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TheL5178Y (LY) murine lym phomasublines LY-Rand LY-Saredifferentially sensik
tivetoionizingradiation. ThehighradiationsensitivityofLY-Scellsisrelatedtoim-
paired rejoining of DNA double strand breaks. We found previously that the
y-ray-induced base dam age is higher in the more radiosensitive LY-S subline. Here, we
examinetheroleoftherepairofionizingradiationinducedbasedamageinrelationto
the radiosensitivity dif fer ence of these sublines.

We used the GS/MS tech nique to es ti mate the re pair rates of six types of base dam-
age in y-irradiated LY cells. All mod i fied DNA bases iden ti fied in the course of this
studyweretypical forirradiated chromatin. The to tal amount of ini tial base dam age
washigherintheradiationsensitiveLY-SsublinethanintheradiationresistantLY-R
subline. The re pair rates of 5-OHMeUra, 5-OHCyt, 8-OHAde were sim i lar in both cell
lines, the re pair rates of FapyAde and 8-OHGua were higher in the radiosensitive LY-S
cell line, whereas the re pair of 5-OHUra was faster in its radio resistant coun ter part,
the LY-R.

Al to gether, the re pair rates of the y-ray-induced DNA base dam age in LY sublines
are re lated nei ther to the ini tial amounts of the dam aged bases nor to the dif fer en tial
le thal or mutagenic ef fects of ionizing radiation in these sublines.
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lonizing radiation-induced DNA lesions are
locally clustered [1]. As reviewed by Wallace
[2], when clus tered base dam age is pro cessed
by base excision re pair, a DNA dou ble strand
break (DSB) can re sult. Logically, the de layed
re joining of DSB that is ob served in some cell
lines can be caused by the low ef fi ciency of the
DSBrepairsystemand/orby DSB generation
during the post-irradiation period, as indk
cated by Wallace [2].

The aim of this study was to investigatethe
repair of base damage induced by y-rays in
two re lated cell sublines dif fer ing in the sen sk
tivity to oxidative stress. The respective
L5178Y sublines, LY-S and LY-R, display a
unique fea ture of in verse cross-sensitivity to X
rays and hydrogen peroxide [3—7]. The high
sensitivity of LY-Scellsto X rays (D, = 0.5 Gy)
isex plained by the im pair ment of DSB re join
ing [8] and high initial DNA damage [9-11].
In the case of hydrogen peroxide treatment
the reasons for the enhanced sensitivity of
LY-R cells are more com plex. These are: a less
efficientantioxidantdefencesystem|[5],anda
higher content of iron ions (available for en-
tering the Fenton reaction [12] and generat-
ing thedamag ing hydroxyl radicals). Hence, a
sig nif i cantly higher amount of ini tial DNA le
sions than that in LY-S cells [6, 13].

The in duc tion of base dam age iny-irradiated
orhydrogen per oxide-treated LY sublines has
been described previously; the extent of the
initial damage was found to be related to the
subline’s sensitivity to the damaging agent
[13]. Interestingly,asimilarrelationtosenst
tiv ity was de scribed by Mori & Dizdaroglu [14]
for the parent L5178Y line and its radio-
sensitive mu tant M10.

We undertook base damage determination
bygaschromatography—massspectrometry,
which allowed us to discern and quantitate
various base damage types. This, however, is
only possible after irradiation with a
supralethal dose (400 Gy). The enzy maticre
pair activity that is detectable after such a
massive dose gives a good reason to assume
thatitalsoisfunctionalafterirradiationwith

lower doses. With the dif fer ent end-points ex
amined previously (survival, DNA strand
break induction and repair, mutation fre-
quency) and inthis re port, itisun avoid able to
use abroad range of radi ation doses in or der
to obtain an optimal damage range for each
method. Such a dis crep ancy in the dose range
ap plied pre vi ously and in this study seems to
be acceptable, as we compare relative re-
sponses in the two cell sublines rather than
absoluterelationsbetweendamageestimated
at the molecular, subcellular and cellular lev-
els.

