejoining was found with the alkaline
sedimentation technique after a high X-ray dose, 100 Gy [89, 107]. The repair curves were
biphasic, corresponding to fast and slow components. In LY-R cells, about 80% of breaks
were rejoined by the fast repair during 20 min and in LY-S cells about 60%. The slow repair
also was more efficient in LY-R cells. After 90 min the residual damage was 8% of the initial
in LY-R cells and 36% in LY-S cells. In contrast, the rejoining of breaks induced by irradi-
ation with fast neutrons (40 Gy) was identical in both sublines: during the first 10 min, 45%
breaks were rejoined by fast repair and the residual damage after 90 min was about 30%.
Moreover, for LY-S cells the repair curve was identical for both types of radiation. So, the re-
pair machinery in LY-R cells seemed to discern between neutron and X-ray-inflicted damage,
whereas in LY-S cells, a class of breaks that was rejoined in repair-competent cells remained
unrejoined during 1.5 h post-exposure incubation.

Nevertheless, the repair rates in LY sublines were equal when examined with more sen-
sitive methods at denaturing pH using the DNA unwinding technique [108], the alkaline filter
elution [79] and the alkaline comet assay [49, 109] for cells X-irradiated with moderately high
doses, 0.5-10.0 Gy.

Difference in DNA strand break rejoining between LY sublines was observed at non-de-
naturing pH with methods that measure DSB, such as filter elution and fluorescent halo, with
the surprising exception of neutral comet assay (Fig.l6A; the small difference between LY-R
and LY-S cells is not statistically significant) [95]. The latter method was applied in a modifi-
cation [95] which clearly revealed the DSB repair difference between CHO-K1 and xrs6 cells.
The xrs6 cells have impaired non-homologous end-joining (NHEJ) due to loss of functional
Ku80.

Furthermore, a comparison was carried out of initial damage and repair estimated from
neutral filter elution and premature chromosome condensation (PCC) in LY sublines [80, 81].
The results obtained with both methods were comparable and pointed to differences in cell
age dependence both in the initial damage and its repair, reflected in survival fluctuations
during cell cycle progression, shown in Fig. 14.

Table 6. Initial DNA damage in X-irradiated LY cells as determined by PCC and cell age dependent
survival (data from Wlodek and Hittelman [80]).

Feature examined

Initial chromosome breaks (PCC fragments):
-Gl cells
- G2 cells

Approximate surviving fraction, 2 Gy X-rays:
-Gl cells
- Late S cells
- G2 cells

LY-R cells

4.5 breaks/Gy
2.3 breaks/Gy

0.37
0.37
0.30

LY-S cells

4.5 breaks/Gy
4.7 breaks/Gy

0.002
0.37
0.09

Table 6 shows that Gl cells of both sublines do not differ in the initial DNA damage but
that the survival difference indicates a repair failure in LY-S cells. In contrast, LY-S cells in
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G2 phase initially are more damaged than LY-R cells, but survival difference is much smaller
than that in Gl phase cells (see also Fig. 14). Figure 25 shows that the relation between the
initial chromosome damage and survival of LY-S cells dramatically differs from that in LY-R
cells. This difference, however, concerns only LY-S cells in Gl phase, whereas chromosome
damage estimated in G2 cells by PCC has identical effect on survival in both LY sublines.

50 20 50

CHROMOSOME BREAKS PER CSU

Fig.25. The relationship between initial chromosome damage (from PCC) and survival of LY-S cells
(closed symbols) and LY-R cells (open symbols), X-irradiated in Gl (circles) or G2 (triangles) phase.
Reproduced by permission from [80].

Figure 26 shows repair in LY sublines estimated by PCC. In LY-S cells, survival after
X-irradiation is the lowest in Gl phase and consistently, a large fraction of damage remains
unrepaired (Fig.26A). In G2 phase, the difference in survival is smaller, and accordingly, the
repair at the chromosome level differs less (Fig.26B). It should be mentioned, however, that
into this consistent picture the DSB repair in G2 phase fits less well, as the difference in DSB
repair between LY sublines differs in G2 phase almost as much as in Gl phase. Also, the high
initial damage in G2 phase LY-S cells as compared to that in LY-R cells remains unexplained.
Neutral elution is known to be sensitive to chromatin organisation (e.g. [110]). So, it is possible
that the neutral elution data reflect a specific feature of chromatin architecture in LY-S cells
that differs from that in LY-R cells.

