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ABSTRACT
The effect of ionizing radiation on DNA synthesis in control and ataxia

telangiectasia (AT) lymphoblastoid cell lines was determined. A dose depen-
dent decrease in DNA synthesis was observed in control cells, and the rate
and extent of this decrease in synthesis increased with time after irradiation.
No decrease in DNA synthesis was obtained in AT cells, inmnediately following
irradiation, at doses up to 400 rads. At longer times postirradiation, in-
hibition of synthesis increased but the extent of inhibition was less in AT
cells than controls at all doses used. An immediate depression of DNA synthesis
was evident in control cells after a radiation dose of 200 rads reaching a
maximum at 90 min postirradiation. Little or no decrease in DNA synthesis was
evident in AT cells up to 60 min after the same radiation dose, but a decrease
occurred between 60 and 90 min after irradiation. The rate of recovery of DNA
synthesis to normal levels was more rapid in AT cells than in controls.

INTRODUCTION

An increased sensitivity to ionizing radiation has been demonstrated both

in fibroblasts and lymphoblastoid cells from patients with ataxia telangiec-

tasia (1,2). This increased sensitivity can be correlated with a reduced

level of DNA repair synthesis in a number of AT cells (3,4). It has been sug-

gested that the basic biochemical deficit in AT cells is one involved in the

repair of a limited number of strand scissions which arise as a result of a

defective excision process (5). However, since AT is a multiform disease chara-

cterized by neurological, cutaneous and innunological abnormalities (6), it is

possible that the defective process plays a broader role in development than

in DNA repair per se.

Exposure of manmnalian cells to ionizing radiation results in a depression
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in DNA synthesis (7-9). A dose response curve is characterized by radioresis-

tant and radiosensitive components of DNA synthesis (7-9). The radioresistant

component appears to reflect the effect of irradiation on the rate of DNA

chain growth (9), whereas the more sensitive component is due to an inhibition

of initiation of DNA replication (10). An initial depression in the rate of

DNA synthesis in cells exposed to moderate doses of ionizing radiation is ob-

served, followed by a recovery of normal rates 3-4 hr postirradiation (7-9).

We have determined the effect of ionizing radiation on DNA synthesis in control

and AT homozygote cells as a means of investigating the nature of the defect

in AT.

MATERIALS AND METHODS

Cell cuZture Epstein-Barr Virus (EBY) transformed lymphoblastoid cell

lines were used in this study. All the cell lines were established at the

Queensland Institute of Medical Research and we have adopted a nomenclature as

described previously (2). The AT homozygote cells used in this study are de-

signated AT1ABR, AT2ABR, AT3ABR, AT4ABR and AT5ABR. The control cells used

are described as C1ABR - C6ABR. Cells were grown in suspension culture in

medium (H18, Gibco) supplemented with 10% fetal calf serum, penicillin (105

units/l), and streptomycin (60 mg/l) in an atmosphere of 5% CO2. Cultures were

routinely checked for mycoplasma contamiination (11).

Effect of y-radiation on DNA synthesis

Cells were aliquoted into microwells in Tissue Culture Microtiter Trays

(Disposable Products, Australia) at a concentration of 105 cells/100 jl/micro -

well, either 20 hr or 3 hr prior to irradiation. Cells were exposed to radia-

tion (60Co) in a Gamma Cell 220 (Atomic Energy of Canada Ltd.) at a dose rate

of 5.20 - 4.69 Krads/min. The effective output was reduced to 10% by shield-

ing the samples in a lead container. [3H]thymidine (Radiochemical Centre,

Amersham; 25Ci/nmnole, 1 pCi/microwell) was added in 100 il of medium to give
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a final volume of 200 pl/microwell. Incubation was carried out for 15 min at

37°C and terminated by placing the micro plates in a -700C Revco. Samples

were subsequently thawed at room temperature and acid-precipitable DNA was col-

lected on GF/A glass fibre filters (Whatman) using a multicell harvesting de-

vice. Replicates were collected onto GF/A strips, which were then washed with

4 ml of water followed by 4 ml of ice-cold 5% trichloroacetic acid (TCA) per

sample. The strips were washed in ethanol and dried. Individual samples were

digested for 1 hr at room temperature with NCS Tissue Solubilizer (Amersham)

prior to addition of the toluene scintillator. Samples were placed in the

dark for 24 hr to avoid chemiluminescent interference, before counting in a

Beckman LS-250 liquid scintillation counter. Incorporation of [3H]thymidine

into acid-precipitable DNA was expressed as dpm/106 cells. In the time course ex-

periments the radiation dose employed was 200 rads, incubation and harvesting

conditions were as described above.