Althoughitisnotpossibletodirectlydiscern
be tween the pri mary and second ary DSBs, ex
amination of repair of the ionizing radia-
tion-induced base dam age in LY sublines may
give some indication as to the role of base
damage in the de layed re pair of DSBsin LY-S
cells.

MATERIALS AND METHODS

Chemicals. Triton X-100 was purchased
from Sigma Chemical Company. Internal
stan dards were a gift from Dr. M. Dizdaroglu
from the National Institute of Standards and
Technology (Gaithersburg, MD, U.S.A)).
Acetonitrile and bis(trimethylsilyl)-trifluoro-
acetamide (BSTFA) containing 1% trimethyl-
chlorosiliane were obtained from Pierce
Chemical Co. Formic acid was from
Mallincrodt.

Cell cultures. Murine leukaemic lympho-
blasts LY-R and LY-S were main tained in sus
pension cul tures in Fischer’s me dium sup ple
mented with 8% bo vine se rum, as de scribed by
Szumiel [15]. Asynchronous populations in
exponential phase of growth were used in all
experiments.

Irradiation. Cells were collected by centri-
fugation and re sus pend ed in cold Fisher’'s me
dium containing 8% bo vine foe tal se rum (4 x
108 cells/ml). 60cq y rays were applied in an
icebath, at a dose rate of 39.2 Gy/min
(MINEOLA, INCT), as previously described
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[13]. After irradiation, cell suspension
aliquots were placed at 37°C for re pair pe riods
rang ing from 15 to 360 min and than frozenin
liquid nitrogen and stored at —80°C until
chromatin isolation. To avoid artifactual oxi-
dation of chromatin from dead cells, the cell
membrane integrity was monitored by the
nigrosine test. Throughout the whole repair
period more than 90% of irradiated cells had
cell membrane not permeable to nigrosine.

Iso lation of chromatin and base dam age
determination. This was carried out as de-
scribed previously [13]. In brief, chromatin
was iso lated ac cord ing to the mod i fied pro ce
dure of Mee & Adelstein [16]. Chromatin sam
plescon taining 100ug of DNA (as de ter mined
by spectrophotometry) were supplemented
with internal standards, lyophilized and hy-
drolysed with 0.5 ml of 60% formic acid in
evacuated and sealed tubes for 30 min at
140°C. The hy droly sates were lyophilized and
then trimethylsilylated in polytetrafluo-
roethylene-capped hypovials (Pierce Chemii cal
Co.) with 100 ul of a mixture of BSTFA and
acetonitrile (4:1, v/v) by heat ing for 30 min at
130°C under nitrogen. After hydrolysis and
derivatization, the samples were analyzed by
gas chromatography/isotope-dilution mass
spec trom e try with se lected ion-monitoring ac
cording to the method described by Dizdar-
oglu [17].

A Hewlett Packard Model 5890 Series II
Model gas chromatograph interfaced to a
Hewlett Packard Model 5972 mass selective
detector was used. The injection port and
GC/MS interface were both maintained at
250°C and the ion source at about 200°C. Sep
arations were car ried out us ing a fused-silica
capillary column (Ultra2,12.5m x 0.2 mm,
Hewlett Packard) coated with cross-linked 5%
phenylmethylsilicone gum phase (film thick-
ness 0.33 um). An aliquot of each derivatized
sam ple (4ul) was in jected with out any fur ther
treatment into the injection port of the gas
chromatograph by means of an autosampler.

Dataprocessingandstatisticalanalysis.
The DNA re pair curves de scribed by the equa

tiony=a et + ¢ were fitted (by the least

square method) to the ex perimental val ues. In
this statistical model a is the reparable dam-
age inducedbyradiation,c is the irreparable
damage (totaldamageisa +c) and b (=1/7) is
the time constant for the repair of that dam-
age, 7 is the time re quired to re duce the rep &
rable dam age to 37% of its ini tialamount. The
significance of the difference in mean values
was es ti mated by the Stu dent’s t-test for in de
pendent samples. All statistical evaluation
and curve fit ting were per formed with the use
of Statistica v. 5.1 software (StatSoft Inc.
Tulsa, U.S.A)).