A B

TIME AFTER IRRADIATION (min) TIMS AFTER WRAOIATION

Fig.26. (A) Chromosome break repair in LY-S (closed circles) and LY-R cells (open circles), X-ir-
radiated (4 Gy) in Gl phase. Mean values from 3-4 experiments ± standard deviation. (B) Fraction of
unrepaired chromatid breaks and gaps in LY-S cells (closed circles) and LY-R cells (open circles), X-ir-
radiated (1 or 2 Gy, respectively) in G2 phase. Mean values from three experiments ± standard de-
viation. Reproduced by permission from [81].
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With regard to changes in chromatin, X-rays induce a much smaller proportion of
DNA-protein cross-links in LY-S cells than in its radioresistant counterpart (LY-R — 157 ±
29.8% of the control value, LY-S - 98.0 ± 22.9% of the control value) after X-irradiation (5 Gy)
[111]. There are other chromatin architecture-related features of LY sublines. Pronounced
differences were found in survival and DNA integrity (from the comet assay) of LY cells
treated with neocupreine, a copper chelator, and desferroxamine (desferal), an iron chelator
[112], corresponding to copper and iron content of the nuclei (cf. Table 2). The comet assay
was also used to reveal differences in the percentage of DNA in the comet tail in nucleoids
stepwise depleted of protein with the use of increasing (0.14-2.50 M) concentration of sodium
chloride and X-irradiated (1.5 Gy) [113]. The initial DNA damage increased in nucleoids
from LY-R cells with the increase in sodium chloride concentration, as could be expected
from the protective role of chromatin proteins (e.g. [114-117]. In contrast, in LY-S cells the
damage remained at a stable level, notwithstanding the amount of protein extracted.

5.7. Mutagenesis

In the inversely cross-sensitive to UVC and X/y-rays LY sublines, mutagenesis does not follow
the pattern of survival and DNA repair. Both in UVC- and X/y-ray-induced mutagenesis, LY-R
cells show higher mutant frequency. After UVC exposure, the difference in frequency between
sublines is dependent on the locus examined (see also section 4.2.). X/y-ray-induced mutations
were studied mostly in American laboratories [118-120]. LY-S cells were found to be less
mutable than LY-R cells at the hgprt and Na+/K+ ATP-ase loci, not only following X-irradiation
but also following treatment with alkylating agents to which these cells are more sensitive
than LY-R cells [118, 120].

The hypomutability of LY-S cells was explained by formation of multilocus DNA lesions
due to repair deficiency following treatment with ionising radiation or alkylating agents [120].
According to this explanation, multilocus lesions are the cause of poor recovery of viable
mutants when the target locus, e.g. hgprt locus, is located next to essential, "house-keeping"
genes on the hemizygous X chromosome. Loss of function of a neighbouring essential gene
renders the mutant inviable, thus leading to an apparent decrease in mutant frequency. In the
case of heterozygous loci, when active copies of neighbouring essential genes are present on
the homologous (non-target) chromosome, the recovery of mutants is higher and comparable
to that in LY-R cells.

Kraszewski et al. [49] in a study of hydrogen peroxide-induced mutagenesis also com-
pared X-ray-induced (0.5-3.0 Gy) mutations at the hgprt locus in LY sublines. In LY-R cells
there was a dose-dependent increase in mutant frequency, and treatment with iron chelators of
various affinity decreased the frequency. This observation suggested that hydrogen peroxide
generated in X-irradiated LY-R cells entered the Fenton reaction and inflicted additional
mutagenic lesions. In agreement with the observations of other authors mentioned above, the
mutation level in X-irradiated LY-S cells was considerably lower than in LY-R cells. It was
not modified by pretreatment with iron chelators.

5.8. NHEJ defect in LY-S cells

The hypersensitivity of LY-S cells to X-rays in Gl phase, described above (Figs 14 and 25,
Table 6), indicated that NHEJ was the repair system impaired in LY-S cells, by analogy to
NHEJ mutants (reviewed in [6]). This hypothesis was supported by the observation that DNA
repair (measured by comet assay) was refractory to the DNA-PK specific inhibitor, OK-1035,
in contrast with that in the DSB repair-competent LY-R cells [109]. Nevertheless, in both LY
sublines the DNA-PK activity was found in total cell extracts at almost equal levels [95]. In
these experiments, the DNA-PK activity-deficient cells served as negative controls, including
V3, a Chinese hamster cell line (mutant lacking the catalytic subunit) and CHO mutant xrs6
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cells, harbouring a mutation in XRCC5/Ku80. CHO-K1 cells with functional DNA-PK served
as positive control. This result indicates that a NHEJ defect in LY-S cells is not due to a
DNA-PK mutation that would affect its activity in the in vitro test. Complementation studies
carried out in Japan [121] have shown that the defect is not in xrcc4 or ligase IV. This leaves
the possibility that other components of NHEJ may be defective in LY-S cells, such as
AHNAK [122], Artemis or sir proteins (reviews in [123, 124]). Nevertheless, recent studies
by Block et al. [125] indicate that the possible defect may rest in DNA-PK. It may concern
autophosphorylation in the so-called ABCDE cluster of serine and threonine residues in the
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Fig.27. Activity of DNA-PK in LY sublines (determined by the pull-down method) after y-irradiation
with 1 Gy. When the NHEJ process is completed, DNA-PK becomes phosphorylated and loses the
ability to bind DNA and, in consequence, loses the catalytic activity. Since DSB repair in LY-S cells is
slow, inactivation of DNA-PK after irradiation is delayed. Reproduced by permission from [95].

central part of the catalytic subunit. Such an autophosphorylation defect does not affect kinase
activity nor autophosphorylation-induced loss of kinase activity but is a cause of failure in DNA
end-joining. This corresponds exactly with the observations carried out on LY-S cells. Experi-
ments to confirm this assumption are under way.