Determination of single strand breaks in DNA

Cells were labelled with [3H]thymidine (1 wCi/ml) for 24 hr, transferred

to fresh unlabelled medium for 2 hr to deplete labelled precursor pools. Prior

to irradiation cells were centrifuged, and resuspended in cold saline-EDTA

solution (12) at a dilution of 5 x 105 cells/ml. Cells were irradiated in ice

over a dose range, up to 5 Krads. Sedimentation was carried out on a isokine-

tic alkaline sucrose gradient (5 - 24% sucrose w/v in 1 M NaCl, 0.2 M NaOH and

1 mM EDTA). 100 p1 of lysis layer (0.5 M NaOH, 10 mM EDTA) was applied to the

top of each gradient and approximately 105 cells contained in 100 pl was added

to this layer. After a 2 hr lysis period gradients were centrifuged in a

Beckman L2-65B at 25,000 rpm for 4 hr using a SW41 rotor at 2Q°C. Fractions

were collected by pumping onto strips of Whatman No. 1 chromatography paper.

Strips were dipped in 5% TCA and washed in ethanol. After drying, strips were

cut into individual fractions and counted in a Beckman LS-250 scintillation
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counter using toluene scintillation fluid.

The nunber average molecular weight (Mn) of DNA was determined using an

empirical relationship derived by Eigner and Doty (13). Numerical constants

were determined for isokinetic sucrose gradients using bacteriophage lambda

and T2 DNAs as markers. The molecular weight of sedimenting DNA was determined

with the aid of a computer programme developed in this department.

RESULTS

The

exposure

extent of DNA synthesis in control and AT lymphoblastoid cells after

to increasing doses of radiation appears in Fig. 1. In control cells
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Figure 1. Effect of increasing radiation dose on DNA synthesis in lymphoblas-
toid cells labelled for 15 min with [3H]thymidine imediately after irradia-
tion, control cells (m), AT cells (C). Separate experiments were carried out
using 4 AT cell lines (AT1ABR, AT2ABR, AT4ABR and AT5ABR) and 4 control lines
(C1ABR, C3ABR, C5ABR and C6ABR). Ten replicates were used in each experiment
and error bars represent S.E.M.
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the level of DNA synthesis decreases in a biphasic fashion over the dose range

0 - 1000 rads, when DNA synthesis is determined immediately after irradiation.

A rapid decrease in DNA synthesis is evident up to 400 rads which gives rise

to a more resistant component at higher doses. These results are in keeping

with a mode of inhibition of DNA synthesis by ionizing radiation in other

mammalian cells (7-9). Surprisingly in AT cells no inhibition of DNA synthesis

is evident up to 400 rads (Fig. 1). At higher doses a small decrease is evi-

dent. When DNA synthesis is determined at 30 min after irradiation a biphasic

pattern of inhibition is again evident (Fig. 2). The initial rate of decrease

of synthesis at lower doses is somewhat more rapid than that obtained when

synthesis is measured immediately after irradiation. A decrease is also ob-

served in AT cells but the extent of this decrease is less than that obtained

with controls at all radiation doses employed (Fig. 2).

The effect on DNA synthesis is more dramatic in control cells at 90 min post-

irradiation (Fig. 3). The level of DNA synthesis is reduced to approximately
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Figure 2. Effect of radiation dose on DNA synthesis in control cells (1)
and AT cells ( ) 30 min after irradiation. Incubation conditions are the same
as those described i'n Methods and the legend to Figure 1. AT and control cells
used are as described in legend to Figure 1. Error bars represent S.E.M.
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Figure 3. Effect of radiation dose on DNA synthesis in control (U) and AT (0)
cells 90 min after irradiation. Conditions and cell lines are the same as
described in legend to Figure 1. Error bars depict S.E.M.

