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Abstract

The cytogenetic effects of X-rays alone or in combination with the

nucleoside analogues, 9-fi -D-arabinofuranosyladenine (ara A) and 1-/J-

D-arabinofuranosylcytosine (ara C), (both potent inhibitors of DNA

double-strand breaks (dsb) repair), were investigated in immortalised

fibroblastic cell lines of normal human (MRC5SVI) and ataxia-

telangiectasia (AT5BIVA) during G2*phase of the cell cycle. The main

aims of this work were firstly to examine the relationship between DNA

damage and chromatid aberrations and secondly to compare chromatid

damage in A-T and normal cells following irradiation to investigate the

nature of the radiation hypersensitivity of A-T cells at the chromosomal

level. Thirdly to compare the influence of ara A and ara C on the

radiation induced DNA lesions in G2*phase of the cell cycle in the two cell

lines.

The high radiosensitivity of this A-T line was verified by a

clonogenic assay as well as chromosomal aberration studies following

X-irradiation in the Gi and G2 phases of the cell cycle. Based on the Dq

values of the survival curves, A-T cells exhibited approximately twice the

radiosensitivity of normal cells.

The average length of G2 in these cell lines, measured by the

autoradiographic labelling technique, was approximately 4.5 h for

normal and 5 h for A-T cells.

A-T and normal cells X-irradiated in the presence or absence of ara
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A or ara C for times up to 4 h before fixation were examined at

metaphase for the presence of chromatid aberrations of both deletion and

exchange types. Yields of deletions after X-rays alone in both cell lines

decreased with time of post-irradiation incubation according to first-

order kinetics with a half-time of approximately 2.4 to 3.1 hours which

was interpreted as reflecting the underlying repair of DNA dsb. In

contrast, frequencies of deletions in cells irradiated in the presence of ara

A (known to inhibit repair of dsb) remained constant for all sampling

times. The frequency of X-ray induced chromatid deletions in A-T cells

was found to be higher by a factor of approximately 2 than that in normal

cells. It was concluded that in A-T cells a higher proportion of DNA dsb

are converted into chromatid deletions and that the conversion of dsb into

deletions is genetically determined. In contrast to ara A, ara C was

found to enhance the yields of X-ray induced deletions in both cell lines,

i.e., the number of chromatid deletions doubled within two hours

indicating a different mode of action of the two drugs on X-ray damage.

Both drugs are shown to reduce semi-conservative DNA synthesis to

80-90 percent of control rates.

Yields of exchanges increased in normal and A-T G2 cells as a

function of time after X-ray exposure. Both ara A and ara C enhanced

the frequencies of exchanges, although to a lesser extent in A-T than

normal cells. The increased frequency of exchanges formed in irradiated

cells in the presence of DNA synthesis inhibitors, (i.e. the absence of dsb

repair) is postulated to indicate the existence of an "error-prone" mis-

joining mechanism, independent of DNA synthesis and different from

the mechanism of dsb repair.
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1, INTRODUCTION

Mechanisms of induction of chromosomal aberrations

The effect of ionizing radiation on chromosomes (the clastogenic

effect) can be observed in preparations of cells blocked with colchicine or

colcemid at the metaphase following exposure to X-rays. The resulting

aberrations or structural rearrangements of chromosomes include

breaks (deletions), gaps (achromatic lesions) and exchanges (e.g. Savage

1976, Buckton and Evans 1981).

Chromosomal aberrations are induced directly or indirectly by a

wide variety of physical and chemical agents which can be classified into

two broad categories, namely S-dependent and S-independent agents.

S-independent agents such as ionizing radiation induce chromosome

and chromatid-type aberrations. If the cell is irradiated in the unrep-

licated state, the broken chromatid may then duplicate as a

consequence of replication, resulting in identical structural change in

both chromatids of the chromosome. The aberration, therefore, will

appear as a "chromosome" type at metaphase (Figure 1.1). If X-rays are

delivered to the cells during G2 phase i.e. during or after DNA

replication, the structural changes will usually be seen in individual

chromatids leading to "chromatid" type aberrations (Figure 1.2).

Ionizing radiation usually induce a mixture of these two types of

aberration in the S-phase of the cell cycle. UV and alkylating agents are

termed S-dependent because the aberrations they induce can be

manifested only after an intervening 'S' period (Evans 1977) after which
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Figure 1.1: Examples of chromosome structural aberrations following irradiation of

Gj cells (Chromosome-type aberrations).

they may induce chromatid type aberrations at any cell cycle stage.

The clastogenic effect of ionizing radiation on chromosomes has

been recognised since the early part of this century and is probably one of

the most extensively studied clastogenic agents over the last 50 years.

Sax (1938, 1940), for example, studied radiation induced chromosome

aberrations in X-irradiated Tradescantia microspores and showed that

simple terminal deletions and iso-chromatid aberrations increased

approximately linearly with an increasing dose of X-rays.
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Figure 1.2: Examples of chromosome structural aberrations following irradiation of
G2 cells (Chromatid-type aberrations).

The frequency of chromosomal aberrations depends on various

biological factors such as the type of cell, stage of the cell cycle, type of

radiation, dose, dose rate, and the degree of physical injury produced by

the radiation.

Two hypotheses were proposed for the formation of chromosomal

aberrations. The first of these is the "breakage-first" hypothesis proposed

by Sax (1940). This hypothesis was formulated without knowledge of the

structural organisation of eukaryotic chromosomes and proposed that
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X-rays induce breaks in chromosomes. According to this model most of

these (induced) breaks are able to be restituted (rejoined correctly),

although some may link up illegitimately (mis-join) to give rise to

"exchange-type" aberrations. Those remaining unrejoined are termed

"deletion-type" or simply "breaks".

Revell (1959) proposed an alternative hypothesis based on experi¬

ments with G2 cells from the broad bean root tip (Vicia faba). He

proposed that the breaks observed in chromatids are not formed directly,

but indirectly via unspecified types of induced lesions in the chromatids.

The primary events in this case are not considered to be breaks, but

rather unstable lesions which usually return to the normal state

(repair). Therefore, the two early stages are not chromatid breakage and

reunion and the exchange itself is not formed immediately. Revell

argued that these "lesions" lead to "initiation" of exchange formation.

According to this exchange hypothesis of Revell, chromatid deletions that

appear as simple chromatid breaks are the result of a special kind of

incomplete intrachange (an exchange within the same chromosome)

that occurs between two neighbouring points when they are brought into

juxtaposition by a small segment of the chromosome being coiled in a

single loop. Based on this interpretation, therefore, the primary lesion

is not a break and all fragments as well as exchanges result from the

interaction of primary lesions.

The work presented here is interpreted in terms of the former,

"breakage-first" hypothesis model.

DNA is now thought to be the primary target for the induction of

chromosomal aberrations (CA). Most known mutagens (DNA damaging
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agents) including X-rays, are capable of inducing CA. Ionizing

radiations induce a variety of damage in DNA, including directly

induced single- and double-strand breaks, various types of base damage

as well as DNA-DNA and DNA-protein crosslinks.

X-rays induce direct DNA single- and double-strand breaks in the

ratio of about 20:1. In mammalian cells the frequency of double-strand

breaks (dsb) has been shown to be approximately 40 per Gy/cell, that of

single-strand breaks (ssb) approximately 1000 per Gy/cell and about the

same frequency of base damage (Freifelder 1966, Corry and Cole 1968,

Dean et al. 1969, Lehmann and Ormerod 1970, Burrell et al. 1971,Neary

et al. 1972, Blocher 1982).

All primary lesions induced in DNA are thought to be subject to

cellular repair processes; however unrepaired or misrepaired lesions

may give rise to chromosomal aberrations. Ssb are repaired rapidly

following radiation exposure (e.g. Bryant and Blbcher 1980). Some of

these are thought to be repaired simply by rejoining involving ligation,

others by excision and insertion of relatively small numbers of bases;

about 1-10 bases in the case of single strand breaks and base damage (Fox

and Fox 1973) followed by ligation which restores the structural integrity

of the DNA molecule. Dsb have been shown to be repaired more slowly

(e.g. Blbcher and Pohlit 1982) with a half time of some hours. The

mechanism of this repair is not fully understood, but is thought to involve

recombination (Resnick 1976).

The question of which of these lesions is involved in aberration

formation was the subject of controversy for many years and even now is

not fully answered. Bender et al. (1974) postulated that chromosome
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aberrations in irradiated cells arise from dsb in the phase of the cell

cycle, that chromatid aberrations arise from dsb induced during G2

phase and that a mixture of the two arise during S-phase from either

directly induced dsb or dsb resulting from replication of DNA at the site

of an induced single strand DNA break. Therefore this is a molecular

version of the breakage-first hypothesis of Sax referred to earlier.