0.0 0.5 1.0 1.5 2.0

TIME AFTER CAMPTOTHECIN REMOVAL, h

Fig.28. Time-course of DSB repair in LY cells after 1 h treatment with 2 uM camptothecin. Remaining
damage is shown, expressed as percentage of the initial damage taken as 100% determined by field
inversion gel electrophoresis (A) and by comet assay in neutral pH (B). Closed circles - LY-S cells,
open circles - LY-R cells. Standard deviation indicated. Reproduced by permission from [38].
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Alterations in DNA-PK activity were noted in y-irradiated (1 Gy) LY-R and LY-S cells
after various time intervals [95]. As shown in Fig.27, there was a decrease in the activity in
LY-R cells with a minimum at 2 h. A comparable decrease in LY-S cells took place at 4 h
after irradiation. This result was consistent with the slow functioning of NHEJ [126]. That
LY-S cells are capable of DSB repair was also concluded from the high recovery of cells kept
for 12-24 h at 34 or 25°C after X-irradiation [127-129]. From the increase in survival seen in
LY-S cells progressing through the S phase (Fig. 14) it could be concluded that DSB in the
replicated DNA can be repaired by homologous recombination. This type of repair operates in
the case of DSB generated by collision of the camptothecin-DNA cleavable complex with
replication forks and is functional in LY-S cells [38], as shown in Fig.28. The repair of DSB
generated in freshly replicated (3H-thymidine-labelled) DNA in camptothecin-treated LY cells
was determined by field inversion gel electrophoresis and by comet assay in neutral pH. As
shown in Fig.28, LY-S cells proved to be more efficient than LY-R cells in the early (up to 2 h)
repair of the DSB induced by camptothecin.

5.9. DNA damage fixation

As mentioned above, in contrast with other cell lines of various origin and radiation sensitiv-
ity, LY-S cells are sensitised by the first radiation dose to the second dose, so that the relative
survival after fractionated irradiation is below unity. This is an unusual effect, since cell lines
with DNA repair defects, e.g. scid (severe combined immunodeficiency) cells, at worst show
the relative survival of about 1 after irradiation with divided doses. The relative survival of
both LY sublines after fractionated X-irradiation is presented in Fig.29A. After X-irradiation
(2+2 Gy), the relative (vs 4 Gy) survival decreases with the time interval between the first and
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Fig.29. (A) Relative survival curve for LY sublines (dashed lines - LY-R cells; solid lines - LY-S
cells) after irradiation with divided doses of X-rays with incubation at 25°C (closed circles) or 37°C
(open circles) between the first and second dose. Reproduced by permission from [129]. (B) Damage
fixation in LY-S cells illustrated by survival data after 5 h interval split doses of 2+2 Gy relative to a
single dose of 4 Gy of X-rays, as functions of post-irradiation incubation at 25°C (dashed lines) or
37°C (solid lines). Standard error of the mean indicated. Reproduced by permission from [130].
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second irradiation until 8 h and then starts to rise [55]. The decrease can be prevented by
incubation at 23 or 25°C between doses (Fig.29) [91, 128-130]. These results were discussed as
indicating a temperature-dependent shift of balance between repair and fixation of radiation
damage [130]. The nature of the fixation process was not understood.

Differences in radiation response usually are ascribed to variation in DNA repair effi-
ciency. On the other hand, it is generally acknowledged that the outcome of post-irradiation pro-
cesses, as seen at the cellular level, depends on the competition between repair and fixation of
damage. Better post-irradiation recovery of LY-S cells at 25°C makes the pair of LY sublines
an eminently suitable model to study damage fixation. Recently, an attempt was made [95] to
interpret the response of LY cells to X-irradiation in terms of Radford's model of damage
fixation [131]. In this model, it is assumed that DSB fixation takes place in transcriptional
factories. Two molecules of topoisomerase I act in concert on transcribed DNA strands lo-
calised close to one another. One enzyme molecule is located on an undamaged DNA strand,
the other forms a complex with a DSB. An exchange event takes place, bringing about a chro-
mosomal aberration which may be lethal. As diagrammatically shown in Fig.30, PARP-ef-
fected inhibition of topoisomerase I (observed in X-irradiated cells, as shown by Boothman et
al. [132]) prevents damage fixation.