50% of the unirradiated value at 400 rads levelling off at higher doses. In

AT cells a rapid decrease in DNA synthesis also occurs at lower doses giving

way to a more resistant component at doses above 400 rads (Fig. 3).

A dose of 200 rads was selected to investigate the extent of inhibition

and the time course of recovery of DNA synthesis in control and AT homozygote

cell lines. This dose was used since it lies within the radiosensitive com-

ponent of the dose curve for control cells and would be expected to lead pre-

ferentially to an inhibition of initiation of DNA replication. The kinetics

of the response of control and AT homozygote cell lines to radiation are pre-

sented in Fig. 4. In these experiments, immediately after irradiation, DNA

synthesis was reduced to 84 ± 4% (normalized to 1.0 in Fig. 4) of the unirrad-

iated value in control cells. DNA synthesis was virtually unchanged in AT

cells at 99 ± 4% (also normalized) of that for unirradiated cells.

A rapid decrease in DNA synthesis levels with time is evident in control
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Figure 4. Inhibition and recovery of DNA synthesis in control (U) and AT (0)
lymphoblastoid cells at various times after irradiation (200 rads). Six con-
trol cell lines were used with at least two separate experiments in each case.
Fo,ur AT homozygote cells (AT1ABR, AT3ABR, AT4ABR and AT5ABR) were employed with
at least three separate experiments for each cell line. In each experiment 10
replicates were used for each time point. Error bars represent S.E.M.

cells (Fig. 4). The level of DNA synthesis reached a minimum 90 min after

irradiation followed by a gradual increase in synthesis up to 240 min post-

irradiation. In contrast to these results no decrease in DNA synthesis is ob-

tained in AT cells up to 60 min after irradiation (Fig. 4). A fall in the

level of synthesis occurs between 60 and 90 min reaching a minimum at 90 min.

The extent of inhibition in AT cells at 90 min is less that that in controls

and the rate of recovery of synthesis is greater, reaching a value close to

that of unirradiated cells at 120 min postirradiation. The significance of

these results at the various times after irradiation is described in Table 1.

In both cases at longer times after irradiation a gradual decrease is observed

in DNA synthesis (results not shown).
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Table 1. Inhibition and recovery of DNA synthesis in lymphoblastoid cells.

Ratioa )
Postirradiation time |_Cntol___T__ P value(min) Controls AT Homozygotes

30 0.82 1.01 < 0.05
60 0.74 1.02 < 0.001
90 0.67 0.82 < 0.10
120 0.69 0.96 < 0.001
240 0.84 0.87 < 0.10

a) Refers to the ratio of incorporation of [3H]thymidine in irradiated to
that in unirradiated cells. Statistical significance was established
in all cases using the Student's t Test based on a normal distribution
of results.

It has been suggested that the introduction of single strand breaks into

DNA by ionizing radiation alters the supercoiled structure and in this way

inhibits replicon initiation (14). A possible, but perhaps unlikely, explana-

tion for the difference in onset and degree of inhibition of DNA synthesis

in control cells compared to AT cells is that less single strand breaks occur

in AT cells after radiation. The nunter of single strand breaks appearing

in DNA with increasing radiation dose was therefore determined in both cell

types (results not shown). A similar nuber of strand breaks are observed in

both cell types at all doses. At 200 rads, it is estimated that 0.76 single

strand breaks per 109 daltons are obtained in control DNA, and the figure for

AT DNA is 0.66 breaks per 109 daltons.

DISCUSSION

Lymphoblastoid cells from patients with AT show an increased sensitivity

to ionizing radiation (2). In this study a dose dependent inhibition of DNA

synthesis in control cells has been demonstrated at a number of times follow-

ing irradiation. The response at all time points is biphasic, similar to
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that reported for other cell types (7-9). In contrast AT cells continue to

carry out DNA synthesis at the same level as that obtained in unirradiated

cells at doses up to 400 rads and the decrease is minimal up to 1000 rads,

when DNA synthesis is determined inmediately after irradiation. At later

times after irradiation some decrease in synthesis is observed but overall

this decrease is less than that occurring in irradiated control cells.