Bender et al. (1974) based their model on the "mononeme" theory in

which chromosomes in eukaryotes are thought to contain a single DNA

double helix molecule running all through the chromosome (Bender et

al. 1974, Evans 1977). Thus chromosomal aberrations are a consequence

of breakage of this DNA strand. A directly formed break in a

chromosome can be restituted to form the original (pre-break)

chromosome structure, remain open to form a break or rejoin with

another break to form an exchange. Such a mechanism for the formation

of chromosomal aberrations from dsb is in agreement with the

observation that ionizing radiation and chemical agents such as

bleomycin, which cause dsb, can induce CA by treatment in the G]_, S

and G2 phase of the cell cycle. Obe et al. (1982), treated Chinese hamster

ovary (CHO) cells with different sources of radiation (UV, X-rays,

neutrons) and various chemical agents and after removal of the medium

post-treated cells with Neurospora crassa endonuclease. From the

results of these experiments, they confirmed the proposal of Bender et al.

(1974) which in turn is in accord with the breakage-first hypothesis of Sax

(1940).

It might thus be concluded that the dsb is the most probable lesion
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leading to CA after ionizing radiation. The fact that densely ionizing

radiations (high LET) which are efficient in the induction of DNA dsb

also induce CA efficently (Obe et al. 1982), has provided indirect evidence

for the involvement of DNA dsb in the formation of chromosomal

aberrations.

Evidence supporting the view that the dsb is the DNA lesion

responsible for CA was also provided by Natarajan and his colleagues

(Natarajan and Obe 1978, Natarajan et al. 1980, Natarajan et al. 1982,

Natarajan and Zwanenburg 1982, Natarajan and Obe 1983) who showed

that incision of the DNA at single strand break sites using a

single-strand specific endonuclease (Neurospora endonuclease) led to an

increase in the number of dsb in irradiated and permeabilized cells.

This also resulted in a corresponding increase in the yields of

chromosome or chromatid aberrations depending upon the stage of the

cell cycle at the time of irradiation.

An alternative hypothesis for the origin of the chromosomal

aberrations was proposed by Preston (1980, 1982) from his studies with

human lymphocytes. This author found that the frequency of chromatid

breaks in G2 cells increased with time after X-irradiation when cells

were treated with cytosine arabinoside (ara C) an inhibitor of DNA repair

resynthesis. Preston interpreted this as indicating that chromosomal

aberrations were arising from base damaged sites in the DNA which

were being enzymatically incised as a function of time, hence leading to

an increase in the number of breaks. On the basis of these studies, he

argued that DNA base damage, and not dsb, is responsible for the

formation of aberrations. Bender and Preston (1982) extended these
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studies with ara C and confirmed the earlier results of Preston (1980).

Preston argued that the increase in chromosomal aberrations in X-

irradiated cells treated with ara C was a consequence of accumulation of

lesions due to inhibition by ara C of the polymerization steps in repair of

X-ray induced DNA base damage. Double-strand base damage sites

would then lead to an increase in dsb. Incision of such base damage,

leading to dsb, has been experimentally verified by Ahnstrom and Bryant

(1982).

As a result of this controversy over the molecular origin of

chromosomal aberrations, a number of investigations have been made to

resolve the question. For example it has been shown that "pure" dsb,

induced in the DNA of cells by using restriction endonucleases, can lead

to chromosomal aberrations (Bryant 1984a, Natarajan and Obe 1984).

Using Pvu II which induces blunt-ended dsb, Bryant (1984 a) found that

the frequency of induced CA was enzyme concentration dependent and

that blunt-ended dsb were more effective in CA formation than cohesive-

ended dsb. Moreover it was found that restriction endonucleases induce

CA in all stages of the cell cycle (Obe and Winkel 1985) indicating that dsb

are a major class of lesions leading to chromosomal aberrations (Bryant

et al. 1987).
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Characteristics of ataxia-telangiectasia

Ataxia-telangiectaia (A-T) is a human autosomal recessive multi¬

system syndrome which is characterised by oculocutaneous telangiec¬

tasia and progressive cerebellar ataxia; two features of classical A-T

which were defined by Boder and Sedgwick (1958, 1963). The striking

clinical features of A-T are neuromotor dysfunction associated with

neural loss (Sedgwick 1982) and extreme immune deficiency (Waldman

1982). This syndrome manifests itself in early childhood (Miller 1982) and

is accompanied by a skin condition in which permanent dilation of blood

vessels (telangiectasis) occurs over the bulbar conjuctiva of eyes and faint

hairlike telangiectases on the external ear and also a history of repeated

infections particularly of the lungs and sinuses. Affected children are

usually normal at birth, the disease commonly appearing between three

and six years of age.

A-T patients show low levels of IgA, or even absence of IgA

(Waldman 1982) but high levels of alphafetoprotein (AFP) in peripheral

blood from 40-2800 ng/ml in contrast to the amount found in serum of

normal individuals which is usually less than 20 ng/ml over age of six

months (Waldman and Maclntyre 1972). Elevated levels of AFP are

usually associated with hepatic carcinoma or pregnancy. AFP is

synthesised primarily in the liver; especially in the immature liver.

The incidence of homozygous A-T is approximately 1 in 40,000 and is

inherited as an autosomal recessive trait (O'connor et al. 1982). A-T is

associated with an increased incidence of malignant neoplasm

particularly of the lymphoproliferative type (Spector et al. 1982). A

primary cause of death in A-T patients is progressive respiratory failure
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within the first two decades of life (Boder and Sedgwick 1972) although

infection and malignancies are also common causes of death.

Gotoff et al. (1967) first noticed the radiosensitivity of A-T patients

when treating lymphosarcoma and observed a severe and unexpected

reaction during conventional radiotherapy of this condition. It has been

shown that this derives from an intrinsic hypersensitivity of A-T cells.

The original report of Taylor et al. (1975) concerning hypersensitivity

of in vitro cultured A-T fibroblasts, derived from three A-T patients, to the

lethal effects of y-radiation has been confirmed and extended in various

laboratories.

There is now general agreement that classical A-T patients are

hypersensitive to the clastogenic and cytotoxic effects of both ionizing

radiation and other DNA damaging agents such as bleomycin. This

phenomenon has been observed clinically and demonstrated experi¬

mentally by cell survival studies on A-T fibroblasts (Taylor et al. 1975,

Cox et al. 1978, Lehmann 1982, Nagasawa and Little 1983, Zampetti-

Bosseler and Scott 1981,1985) and by cytogenetic methods using lymphoid

lines, lymphocytes and fibroblasts (Rary et al. 1974, Taylor et al. 1976,

Natarajan and Meyers 1979, Taylor 1978,1982, Cohen and Simpson 1982,

Parshad et al. 1985, Bender et al. 1985). In the case of ionizing radiation,

all A-T strains studied (approximately 30) are reported radiation

sensitive and this hypersensitivity was observed irrespective of the type of

radiation delivered and the conditions of irradiation; whether X-rays,

y-rays or neutrons under aerobic or hypoxic conditions (Chen et al. 1978,

Cox et al. 1978, Paterson and Smith 1979, Paterson et al. 1979,
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Weichselbaum et al. 1980, Arlett and Harcourt 1980). As well as showing

enhanced cellular radiosensitivity, it was also found that recovery from

potentially lethal damage was greatly diminished in several A-T cell

strains (Weichselbaum et al. 1978, Cox et al. 1981). Recently Little and

Nagasawa (1985) showed that the capacity for potentially lethal damage

repair (PLDR) was almost absent in A-T cells and also found that the

decrease in chromosomal breaks seen in normal cells during confluent

holding, was not observed in A-T cells; consistent with the lack of PLDR.

Despite showing uniform hypersensitivity to the killing effects of

X-rays and an increased number of chromosomal aberrations, A-T

fibroblasts, showed neither a G} delay nor a Gj block following irradia¬

tion up to 400 rad compared to measureable X-ray induced Gi delay in

normal and retinoblastoma cells (Nagasawa and Little 1983) as well as

exhibiting a reduced radiation and bleomycin induced G2 delay in A-T

fibroblasts compared to normals (Zampetti-Bosseler and Scott 1981,1985).