At 37°C, 2 raM 3-aminobenzamide decreased the repair of DSB in LY-S but not LY-R
cells, in agreement with the previously observed radiosensitisation of LY-S cells by po-
ly(ADP-ribosylation) inhibition (Fig. 16). This is understandable, considering that at 37°C LY-R
cells are able to rejoin DSB at a rate that is sufficient to outdistance fixation, whereas in LY-S
cells the rejoining is too slow. However, DSB rejoining in the repair competent cell line LY-R,
also was affected by 3-aminobenzamide when the post-irradiation incubation was carried out
at 25°C. Apparently, lowered temperature slowed down the rejoining enough to reveal the effect
of poly(ADP-ribosylation) inhibition, in contrast with the absence of 3-aminobenzamide ef-
fect on repair at 37°C [95].

DNA DOUBLE STRAND
BREAKS WITHIN

TRANSCRIPTION FACTORIES

DSB REPAIR

B

DNA DOUBLE STRAND
BREAKS WITHIN

TRANSCRIPTION FACTORIES

STRAND BREAKS FIXED

DSB REPAIR
STRAND BREAKS

REJOINED

FIXATION (TOPOISOMERASE I)

PARP

3-AMINOBENZAMIDE

Fig.30. Explanation of DSB fixation according to the model of Radford [131]. (A) In a repair-com-
petent mammalian cell, the equilibrium between DSB repair and fixation is shifted towards repair.
Usually, fixation is prevented, because PARP (activated by DNA damage) inhibits topoisomerase I.
(B) PARP inhibitor, 3-aminobenzamide, enhances fixation and the number of correctly repaired DSB
decreases.

37



Thus, the model explains the previously reported differential effect of poly(ADP-ribosy-
lation) inhibition in X-irradiated LY-R and LY-S cells [41, 94, 96] (Fig. 16) as caused by its
role in damage fixation.

6. CONCLUDING REMARKS

All experimental results reviewed above point to the key importance of DNA repair and fixation
for the ultimate fate of the X-ray-damaged LY cell. The cause of slow DSB repair in LY-S cells
is not identified, but the assumed DNA-PKcs autophosphorylation defect explains most features
of the cellular response to irradiation, as compared to the repair-competent LY-R cells: high
radio sensitivity of Gl cells, extensive damage fixation, long G2 arrest, considerable chromo-
somal damage seen as PCC fragments and aberrations in metaphase cells.

On the other hand, at the level of damage corresponding to a comparable lethal effect,
the type of death differs between LY sublines. This difference is consistent with altered
expression of proteins that are pro- or anti-apoptotic and possibly, with differences in cellular
signalling and protein translocations between cellular compartments which have not been
sufficiently resolved. Another insufficiently characterised feature is chromatin architecture,
which seems to be connected with the post-irradiation response of LY-S cells. The prominent
role of poly(ADP-ribosylation) in the response of LY-S cells apparently is connected with
damage fixation, but is in contrast with other hypersensitive to X/y-radiation cell lines with
DSB repair defects. In LY-S cells, the role of poly (ADP-ribose)-binding nuclear matrix
proteins remains to be established. Comparison of LY sublines also indicates that their anti-
oxidant defence system is of considerable importance in susceptibility to hydrogen peroxide,
but much less so in radiosensitivity.

The unique inverse cross-sensitivity of LY sublines to X-rays and agents that inflict
lesions to DNA repaired by excision has been an advantage in studies on effects of combined
(X-rays + drug) treatment. The description of these combined treatments would increase the
volume of this review beyond the acceptable limit. It may be mentioned, however, that
especially in the case of combination of platinum anticancer complexes and X-irradiation, the
use of LY sublines helped to formulate requirements for obtaining a more than additive effect
of combined treatment [133, 134].

In a recent analysis of genes that are causally related to radiosensitivity in Saccharo-
myces cerevisiae [135], it was found that many of the newly identified genes are not coding
for proteins involved in DNA repair or cell cycle control machinery. They are involved in such
cellular functions as transcription, transport and degradation of macromolecules, including
nuclear-cytoplasmic traffic or local alterations in chromatin conformation. It can be expected
that the role of genes not directly related to DNA repair will also be discovered in UVC- or
hydrogen peroxide-damaged mammalian cells, in analogy to yeast. A much more detailed
knowledge of gene expression control and protein functions in mammalian cells will be needed
than is available now, for a full description of the cellular response to DNA damage in mol-
ecular terms. From this point of view, even the apparently unimportant observations may turn
to be enlightening. I hope that time will come when it will be possible to confront gene
expression profiles in LY cells with their phenotypic features. Technically, it already is feasible,
but this kind of project without a direct practical application presently has small chances to
get financial support.
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