RESULTS

Figure 1 pres ents the ini tial amounts of six
types of base damage and their repair in LY
cells that were irradiated with 400 Gy of y
rays. The following altered bases were deter-
mined: 5-hydroxyuracil (5-OHUra), 5-hydroxy-
methyluracil (5-OHMeUra), 5-hydroxycyto-
sine (5-OHCyt), 8-hydroxyadenine (8-OHAde),
4,6-diamino-4-hydroxy-5-formamidopyrimidine
(FapyAde), and 8-hydroxyguanine (8-OHGua).

Generally, the total amount of initial base
damage was higher inthe radiationsensitive
LY-S subline than in the radiation resistant
LY-R subline. Although the products identi-
fied in the course of this study were typ i cal for
radiation treated chromatin, the amount of
base damage reported is higher than that re-
ported in the literature (reviewed in [18]).
However, itisinexcellentagree mentwith the
previously reported results [13]. The repair
rates dif fered be tween sublines and were not
related to the initial amount of the given al-
tered base. The data were fitted to the equa-
tion y = a e + ¢. The parameters for all re-
pair curvesare pre sented in Table 1. Al though
the re pair rates of the given al tered bases dif
fer be tween sublines, the re pair rates of the to
tal base dam age (the sum of all al tered bases)
were similar in both cell lines (Fig. 2A, Ta-
ble 1). How ever, if the rel a tive amounts of the
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Figure 1. Ini tial DNA base dam age and its re pair in y-irradiated (400 Gy) LY-R and LY-S cells.

Mean re sults from 3 ex per i ments £ SEM.

to tal base damage are plot ted, slower re pair in
LY-R cells is noticeable (Fig. 2B).

The most marked difference between LY-R
and LY-S cells was in the initial amount of
FapyAde and in the rate of its removal: the
amount was con sid er ably higher in LY-S cells
than in LY-R cells, whereas LY-R cells re-
moved it much more slowly than LY-S cells.
As shown in Fig. 1, the re pair in LY-S cells was
almost completed after 15 min; at that time,
no dam age was re paired in LY-R cells. A two
fold higher content of 8-OHAde was found
upon irradiation in LY-S cells than in LY-R
cells, how ever, the rates of re pair did not sig
nificantly differ. In the case of 8-OHGua, the

re pair rate and the ini tial amount of the dam
aged base were higher in LY-S cells than in
LY-R cells. As can be seen in Fig. 1, the dif fer-
ence in damage re moval con cerns mainly the
15 min point. In con trast, 5-OHUrawas gen er-
ated in equal amounts in both sublines, but
the repair rate in this case was markedly
lower in LY-S than in LY-R cells. To make this
com pli cated pat tern eas ier to fol low, we pres
ent the dif fer ences be tween the LY sublinesin
a simplified way in Table 2.

The control levelswere strik ingly highin the
case of 5-OHUra (LY-S cells) and FapyAde
(LY-R cells; cf. Fig. 1). Com paring the con trol
lev els and the re pair rates in these cases, one
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can see that where the re pair was slow — the
control content was high, a perfectly logical
outcome. How ever, there was no sta tis ti cally

sensitive LY-S subline, its repair rates in the
LY sublines seem to be un re lated to the dif fer
ential lethal effect of irradiation. The repair

Table 1. Ini tial amounts (a), time con stants of re pair (r) and re sid ual amounts (c) of var i ous types of
base dam age in LY-R and LY-S cells ir ra di ated with 400 Gy of y-rays