Inhibition of the rate of DNA synthesis following exposure to X-rays,

y-rays or bleomycin treatment is found to be greatly diminished in A-T

cells (Houldsworth and Lavin 1980, Painter and Young 1980, Edwards

and Taylor 1980, de Wit et al. 1981, Lehmann et al. 1982, Jaspers et al.

1982 a,b).

Lymphocytes from A-T patients are also shown to be radiosensitive.

This was demonstrated either by measuring the ability of irradiated

lymphocytes to respond to stimulation by phytohaemaglutinin (PHA)

(Agarwal et al. 1977) or by irradiating lymphoblastoid cell lines and

measuring their colony-forming ability (Chen et al. 1978).
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Several A-T strains have been shown to respond normally to

ultraviolet radiation (UV) in terms of cell killing (Lehmann et al. 1977,

Paterson and Smith 1979, Scudiero 1980) or inhibition of DNA synthesis

(de Wite£ al. 1981).

The molecular basis of the enhanced sensitivity of A-T cells to

genotoxic agents is not understood. There is as yet no general agreement

concerning the defective nature of the DNA repair system in A-T.

Evidence from some A-T lines suggests that there may be a defect in

excision repair of base damage lesions in DNA (Paterson et al. 1976,

Inoue et al. 1977, Smith and Paterson 1983) but this is not universally

found in A-T lines (e.g. van der Schans et al. 1980). As mentioned earlier,

ionizing radiation can induce DNA strand-breaks by scission of the

phosphodiester backbone (e.g. van der Schans et al. 1982 a). Using the

velocity sedimentation technique, it has been shown that normal human

cells have the capacity to repair both single- (Epstein et al. 1973, Taylor et

al. 1975, Vincent et al. 1975, Bradly et al. 1976, Paterson et al. 1976) and

double-strand breaks (Taylor et al. 1975, Lehmann and Stevens 1977). It is

believed that no normal human cell lacks this ability. However

experiments carried out extensively with cells derived from A-T patients

failed to prove the existence of a repair defect in A-T cells (Taylor et al.

1975, Vincent et al. 1975, Lehmann and Stevens 1977, Fornace and Little

1980, Thierry et al. 1985). These studies showed that there is no distin¬

guishable difference in the rate of rejoining of either single- or double-

strand breaks between A-T and normal cells. Fornace and Little (1980) by

employing the alkaline elution technique with a resolution of approxi¬

mately one single-strand break in 1010 daltons, suggested that a
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deficiency in DNA single strand break repair is unlikely. Fluorimetric

analysis of DNA unwinding and measurement of DNA strand-break

induction in leukocytes from A-T and normal donors irradiated with low

(0.5 - 7 Gy) and high doses (5 - 20 Gy) ofX-rays also showed that A-T cells

are as proficient as normal cells in repair of DNA strand-breaks (Thierry

et al. 1985). The increased radiosensitivity of A-T cells is suggestive of a

defect in some DNA repair system. A number of features of the A-T

syndrome might be explained on a DNA repair defect hypothesis, for

example degeneration of the central nervous system. Nerve cells are not

renewable in humans so that after radiation exposure A-T nerve cells

may be less able to repair than those of normal individuals. In addition,

it is now evident that A-T can also be considered among the progeric, or

progeroid (premature aging) syndromes (Boder 1985). The progeric

manifestations are not limited to the cutaneous and oculocutaneous

telangiectasia but are also seen in the central nervous system in A-T

patients. Similarly, premature aging involving early appearance of grey

hair and skin changes in A-T patients could be accounted for by a repair

defect hypothesis (Waldman 1982).

Cytogenetics of A-T

Cultured cells from ataxia-telangiectasia (A-T) individuals show an

increased chromosomal instability, both spontaneously and after

exposure to some clastogenic and genotoxic agents. Hecht et al. (1966)

published the first report showing spontaneous cytogenetic abnormalities

ofA-T cells in 1966. A year later, as a result of consistent observations of

chromosome breakage and rearrangements in mitotic figures of cells
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from A-T patients, A-T was classified among the chromosomal

instability syndromes (Gropp and Flatz 1967). The commonly accepted

disorders classified as chromosome instability syndromes which show

high levels of spontaneous chromosomal abnormalities are Fanconi's

anaemia and Bloom's syndrome. Although A-T patients do not show

levels of chromatid type aberrations as high as either Bloom's or

Fanconi's patients, they do show a higher level of rearrangements

particularly involving chromosome 14. Since 1966 there have been many

reports from various laboratories showing increased levels of

spontaneous chromosomal breakage in A-T cells in all forms of

chromosomal abnormalities; that is, chromatid breaks, gaps, chromatid

interchanges, fragments and dicentrics (e.g. Hecht et al. 1973, Cohen et

al. 1975, Taylor 1978, Taylor et al. 1981, Hansson et al. 1984). Cohen et

al. (1975) showed that the level of spontaneous chromosome breakage in

A-T fibroblasts was about three times greater than in normal controls.

Although some A-T patients show low or normal levels of unstable

chromosomal aberrations, they all appear to show high levels of cells

with stable chromosome rearrangements (translocations) (Harnden

1974, Oxford et al. 1975, Aurias et al. 1980, Taylor et al. 1981). The most

distictive feature of many A-T patients' lymphocytes is the presence of

cytogenetically abnormal clones. The presence of many of these cells at

the first mitosis in vitro suggests that they must be present in vivo. Their

clonal nature is defined by the presence of at least three cells in a 48 h

blood culture with the same stable cytogenetic rearrangement (Taylor

1982). Chromosome studies in A-T were mostly carried out on

lymphocyte cultures stimulated with PHA, this might suggest that the
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rearrangements are present in clones of T-lymphocytes. Several types of

chromosomal rearrangements have been observed in different A-T

strains. Studies have now shown that in most clones the translocation

involves breakage specifically at the band 14ql2 (McCaw et al. 1975). The

deleted 14q may be translocated to one of several chromosomes including

t(14;14)(ql2q32) (Oxford et al. 1975, Rary et al. 1975, Al Saadi and Palutke

1976), t(X;14)(q27ql2) (Oxford et al. 1975, Nelson et al.1975), t(7;14)(q36;ql2)

(Al Saadi and Palutke 1976) and t(14q-7q+) (McCaw et al. 1975). These

rearrangements were particularly seen in chromosomes 7 and 14

(Aurias et al. 1980, Hecht and Kaiser-McCaw 1982, O'Connor et al. 1982).

O'Connor et al. (1982) showed that the most frequent rearrangements

involving translocations of chromosomes 7 and 14 occur in both T- and

B-lymphocytes but not in a lymphoblastoid line (Epstein-Barr virus

transformed B-cells) nor in skin fibroblasts from two A-T patients.

However fibroblast cultures have been reported to contain random

chromosome rearrangements (Aurias et al. 1980). The location of the

break points in chromosomes 7 and 14 in A-T is thought to be highly

non-random including paracentric inversion of chromosome 14 and

pericentric inversion of chromosome 7. The pattern of chromosome

rearrangements and break-points has been shown to be similar in A-T

and normal lymphocytes (Hecht and Kaiser-McCaw 1982), but the

incidence of these types of clones in A-T was estimated to be about 40

times higher than in normal cells (Taylor 1982).

The report by Higurashi and Conen (1973), who irradiated cells in

Go phase prior to PHA stimulation, showed that chromosome breakage

syndromes such as ataxia-telangiectasia, Bloom's syndrome and
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Fanconi's anaemia, showed hyper-sensitivity to radiation in vitro. This

was demonstrated by the increased frequency of rings and dicentrics

following Go irradiation. Subsequently a remarkable increase was also

observed in the frequency of chromosomal aberrations in irradiated G2

A-T leukocytes compared to normals (Rary et al. 1974).

As mentioned earlier, it is well known that irradiation of cells in the

Go phase of the cell cycle results in chromosome type aberrations

whereas irradiation in S-phase or G2 leads to induction of chromatid

type aberrations (e.g. Evans 1977). It is also known that when G^ normal

cells are treated with chemical mutagens such as alkylating agents, the

treated cells show only chromatid type aberrations at the next mitosis

after passing through an 'S-phase'. In the case of A-T cells both

chromosome and chromatid type aberrations are induced when Gq or G^

cells are irradiated with X-rays. Despite being efficient in repairing

strand-breaks, Paterson et al. (1976) showed that some of the A-T strains

are slow to repair DNA base damage induced by X- or y-rays. Therefore it

might be possible that some of these base damage lesions persist until the

'S-phase' and lead to chromatid aberrations via S-dependent DNA repair.