The decrease in DNA synthesis and subsequent recovery in control cells

with time after irradiation is similar to that in a number of other mammalian

cells (7-9). However, DNA synthesis is not appreciably inhibited in AT cells

up to 60 min after irradiation. Subsequently inhibition is observed, and a

minimum in the level of synthesis is obtained at 90 min postirradiation. This

minimum corresponds to that obtained with irradiated control cells. The

radiation dose used in recovery experiments (200 rads) would be expected to

inhibit initiation of DNA replication since it occurs in the radiosensitive

component of the DNA synthesis inhibition curve (10). Furthermore preliminary

results from this laboratory substantiate such an inhibition of initiation of

DNA synthesis in control lymphoblastoid cells at 200 rads (Ford and Lavin,

unpublished data).

Since the same number of single strand breaks are induced in the DNA

of both. cell types after exposure to 200 rads it seems unlikely that such

breaks alone are responsible for inhibition of DNA replication. When target

size is taken into consideration it has been estimated that one single strand

break per 109 daltons may be sufficient to prevent initiation of DNA synthesis

at all sites throughout such a region of DNA (14). The frequency of breaks

obtained at the dose used in our experiments is approximately 0.7 per 109

daltons of DNA and would thus be expected to have a similar effect on DNA

synthesis. Failure to detect inhibition of DNA synthesis in AT cells in the

first 60 min after irradiation may be explained by a deficiency in excision

of lesions resulting from irradiation or by activation of potential DNA re-
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plication initiation sites which are not normally activated in unirradiated

cells (15). The presence of an excision repair mechanism in normal cells

would be expected to give rise to breaks in DNA which could cause inhibition

of initiation of DNA replication. The response observed in AT cells at 60-

90 min postirradiation may be indicative of either a slower rate of DNA re-

pair or a later onset of the repair process at a reduced level. Previous

results from this laboratory have demonstrated a reduced repair capacity in

phytohaemagglutinin (PHA) stimulated lymphocytes from the AT patients employed

in this study (4). It seems unlikely that, failure to observe inhibition of

DNA synthesis in AT cells during the first hour postirradiation, can be

accounted for by a less pronounced effect on the entry of Gl phase cells into

S phase (16). The results of Saha and Tolmach (17), which show that low doses

of X-rays do not appreciably affect thymidine nucleotide pools, would argue

against fluctuations in pool size as an explanation for failure to obtain

inhibition.

It is of interest to compare the results obtained here with the inhibition

of DNA synthesis in Xeroderma Pigmentosum (XP) cells after exposure to ultra-

violet (UV) radiation (18). Their results demonstrate a similar degree of

inhibition in control and XP cells at 3 hr after UV irradiation and a failure

of XP cells to recover normal levels of DNA synthesis. Park and Cleaver (19)

have shown that excision repair plays a role in minimizi-ng the inhibition of

DNA chain growth, but resulting breaks inhibit replicon initiation. In XP

cells DNA synthesis was inhibited to a greater extent than in control cells.

In the results obtained in this study a delay in the inhibition of DNA syn-

thesis and a more rapid recovery of normal rates is achieved in AT cells when

compared to control cells. Unlike the results obtained with UV (18), inhibi-

tion of DNA synthesis cannot be correlated, in this study, with the extent of

cell death. However failure to observe inhibition in the first 60 min, and

the more rapid rate of recovery of synthesis could still be compatible with an
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excision defect in AT cells.

An alternative explanation for the failure to observe inhibition of DNA

synthesis in AT cells at short times after irradiation may relate to the sus-

ceptibility of chromatin structure in AT cells to radiation damage. If the

structure of chromatin in AT cells was inherently less susceptible to ionizing

radiation due to nucleosomal arrangements or packaging, then a less marked effect

on DNA synthesis might be observed.

In sumunary we have shown that onset of inhibition of DNA synthesis after

ionizing radiation in AT cells is delayed, extent of inhibition is less than

that in controls, and recovery to near normal levels, though transient, is

more rapid in AT cells.
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