LY-R
a b c
5.0HUra 0.28 + 0.02 0.16 + 0.1431 0.03 + 0.013 6.2
5.0HMeUra 0.13 + 0.01% 0.14 + 0.033 0.02 + 0.004 71
5.0HCyt 0.04 +0.01 0.09 + 0.099 0.03 + 0.007 11.1
FapyAde 0.13 +0.03" 0.01 +0.006* 0.07 + 0.020 100.0
8-0HAde 0.54 + 0.011 0.16 + 0.020 0.04 + 0.006 6.2
8-0HGua 0.37 + 0.0} 0.11 + 0.012% 0.06 + 0.007* 9.1
Total 1.44 + 0.021 0.11 + 0.007 0.30 + 0.014% 33
LY-S
a b c
5.0HUra 0.30 + 0.02 0.05 + 0.01% 0.03 + 0.015 20.0
5-0HMeUra 0.19 + 0.0} 0.16 + 0.04 0.03 + 0.004 6.2
5.OHCyt 0.04 + 0.001 0.22 + 0.04 0.03 + 0.001 45
FapyAde 0.39 + 0.04% 0.12 +0.05% 0.14 + 0.021 8.3
8-OHAde 1.31 + 0.02 0.29 +0.13 0.06 + 0.013 34
8-0HGua 0.44 + 0.0 0.25 +0.05° 0.08 + 0.004* 40
Total 2.67 + 0.09" 0.19 + 0.05 0.40 + 0.040" 25

Equationy =a e ™" +cwasfitted totheex perimentalval ues;a isthe measure of the reparable damage in duced by radiation;c is
theirreparabledamage (totaldamageisa +c) and b (=1/7) is the time con stant for the re pair of that dam age; v is the time re-
quiredtoreduce the reparable damage to 37% of its ini tial amount. Re sultsrep re sentest i mated value + S.E.”Significantdiffer

ence, LY-R versus LY-S.

significant correlation between the control
base dam age lev els and the val ues ofb, when
the data for all types of base dam age were con
sidered.

DISCUSSION

The yield of DNA base damage induced by
low-LET ionizing radiation has been esti-
mated to be 2.7 times the yield of sin gle strand
break, that is, 2700 damaged bases per cell
per Gy. This type of damage seems unimpor-
tantforthelethaleffectofirradiationinmam
malian cells (reviewed in [19]). Although the
base damage is higher in the more radio-

rates of various types of base damage in the
radiation sensitive LY-S cell line are either
equal to those in the radioresistant counter-
part, LY-R, or higher (Tables 1 and 2), with
one exception (5-OHUra). In spite of irradia-
tion with a very high dose (400 Gy), about 80%
of dam age usu ally is re moved dur ing the first
15 min, as can be seen in Fig. 1.

The most striking difference between LY-R
and LY-S cells found in this study was in the
initial amount of FapyAde. This difference
may be due to the enhanced inductionofthe
damage or to the enhanced rate of its re-
moval. The former is rather unlikely in the
case of L5178Y cells, since the amount of
FapyAde is con sid er ably higher in LY-S cells,
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but its removal is slower in LY-R cells.
Whether these two closely related cell lines
can differ so much in the induction of initial

polymerases [2], is 12 times lower in the
radioresistant LY-R subline than in the
radiosensitive LY-S subline.

Ta ble 2. DNA base dam age (ini tial amount and re pair rate) in LY cells girradiated with 400 Gy

Ini tial amount Re pair rate Residualdamage
Dam aged base
LY-R versus LY-S

5-OHUra Equal Higher Equal
5-OHMeUra Lower Equal Equal
5-OHCyt Equal Equal Equal
FapyAde Lower Lower Equal
8-OHAde Lower Equal Equal
8-OHGua Lower Lower Lower
Total Lower Equal Lower

DNA damage needs to be further clarified.
The potential factors that can preferentially
mod ify the in duc tion of DNA base dam age are
intracellular redox environment and transt
tion metal ion content [20-23].