The observations of Paterson et al. (1976) were not confirmed universally

(for example, van der Schans et al. 1980). However, it was observed that

following irradiation of A-T cells in Gq, there was a large increase in the

frequency of chromatid type aberrations compared to normal cells

(Taylor et al. 1976). This increase was found to be of the order of seven- to

fifteen-fold for chromatid gaps and breaks and up to twenty-fold for



INTRODUCTION / 18

chromatid interchanges in A-T lymphocytes (Taylor et al. 1976, Taylor

1978). These findings are not in total agreement with those of Higurashi

and Conen (1973) where, for example, there is no mention of induced

chromatid damage. High levels of chromosome breakage were also found

in fibroblastic cells derived from A-T patients. The level of aberrations

was observed to be still higher than those arising in A-T lymphocytes

(Cohen et al. 1975). The high level of chromosome and chromatid type

aberrations following Gq irradiation, might suggest either a higher than

normal level of DNA strand breakage in A-T or a failure to rejoin

damaged sites correctly.

The original report of Rary et al. (1974) concerning G2 hyper¬

sensitivity of A-T lymphocytes was confirmed by Taylor (1978). Taylor

(1978) found a greater than 10 fold increase in chromatid breaks and gaps

following 100 rad and a 15 fold increase following 200 rad in G2 irradiated

lymphocytes was found in A-T compared to normals. Similar results

were found by Natarajan and Meyers (1979) for A-T fibroblasts. Recently

Bender et al. (1985) showed that following 50 rad X-rays delivered 1.5

hours before fixation, about four times more deletions and exchanges

were observed in A-T lymphocytes compared with normals. The

sensitivity of G2 A-T cells to bleomycin was found to be two- to five-fold

greater than that of normal cells (Taylor et al. 1979). Caffeine, which

enhances the frequency of X-ray induced chromatid aberrations in G2

irradiated normal cells, was found to have no effect on G2 irradiated A-T

fibroblasts (Hansson et al. 1984).
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Other effects of the A-T gene

Following exposure to ionizing radiation, normal human cells do

not continue their progression through S-phase but are delayed for

several hours (Houldsworth and Lavin 1980, Edwards and Taylor 1980).

It is thought that one DNA strand break is enough to stop initiation of

DNA synthesis within a group of replicons (Povirk 1977). However, it has

been shown that the rate of DNA synthesis in A-T cells is less inhibited

following irradiation, bleomycin or neocarzinostatin treatment compared

to normal cells, indicating that A-T cells are relatively resistant to the

inhibitory effects of these clastogenic and genotoxic agents on de novo

DNA synthesis (Houldsworth and Lavin 1980, Painter and Young 1980,

Edwards and Taylor 1980, de Wit et al. 1980, Cramer and Painter 1981,

Shiloh and Becker 1982, Smith and Paterson 1983). All these agents

induce DNA-strand breaks directly. This radioresistant DNA synthesis

in A-T cells was suggested to be due to completely resistant DNA chain

elongation and partially resistant DNA replicon initiation (Painter 1985).

This feature appeared to be consistent with the observation of Zampetti-

Bosseler and Scott (1981) who showed that radiation-induced G2 delay

following exposure to 150 rad X-rays was less in primary fibroblast cells

from A-T patients than in cells from normal individuals. They also

reported similar findings for cells treated with bleomycin (Zampetti-

Bosseler and Scott 1985). Abnormal radiogenic accumulation of cells in

G2 and M phase due to the lack of dose dependent recovery process and

the expected A-T anomaly of the resistance of de novo DNA synthesis to

radiogenic inhibition has also recently been reported for SV40
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transformed A-T cells (Smith et al. 1985). Based on the observation of

diminished inhibition of DNA synthesis following ionizing radiation,

Painter and Young (1980) proposed that normal cells are able to prolong

the time in which DNA-strand breaks can be repaired by delaying G2

phase so that the chromatin structure can be returned to its normal state

whereas A-T cells are deficient in this system and therefore some of the

DNA-strand breaks might be left unrepaired. Therefore the high radio-

sensitivity in A-T cells could be a consequence of a defect in the ability of

A-T cells to respond to DNA damage rather than a defect in the repair

mechanism.

Because A-T cells are similar to caffeine treated normal cells in

their G2 response to ionizing radiation, i.e. A-T cells exhibit diminished

inhibition of DNA synthesis (Houldsworth and Lavin 1980, Edwards and

Taylor 1980), shortened mitotic delay (Zampetti-Bosseler and Scott 1981)

and increased frequency of chromosomal aberrations (Taylor 1976, 1982),

it was suggested (Painter and Young 1980) that their radiosensitivity is

not due to their inability to repair damage but due to a failure to go

through X-ray induced delays that would allow normal cells to repair

damage before being expressed. Consequently it was suggested that lack

of G2 delay in A-T cells could allow cells to enter mitosis carrying

unrepaired DNA strand lesions which might prove lethal. Thus A-T

cells might not be hypersensitive to radiation due to defective repair but

because of failure or absence of normal G2 delay (Painter and Young

1980). The observation that caffeine has no potentiating effect on the

frequency of X-ray induced chromatid aberrations in A-T fibroblasts and
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that reduced inhibition of X-ray induced mitotic delay in the presence of

caffeine in both normal and A-T fibroblasts, shows that these two effects

are not always related (Hansson et al. 1984). Hansson et al. (1984)

therefore suggested that the inability of A-T cells to go through G2 delay

that allow normal cells to repair DNA damage might not be the only

explanation for the increased radiosensitivity.

Studies at a cellular level have shown that A-T cells are lacking in

post-irradiation recovery processes (Cox 1982). Because chromosomal

DNA seems to be the major cellular target for ionizing radiation, an

association between A-T and DNA-repair deficiency seems likely. Whilst

A-T cells are hyper-sensitive to ionizing radiation (X, y-ray) they show a

normal response to UV radiation (Lehmann 1982). Since UV is not

capable of dsb induction, these observations as well as the speculation

that there is perhaps a possible correlation between chromosome

aberrations and incurred DNA damage at molecular level (e.g. Bender et

al. 1974, Taylor et al. 1976, Natarajan et al. 1982), focused attention on the

repair of DNA strand scissions in A-T since such damage is induced by

ionizing radiation directly and effectively. Therefore, others have tried to

explain the chromosomal radiosensitivity of A-T and its sensitivity to

other mutagens in terms of the quality of DNA repair.

Recombinant DNA techniques in the study ofDNA repair in A-T

An alternative approach to the study of the molecular defect in A-T

has been the use of restriction endonucleases to generate dsb (Cox et al.

1986). In particular Cox et al. (1986), using a gene transfer technique,
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showed that there is an apparent defect in the ability of an SV40-

transformed A-T (AT5BIVA) cell line to undergo successful transfection

by the plasmid pSV2gpt in which a dsb has been introduced into or near

the gpt gene by the restriction enzyme KpnI. These authors interpreted

their data in terms of an elevation in the frequency of misrepair of

double-strand DNA scissions in the A-T cell line. They found that

although A-T cells can repair DNA double strand scissions they do so

with much lower fidelity than cells with normal radiosensitivity

(MRC5SVI). Cox et al. (1986) postulated a dis-equilibrium between the

rejoining and exonuclease digestion of DNA termini as a primary

genetic defect in A-T.

In more recent work Debenham et al. (1987) compared the same cell

lines and confirmed the earlier results of Cox et al. (1986). These authors

also used the DNA-mediated gene transfer technique of Cox et al. (1984)

and developed an experimental approach to examine the fidelity of repair

ofDNA double-strand breaks. They introduced a dsb at a unique Kpnl or

EcoRV site in the coding sequence of a double selection plasmid system

with two dominant markers, one the dominant selectable gene gpt in a

derived circular DNA vector containing a second dominant and

selectable gene G418 R (neo +). G418 R acted as a control for DNA transfer

and gene expression so that if the dsb introduced into the non-selected

(gpt) gene was not rejoined or was rejoined incorrectly after transfection

into the recipient cell, the gene would be inactive and could be detected as

a result of a lack of its expression. Using this approach Debenham et al.

(1987) observed that the rate ofmisrepair in A-T cells was about 7-10 fold

higher than in the normal human cell line. They explained this mis-
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repair phenomenon as either over-production of an exonuclease which

degraded DNA at sites of dsb or as indicating a lack of some factor which

normally protects DNA termini from such degradation. However,

because Debenham et al. (1987) did not detect elevation of exonuclease

activity in crude extracts of A-T cells, some form of deficiency of

protection of DNA termini was proposed as a possible explanation for

mis-repair in A-T cells. Green and Lowe (1987) obtained similar results

to those of Cox et al. (1986) but questioned the concentrations of the drugs

used in the selection system. They transfected at about 5-fold lower cell

density without using glycerol shock at 24 h.

The possible absence of a defect in the pathway of repair of dsb

distinguishes A-T cells from other derived mutant cells that are

hypersensitive to ionization radiation. For example, the xrs mutants of

hamster cells, which are defective in the rejoining of radiation induced

DNA dsb (Kemp et al. 1984, Bryant et al. 1987), the rad 52 series mutants

in yeast (Resnick and Martin 1976), and the E. coli K12 rec (Krasin and

Hutchinson 1977), ror A and rec N mutants in Eschrichia coli (Glickman

et al. 1971, Picksley et al. 1984). The hypersensitivity of all these mutants

is related to defective DNA dsb repair. However, the E. coli ror B mutant

appears to be similar in cellular phenotype to A-T. Despite being

radiosensitive, the mutant shows normal rejoining of ionizing radiation

induced DNA dsb; but low fidelity in the rejoining process may be

involved (Debenham et al. 1987).
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Properties and mode of action of ara A and ara C

Adenine arabinoside (ara A)

9-/J -D arabinofuranosyladenine (ara A) was first synthesised by Lee

et al. (1960) and later identified in Streptomyces antibioticus (Anderson

and Schandolnik 1973). Ara A is one of the purine derivatives with a

relatively selective inhibitory action on DNA synthesis (Miiller 1979). Ara

A is a nucleoside analogue of deoxy-adenosine. As shown in figure 1.3 it

differs from the naturally occuring nucleosides only at the 2'-position of

the sugar moiety (Miiller and Zahn 1978).

HO-CH2

Adenosine

HO-CH2 HO-CH2 y \

a
'H o .

Arabinofuranosyl-adenine Deoxyadenosine

Figure 1.3. Structures of adenosine, arabinofuranosyl-adenine and deoxyadenosine.

NH2 NH2
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Ara A is a promising antiherpetic nucleoside with a strong antiviral

activity against DNA viruses in cell culture especially Herpes viruses

(Shannon 1975) and it has been used for clinical treatment of Herpes.

The inhibitory effect of ara A on DNA synthesis was known as early as

1962 (Hubert and Cohen) and it was later found that it is a potent

inhibitor of mammalian DNA polymerases a and p (e.g. Furth and

Cohen 1967, Muller ef al. 1975). In vitro observations showed that (5-ara

A was more effective at inhibiting DNA P - than a - polymerase (Okura

and Yoshida 1978) but this is not generally agreed. Others, for example

Muller et al. (1975) found stronger inhibitory effect on a - than on p

-polymerase. Biochemical studies have revealed that on entry into cells

ara A is readily converted into corresponding 5'-mono, -di or

triphosphates (Brink and Le Page 1965). The phosphorylated ara A is

thought to compete with the naturally occuring nucleoside dATP at the

binding sites on the DNA polymerasesa and P where it acts as a potent

inhibitor of DNA synthesis (Muller et al. 1975, Bryant and Blocher 1982).

Iliakis (1980) reported that ara A inhibited growth in logarithmic

cultures of Ehrlich ascites tumour cells by specifically inhibiting DNA

synthesis and enhanced radiation induced killing in plateau-phase cells,

presumably by fixing PLD. By delaying post-irradiation application of ara

A at low concentrations (12/imol/l), it was established that the ara

A-sensitive steps of DNA repair take place at a rate comparable to the

rate of PLD repair as measured in plateau-phase cells by delaying
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plating. The inhibition of PLD repair by ara A was reduced when

deoxyadenosine was added, suggesting that ara A acts competetively

against dATP at the molecular level (Iliakis 1980).

Ara A acts cytostatically and increases the average volume of cells

by 40% when cells are incubated with ara A (Cohen 1966, Muller et al.

1977). Because of its cytostatic action ara A may be useful in cancer

therapy (Lee et al. 1960). It was also reported that the proliferation of

mouse lymphoma cells (L5178Y) is reduced at low concentrations of ara A

and at high concentrations the cells are lethally affected (Muller et al.

1975). The 50% effective inhibitory dose (ED50) of ara A for L5178Y cells is

found to be 2.9 n M (Muller et al. 1975).

Investigations with L5178Y cells indicated that ara A inhibits DNA

synthesis at a concentration of twice the ED50, protein and RNA

synthesis not being influenced significantly (Muller et al. 1975). Ara A is

not incorporated into DNA (Fiirth and Cohen 1968, Plunket et al. 1974)

and chain termination does not appear to occur in mammalian DNA as

has been reported for virus DNA (Muller et al. 1977).

Ara A has proved to be interesting from a radiobiological point of

view because it was found to potentiate the killing effects of X-rays and

leads to the removal of the "shoulder" region from the survival curve of

X-irradiated Ehrlich ascites tumour cells. This was interpreted in terms

of an inhibition of repair of potentially lethal damage (Iliakis 1980, 1981).

It was found that (3 -ara A was more effective in causing expression of

PLD when compared with a -ara A or ara C in X-irradiated cells (Iliakis
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and Bryant 1983). Fixation of radiation induced PLD by ara A was also

observed in plateau-phase cultures of Chinese hamster V79 cells (Iliakis

1985) and C3H mouse embryo 10T1/2 cells (Iliakis et al. 1987).

Ara A has also shown to enhance the chromosomal damage caused

by X-rays (Bryant 1983, 1984 b ), an effect which has been related to its

strong inhibition of repair of DNA double strand breaks (Bryant and

Blocher 1982). Bryant (1983) showed that treatment of X-irradiated

Ehrlich ascites tumour cells with ara A led to a large increase in the

incidence of chromosomal abnormalities (anaphase bridges and

fragments) suggesting that mis-repair of DNA dsb is enhanced by ara A.

Ara A itself is known to induce chromatid aberrations in human

leukocytes (Nichols 1964) when the cells were exposed to ara A prior or

during DNA synthesis. The type of aberrations induced by ara A were

described as gaps and open breaks. In this respect ara A resembles the

action of cytosine arabinoside (e.g. Kihlman 1963, Kihlman et al. 1963,

Preston 1980).

Cytosine arabinoside (ara C)

1 -/J -D-arabinofuranosylcytosine (ara C) is a pyrimidine nucleoside

analogue of 2'-deoxycytidine in which the deoxyribose sugar is replaced

by arabinose (figure 1.4) (Muller and Zahn 1978). Ara C is clinically an

important cytotoxic drug which is frequently used as an antitumour and

cytostatic agent (Ho and Freireich 1975) as well as a potent inhibitor of

DNA synthesis of mammalian cells but with a minimal effects on other
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cellular processes (Chu and Fisher 1962, Graham and Whitmore 1970 a,

b, Bendict and Jones 1979). Ara C is probably one of the most widely used

drugs in radiobiological and cytogenetic studies because of its biological

effects and cytotoxic action in the treatment of certain leukemias

(Momparler 1974). Ara C probably acts by preventing the formation of

deoxycytidine diphosphate from cytidine diphosphate (Chu and Fisher

1962, Cardeilhac and Cohen 1964). Ara C potently inhibits cell

proliferation, for example the concentration causing 50% inhibition

(ED50) in the case of L5178Y cells was found to be 0.1 /i M (Zahn et al. 1972).

It has been shown that ara C inhibits the repair ofDNA damage due to a

NH2 NH2 NH2

HO-CH2
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H0-CH2 / \
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Arabinofuranosyl-cytosine Deoxycytidine

Figure 1.4: Structures of cytidine, arabinofuranosyl-cytosine and deoxycytidine.
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variety of mutagens by affecting repair replication. The action of ara C

can be reversed by the addition of deoxycytidine to the culture medium

(Karran 1973, Hiss and Preston 1977).