Al though the dam aged bases seem to be very
efficiently removed, theirlocationinthevicin
ity of other le sions gives rise to mul ti ply dam
aged sites, and thus adds to the le thal ef fect of
irradiation [19]. The delay in repair of such
sites may be the ul ti mate death cause: as sug
gested by Aldridge and Radford [24], the time
pe riod avail able for DNA re pair prior to po ten
tial activation of apoptosis is a critical deter
minant of radiosensitivity in some cell lines.
Thus, base damagemayindirectlycontribute
to the overall lethal effect of radiation. Esti
mation of this contribution would be rather
dif fi cultwith outap ply ingamuch more sen st
tive analytical method. However, judging
from the data on base dam age re pairinthe LY
sublines (Ta bles 1 and 2), the rate of re pair is
not related to the radiation sensitivity. This
result does not support the assumption that
DSBgenerationduetoclusteredbasedamage
excision contributes to the delayed rejoining
of DSB in LY-S cells; the de layed DSB re join
ing ob vi ously is caused by a de fect in the func
tion ing of the DSB re pair sys tem. Even there
moval rate of the potentially lethal forma-
midopyrimidine that effectively blocks DNA

The role of base damage inmutagenesisisa
matter of debate [2, 19, 25]. There is strong
evidence that mul ti ply dam aged sites are the
causativelesionsinmutagenesis(reviewedin
[19]). On the other hand, oxidized bases are
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Figure 2. To tal ini tial DNA base dam age (sum of
all altered bases) and its repair in y-irradiated
(400 Gy) LY-R and LY-S cells expressed as the
amount of al tered bases (A) or the per cent age of
the ini tial dam age (taken as 100%) (B).

abundant in cellular DNA and are implicated
invariouspathological processes[26,27]and
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ageing [28]. In bacteria, base-excision repair
enzymes are anti-mutagenic, as indicated by
enhanced mutation frequencies in strains de-
fective inthe activ ity of glycosylases in volved
in the repair of oxidised bases [25]. Whether
there is an analogy between bacteria and
mammalian cells, remains to be seen when
suitable mu tant mam ma lian cell lines are ob
tained.

Since the lo cally mul ti ply dam aged sites also
comprise base damage, the relative amounts
of base damage and strand breaks and their
repair rates, especially under conditions of
low dose rate ir radiation, may af fect the yield
of le thal or mutagenic le sions. In this re spect,
the LY sublines fit this general pattern. The
higher level of radiation induced DNA base
damage in LY-S cells is compensated by
higher rates of repairofthepotentiallylethal
formamidopyrimidine, and of the highly
mutagenic 8-OHGua (the lat ter seen when the
percentage of damage at the 15 min time
point is com pared in the LY sublines, Fig. 2B).
However, since only about 30% of X-ray in-
duced mutations are point mutations [2] the
higher rates of repair of FapyAde and 8-OH-
Gua do not sufficiently explain the hypo-
mutability of LY-S cellsex posed toionizingra
diation [3, 7]; hence, other cellular processes
may be responsible for the low mutability of
these cells. The remaining 70% of X-ray in-
duced mutations are deletions and chromo-
somal rearrangements; if it happens that the
tar getlo cusisinaclose vi cin ity to that of es
sen tial genes — their loss causes cell kill, thus
excluding mutations in the target locus from
the analysis and resulting in an apparent
hypomutability (as proposed by Evans to ex-
plain the hypomutability of LY-S cells [29,
30]).

In summary, the repair rates of the
y-ray-induced DNA base damage in the LY
sublines are related neither to the initial
amounts of the dam aged bases nor to the dif-
ferential lethal or mutagenic effects of ioniz-
ing radiation in these sublines. Although
there is no doubt that the im pair ment of DSB

rejoining is the main cause of LY-S suscepti-
bilitytoionizingradiation[8],our resultdoes
not sup port the as sump tion that DSB gener a
tion due to ex ci sion of clus tered base dam age
contributestothedelayedrejoiningof DSBin
these cells.
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assistance of Dr. Teresa Wrofiska (INCT,
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