Ara C is a synthetic drug (Walwick et al. 1959) and its structure is

quite similar to the natural nucleosides, cytidine and deoxycytidine as

shown in figure 1.4. It was demonstrated that ara C is rapidly

transported into the cell and phosphorylated to ara CTP, the active form

of the chemical in the cell, via ara CMP and ara CDP by sucessive

enzymatic reactions (Kozai and Sugino 1971, Momparler et al. 1971). This

investigation also led to the finding that arabinofuranosyl-cytosine and

its phosphorylated derivatives are deoxycytidine analogues rather than

cytidine analogues. The inhibition of DNA synthesis produced by ara

CTP was shown to be competetive with respect to dCTP (Fiirth and Cohen

1968, Graham and Whitmore 1970 a). Studies at the cellular level

revealed that ara C is incorporated into internucleotide linkages

suggesting that chain termination by itself might not be responsible for

DNA synthesis inhibition (Graham and Whitmore 1970 b, Hunter and

Franke 1975). Major et al. (1982) showed that the inhibition of cellular

DNA synthesis by cytosine arabinoside was significantly related to the

extent of ara C incorporation in DNA over a wide range of drug

concentrations and time of exposure. The cumulative incorporation of

the (fraudulent) nucleoside analogue into DNA might be partially

responsible for the cytotoxicity and mutagenicity of ara C (Bendict and

Jones 1979). It was also found that there was a direct relationship

between ara C produced cytotoxicity and inhibition of DNA synthesis at

high concentrations of ara C (Jones et al. 1976). It is believed that ara C
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inhibits DNA polymerase a (Loeb et al. 1980, Waters et al. 1981) and thus

inhibits DNA semiconservative replication. With an experiment using

normal and excision-deficient xeroderma pigmentosum fibroblasts,

Waters et al. (1981) studied the post-irradiation effects of ara C and

aphidicolin which is a specific inhibitor of DNA polymerase a and found

that ara C acts in a similar way to aphidicolin in inhibiting DNA

polymerase a. Recently it was shown that cell death and chromosome

aberrations are correlated with incorporation of ara C into DNA in

S-phase cells and only when more than 97% of the semiconservative

DNA synthesis is inhibited do these biological effects manifest

themselves (Moore and Randall 1987).

In cell culture experiments, ara C has proved to be active against

certain DNA viruses e.g. Pox virus and Herpes virus complex. Because

of its cytostatic action ara C is frequently applied as an antitumour drug

in chemotherapy (Ho and Freireich 1975). Ara C was shown to be most

effective in inhibiting cell growth and repair of DNA dsb when compared

to ara A but less effective in causing expression of PLD than ara A

(Iliakis and Bryant 1983).

Ara C is capable of induction of chromosomal aberrations in the Gq

or Gj and G2 phases of the cell cycle (Kihlman et al. 1963, Brewen 1965,

Brewen and Christie 1967). Kihlman et al. (1963) for example, in an early

experiment found that ara C as well as FdUrd can induce chromosomal

aberrations when applied for a few hours prior to mitosis. These authors

suggested that chromosome breaks could be the result of inhibition of
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DNA synthesis. However ara C also induces chromosomal aberrations in

G2 cells and it is believed by others to be a radiomimetic compound that

induces aberrations by a mechanism un-related to the inhibition of DNA

synthesis (Kihlman 1963, Brewen and Christie 1967).

It was shown that ara C inhibits the polymerization steps in the

repair of damage produced by X-rays as well as DNA damaging agents

such as 8-hydroxyquinoline, mitomycin C and UV in human fibroblasts

and Chinese hamster cells (Hiss and Preston 1977). Combined treatment

of ara C and UV resulted in an effect similar to that of X-rays in the way

that both treatments were potent inducers of dicentrics and rings in G^

normal and A-T cells, and elicited a specific hypersensitive response

from A-T cells (Ejima and Sasaki 1986).

Using human peripheral lymphocytes, Preston (1980) showed that

ara C causes a synergistic increase in chromosomal aberration

frequencies in both Gq (by increasing dicentrics and rings with

increasing incubation time with ara C) and G2 cells (by increasing

chromatid deletions with increasing incubation time and prevention of

exchange formation) cells. Preston (1980) argued that the increased

frequency of chromosomal aberrations in X-irradiated cells following

treatment with ara C were caused by the incision of DNA at sites of base

damage. These studies with ara C were extended by Bender and Preston

(1982), confirming the earlier results ofPreston (1980). Preston (1980) and

Natarajan and Obe (1983) found that inhibitors such as HU and ara C

significantly reduce the frequency of exchange type aberrations in G2

cells. On the other hand, recently Holmberg and Gumauskas (1986)
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reported that ara C enhanced yields of X-ray induced chromosome

exchanges by a factor of 2 in Gq human lymphocytes. In experiments

with G2 cells it was shown that ara C and aphidicolin act as clastogens

rather than inhibitors of DNA repair (Moore and Hodgson 1983), and

recently, by means of premature chromosome condensation (PCC) of G0

human lymphocytes, it was argued that there is no evidence that ara C

inhibits the repair of X-ray induced breaks but itself acts as a clastogenic

agent (Panthelias and Wolff 1985). In experiments with JU56 cells (a

permanent cell line derived from the black-tailed Wallaby) it was found

that ara C alone induced lesions in G2 cells of both chromatid and

chromosome types (Moore 1981). The increased frequency of chromo¬

somal aberrations in the presence of ara C might be due to the inhibition

ofboth single- and double-strand breaks (Natarajan et al. 1986).

Purpose ofpresent investigations

It is well established that DNA constitutes the primary target for the

damaging effects of ionizing radiation, and that chromosomal

aberrations result from the changes induced in the DNA structure

(Natarajan 1982). A better understanding of the mechanisms of

formation of aberrations could be obtained by using DNA-repair

inhibitors, such as ara A and ara C by studying their influence in

aberration production after exposure of normal and A-T cells to X-rays.

The main aims of the work described here was largely threefold.

Firstly, to investigate the kinetics ofX-ray induced chromatid aberrations

in G2 cells, to test the hypothesis suggesting dsb as a major DNA lesion
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leading to chromosomal aberrations (Natarajan et al. 1980, 1982,

Natarajan and Zwanenburg 1982, Natarajan and Obe 1984, Bryant 1984

a, 1985, Obe and Winkel 1985, Bryant et al. 1987). Secondly using ara A

and ara C, known as potent inhibitors of DNA dsb repair (Iliakis and

Bryant 1983), proposal of Preston (1980, 1982) concerning the base-

damage origin of chromosomal aberrations was examined. Thirdly to

quantify the kinetics of X-ray-induced chromatid aberrations and the

half time for disappearance of chromatid deletions (tl/2) in G2 A-T cells

compared to that of normal cells. This approach, was an attempt to test

the hypothesis of the presence or absence of a repair defect in A-T cells at

chromosomal level, in search for an explanation to the nature of the

radiation hypersensitivity of A-T cells.

Use of the technique of premature chromosome condensation (PCC)

(Johnson and Rao 1970) has shown that the rejoining of chromosome

PCC breaks (Cornforth and Bedford 1983) parallels repair of dsb as

measured by biochemical techniques (e.g. Bryant and BlOcher 1980,

BlOcher and Pohlit 1982). The study of the kinetics ofG2 chromatid breaks

however, provides an alternative to the PCC technique, although the

observation "time window" is limited to the length of G2 (in the case of

human cells this is about 4.5 - 5 hours). By irradiating and collecting

mitotic cells with colcemid at various intervals up to 3.5 hours it was

possible to monitor the disappearance (rejoining) of breaks in chromatids

and also the appearance of exchange type aberrations either in presence

or absence of the DNA synthesis inhibitors ara A or ara C.

Other supplementary experiments presented here along with main
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experiments are as follows:

1. A comparison of X-ray induced chromosome aberration yields in

SV40 immortalized normal and A-T cells. This has not been done

before with these cell lines.

2. Cell survival studies on normal and A-T cells: to acertain the

radiation sensitivity of these two cell lines at cellular level.

3. Measurement of the duration of the G2-phase; because most of the

experiments were involved in G2 treatment with X-rays in the

presence or absence of inhibitors, a precise estimation of the average

duration of the G2*phase in each cell line was necessary.

4. Measurement of the clastogenicity of ara A and ara C: to confine the

treatment time of cells with either ara A or ara C in experiments

with X-rays in order to minimize the "background" of aberrations

due to ara A or ara C alone. In this way it was also possible to

estimate the duration of G2-phase other than that made by

autoradiography technique in these cell lines (based on the

assumption that these drugs act as S-phase specific clastogens).

5. Determination of the concentration effects of ara A and ara C: to

evaluate optimum concentration of these drugs for induction of

similar frequency of chromosomal aberrations when administered

to G2 cells.

6. Measurement of the effects of ara A and ara C on DNA synthesis: to

compare the inhibitory effects of these drugs at similar concen¬

trations on semi-conservative DNA synthesis, judged by the

reduction in incorporation of 3H-TdR into DNA.



MATTEMAILS aiM MIETOKDUDS

Cell culture

X-irradiation

Treatments with inhibitors of DNA synthesis
Preparation of chromosomes
Scoring metaphases for aberrations

Chromatid-type aberrations
Chromosome-type aberrations

Assay for clonogenic survival
Autoradiography for mitotic labelling
DNA synthesis assay



MATERIALS and METHODS / 36

2. MATERIALS and METHODS

2.1. Cell Culture

All experiments were performed with asynchronus populations of

human immortalized MRC5SVI and AT5BIVA cells. These are cells of

fibroblastic origin transformed with Simian Virus (SV40). MRC5SVI

was immortalized from the MRC5 line which was originally derived

from lung tissue of a foetus with a genetically normal family history with

no sign of neoplastic disease (Jacobs et al. 1970). AT5BIVA is a cell line

derived from skin of an individual (AT5BI) displaying the classical A-T

syndrome. MRC5SVI has a near-tetraploid karyotype and AT5BIVA is

hypo-triploid. Both cell lines were kindly supplied by Dr. D. Scott,

Paterson Institute for Cancer Research in Manchester. The doubling

time for both cell lines was 22-24 hours.

These cell lines were grown and maintained under sterile

conditions in Eagle's Minimal Essential Medium (MEM) (Eagle, 1955)

containing 15% foetal calf serum (MEMFCS). The medium was made up

by mixing the following:

100 ml/1 of lOx concentrated MEM

30 ml/1 of 72 g/1 sodium bicarbonate

10 ml/1 of 0.2 mol/1 L-glutamine

10 ml/1 of non-essential amino acids (lOOx concentrated)

10 ml/1 antibiotics (penicillin and streptomycin)

840 ml/1 Sterile distilled water (2x)
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After mixing these components, 150 ml/1 foetal calf serum (FCS) was

added.

Cells were routinely grown as monolayers attached to the surface of

75 cm2 tissue-culture grade plastic flasks (Sterilin) in 15 ml MEMFCS.

Cells were passaged once a week with a change of medium after three

days to keep cells in full exponential growth. For passaging, the medium

was removed from the flask and the cells were detached from the surface

by means of trypsinization by using trypsin/EDTA. This was prepared as

follows: 10 ml/1 of 5% sterile trypsin (Bacto Trypsin, Difco) was dissolved

in a filter sterilised salt solution consisting of:

8 g/1 NaCl; 0.2 g/1 KC1; 1.15 g/1 Na2HP04; 0.2 g/1 KH2P04

0.2 g/1 EDTA ( ethylene-diamine tetra-acetic acid, sodium salt)

The cells were washed twice with 3-4 ml trypsin/EDTA and then placed

in the incubator at 37° C for 8 minutes. After this time cells were

detached from the surface of the flask and from one another. A single

cell suspension was achieved by adding 5 ml of fresh MEMFCS and by

pipetting up and down a few times to resuspend the cells and separate

any clumps. The concentration of cells was determined by counting a

sample of 0.1 ml cell suspension together with 9.9 ml Isoton in a Coulter

counter (Model D) with appropriate settings; Attenuation, A=8; Aperture

current, I = 0.017; and Threshold, T = 20. Cells were seeded at 5xl04

cells in 75 cm2 flasks containing 15 ml MEMFCS and gassed with 5%

C02 in air to adjust the pH of the medium. The flasks then were
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incubated at 37° C until required.

2.2 . X-irradiation

Cells were irradiated in medium as a monolayer with X-rays

generated by a Siemens X-ray therapy unit (Stabilipan) operating at 250

KV and 14 mA, filtered with a 0.5 mm Cu filter giving an absorbed dose-

rate at the position of cells of 0.75 Gy per minute. Cells were exposed at

room temprature (-20° C). The X-ray dose was monitored by a Farmer-

Baldwin dosemeter (ionization chamber) and checked by ferrous sulphate

dosimetry (Frankenburg, 1969). In the case of experiments with G2 cells,

cultures were kept out of incubator for less than 10 minutes. After

irradiation flasks were immediately returned to the incubator.

2.3. Treatment with inhibitors of DNA synthesis

In experiments involving treatment with 9-/1 -D-arabinofuranosyl-

adenine (Sigma; ara A) and 1-/J -D-arabinofuranosyl-cytosine (Sigma; ara

C) , ara A and ara C were added to the medium as a 10 m mol/1 solution in

Hanks balanced salts solution (HBSS). These agents were administered

routinely at four hours before mitotic collection. This was therefore at

least 0.5 hour before X-irradiation in the case of G2 experiments. Both

drugs were left in the culture medium until fixation; see figure 3.14 for

experimental protocol. X-irradiation was carried out in presence of

inhibitors. [In all experiments cells were always exposed to ara A or ara

C half an hour before any treatment (e.g. 3H-TdR) to allow enough time
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for araA (Brink and Le Page 1965) and ara C (Momparler et al. 1971) to be

phosphorylated in order to compete with the cellular pool of nucleotides,

dATP and dCTP],

3.4. Preparation of Chromosomes

Chromosomes were prepared by a method based on that of Hsu and

Kellogg (1960) and Frflland (1961) in which the cells were first brought into

cell suspension using trypsin as described above. Before harvesting cells

were exposed to demecolcine (colcemid) at a final concentration of 0.08 fi

g/ml for 1-1.5 hours to arrest cells in metaphase. The following steps were

then followed:

a) Medium was transfered to a "V" centrifuge tube.

b) The cells were trypsinized off flasks, and together with retaining

trypsin washes and cells resuspended in the original medium

were then collected in the "V" tube.

c) The cell suspension was centrifuged for 5 minutes at 1250 rpm in

an MSE bench centrifuge.

d) The supernatant was removed by suction without disturbing the

pellet.

e) The cell pellet was vortexed briefly and 5 ml of prewarmed (-37° C)

"hypotonic" solution 0.075 mmol KC1 was added to each tube. The

cells were left in hypotonic solution for 8-10 minutes at room

temperature and then centrifuged again.

f) The cells were resuspended in 0.5 ml fresh KC1 using a Pasteur

pipette and then freshly made Carnoy's fixative added, consisting
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of methanol and glacial acetic acid (3 parts to 1). The first two ml of

fixative were added drop-wise while agitating the cell suspension,

the rest of fixative was then added. Cells were left in fixative for

15-20 minutes at room temperature and then centrifuged.

g) The cells were then washed by centrifugation twice more in

fixative.

h) Samples were then stored in fixative at 4° C over-night.

For metaphase spreads, the cells were resuspended in a few drops of

60% acetic acid or fresh fixative, before being dropped on to chilled, wet

slides. In most experiments slides were prepared by the "dry-ice" (solid

CO2) method where pre-cleaned slides were chilled on dry-ice. The cell

suspension was dropped on the slide while it began to defrost from the

edges. Slides then were gently dried over a spirit flame. Some other slides

were made using the "cold water bath" method in which slides were

chilled in ice. Chilled slides were then washed in ice-cold water before the

cell suspension was dropped on. These slides were dried over a low spirit

flame. Dried slides were washed in buffer solution (pH=6.4) for 5 minutes

and stained in 3% Giemsa stain in buffer (pH=6.4) for 10 minutes. Stained

slides were rinsed in buffer and dried at room temperature.

2.5. Scoring metaphases for aberrations

Scoring of all slides was carried out with a 16x oil immersion

objective (for scanning) and a lOOx oil immersion objective on a Zeiss

microscope. The scoring system was based on the classifications of Savage

(1976) and Buckton and Evans (1981). For MRC5SVI cells which are near-
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Figure 2.1: Range of chromosome number in MRC5SVI cells. Results are derived
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Figure 2.2: Range of chromosome number in AT5BIVA cells. Results are derived
from the score of 300 cells.
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tetraploid, the number of chromosomes lying between 72-88 (Figure 2.1),

only metaphases with more than 70 chromosomes were scored. For

AT5BIVA cells which are hypo-triploid, their chromosome number lying

between 50-62 (Figure 2.2), only metaphases with more than 50

chromosomes were scored. Because most of the experiments involved

short intervals between irradiation and fixation, (i.e. G2 treatments); the

type of aberrations scored were only chromatid type. A short summary of

the types of chromosomal aberrations is given below.

Chromatid Type aberrations:

Gaps or achromatic lesions: A chromatid gap is a non-stained

region in the chromatid, involving only one chromatid of each chromo¬

some. The non-staining region is not greater than the diameter of the

chromatid (Figure 2.3, 1).

Chromatid breaks: A chromatid break is similar to a gap but the

terminal part of the chromatid has been displaced indicating that it is not

attached to the chromosome. For a non-staining non-displaced region to

be classified as a break, it should be wider than the diameter of the

chromatid. Chromatid breaks were a very common type of aberration in

both MRC5SVI and AT5BIVA cells after irradiation and treatment with

inhibitors of DNA synthesis (Figure 2.3, 2).

Isochromatid deletions: Isochromatid breaks are the results of

sister chromatids which have been broken at the same points, and that

often the broken ends of the sisters are observed to have rejoined.

Complete rejoining of broken ends is called Sister Union (SU). Incomplete
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Chromatdd-type aberrations

1. Gap I!
2. Chromatid break

(deletion) H K J1
Aligned fragment Displaced fragment

3. Isochromatid break

4. Exchanges

a) Interchanges
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Symmetrical Asymmetrical
b) Isochromatid/chromatid

interchanges

c) Intrachange
within a chromosome

^ 4
Dicentric triradial Monocentric triradial

A
Figure 2.3. Diagrammatic presentation of the main types of chromatid aberrations

which are scored.

rejoining (Non-Union, NU) occur either proximally (p) or distally (d).

Fragments may be aligned or displaced. Where the type of rejoining can

not be identified the fragments should be reffered to as isolocus deletions

(Figure 2.3, 3).
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Chromatid exchanges'. Damage to the genetic material may take

the form of exchange between different chromosomes or chromatids.

Chromatid exchanges can be either in the form of an interchange or an

intrachange.

a) Chromatid interchange: When the interacting lesions occur in the

arms of different (homologous or non-homologous) chromosomes. Simple

complete chromatid interchange involves an exchange between single

chromatids of two chromosomes and results in a configuration having

four arms which may be referred to as a "quadriradial" (Figure 2.3, 4a).

An exchange may also occur between an iso-chromatid break and

chromatid break which leads to a "triradial" configuration (Figure 2.3,

46). Exchanges can either be symmetrical, giving two new monocentric

chromatids, or asymmetrical, giving a dicentric chromatid and an

acentric fragment.

b) Chromatid intrachange: Chromatid intrachange occur when the

interacting lesions are within one chromosome. Exchange within a

chromatid arm is termed intra-chromatid exchange (Figure 2.3, 4c).

Therefore, for presenting results of the experiments with G2 cells all

types of aberrations are brought under three main categories as follows:

1- Chromatid gaps.

2- Chromatid deletions: which involve all types of breaks greater

than the diameter of the chromatid and iso-chromatid breaks.

3- Exchanges: which includes all types of exchanges observed.
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Chromosome type aberrations:

Chromosome Gap (achromatic lesion): Involving both chromatids of

a chromosome at identical loci. Non-staining region is not greater than

the diameter of a chromatid (Figure 2.4,1).

Chromosome break (terminal deletion): Involving only one

chromosome and as with all other chromosome type aberrations occuring

in the unreplicated (G^ or Gq) chromosome. A terminal deletion (acentric

fragment) will result in a break larger than the width of a chromatid and

without a centromere with parallel-lying paired chromatids. In most cells

Chromosome-type aberrations

1. Gap A 2. Chromosome break il
M « II

3. Exchanges
a) Interchanges between chromosomes:

A dicentric
with fragment

A tricentric
with fragments

b) Intrachange within a chromosome:

Ring (centric)
with fragment

Acentric ring

Figure 2.4. Diagrammatic presentation of the main types of chromosome aberrations
which are scored.
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these can not be distinguished from isochromatid breaks so both are

referred to as isolocus breaks (Figure 2.4, 2).

Chromosome exchanges: Exchanges involve two or more lesions in

the same or different chromosomes and can either be in the form of an

interchange or an intrachange (Figure 2.4, 3).

a) Interchange between chromosomes: The main indication of

chromosome damage is the "dicentric" which results from an exchange

between two chromosomes in giving a structure with two centromeres

and an acentric fragment. The fragment is part of the exchange and

should not be scored as a separate event. Much less frequently, a

structure with three centromeres is produced which is called a "tricentic"

(Figure 2.4, 3a).

b) Chromosome intrachange: Intrachange occurs within a chromo¬

some in the forms of centric ring or acentric ring (Figure 2.4, 36).

i) Centric ring: A centric ring is formed from a single chromosome

which has been broken in both arms or an inter-arm intrachange. The

proximal segments join to form the ring and the distal segments join to

form an acentric fragment. The fragment is part of the exchange and one

fragment should be allocated to each ring (or dicentric); the remaining

fragments being classified as isolocus deletions (see above).

ii) Acentric ring: Acentric rings form as a result of intrachange

within an arm or intra-arm intrachange. The centric part of this

exchange may not be identified. Small acentric rings are called "double

minutes" or "interstitial deletions".
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2.6. Assay for clonogenic survival

Assay of survival after exposure to X-rays was made for MRC5SVI

and AT5BIVA cells in order to determine the relative X-ray sensitivity of

these cell lines.

For survival assays subcultures of 105 cells in 5 ml MEMFCS were set

up in 25 cm2 tissue-culture flasks (Sterilin) for both cell lines and were

incubated for 48 hours at 37° C prior to irradiation. X-ray doses of up to 3

Gy and 6 Gy were delivered to monolayer (exponential) AT5BIVA and

MRC5SVI cells respectively at a dose rate of 0.75 Gy/min in air and room

temprature (-20° C). The cells were trypsinized off and appropriate

dilution was made for each sample. These were plated out into 50 mm

Petri dishes (Cel-Cult) with 5 ml fresh MEMFCS. Three Petri dishes, at

each of two different cell dilutions were set up for each dose.

The MRC5SVI and AT5BIVA plates were incubated in 6% CO2 in air,

at 37° C in a humidified incubator for two and three weeks respectively.

After removal of medium, colonies were fixed in methanol and stained in

Giemsa.

2.7. Autoradiography for mitotic labelling

For autoradiographic experiments MRC5SVI and AT5BIVA cells

were passaged in 75 cm2 Sterilin flasks two days prior to experiments to

ensure cells were in exponential growth. Then sub-cultures of cells were

set up in 50 mm Petri dishes (Cel-Cult) with 2.5x105 cells in 5 ml

MEMFCS. Cultures were incubated for 48 hours before labelling at 37° C.

For labelling, medium was removed and replaced with 4 ml fresh
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medium containing 37 KBq/ml (1 Ci/ml) 3H-TdR with a specific activity

of 1.48 TBq/mmol (40 Ci/mmol) and incubated. Cells were "continously"

labelled, meaning that 3H-TdR remained in the culture medium until

fixation. After addition of 3H-TdR medium, cells were harvested and fixed

at hourly intervals up to 10 hours. The controls (i.e. without 3H-TdR) were

fixed immediately after incubation of treated samples. Chromosomes

were prepared as described above, and slides were made by the dry ice

method.

Autoradiography were prepared by dipping slides in K2 autoradio¬

graphic emulsion (Ilford) mixed 1:1 with 1% glycerol solution (99 ml H2O,

1 ml glycerol). Slides were left at 4° C for one week to allow enough

exposure. Autoradiography then were developed in D19b developer

(Kodak) for 3.5 minutes, rinsed in distilled water for 30 seconds and

finally fixed in Kodak acid fixative for 5 minutes. The slides were then

stained in 3% Giemsa for 10 minutes. Slides were scored for labelled

mitoses and mitotic indices. This experiment was carried out twice for

both cell lines; but for the second time only labelled mitoses for samples

for up to 7 hours post-labelling time was measured. Standard deviation of

mean values of labelled mitoses were calculated for both experiments.

2.8. DNA Synthesis assay

For assay of DNA synthesis, suspensions of trypsinized AT5BIVA

and MRC5SVI cells were prepared at about 6.5x105 cells per ml in 5 ml

MEMFCS half an hour prior to labelling. Samples of each cell line were
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treated with ara A and ara C at concentrations of 100 fi mol/1 and 200 /i

mol/1. Both control (untreated) and treated samples were then labelled

with 3.7 KBq/ml (0.1 fj. Ci/ml) 3H-TdR with a specific activity of 1.48

TBq/mmol (40 Ci/mmol) and incubated in tubes in a water bath at 37° C

and sampled at 5, 10, 20 and 30 minute intervals. Samples were held in

"V" centrifuge tubes on ice after addition of 5 ml of ice-cold 0.15 mol/1

NaCl. Samples were then centrifuged at 0° C and supernatants removed.

DNA was then prepared on filters as follows:

a) Pellets were resuspended by short vortexing and 1 ml 0.03 mol/1

NaOH (ice-cold) was added and cells were left for 5-10 minutes on

ice.

b) 2 ml of 10% TCA (trichloroacetic acid) was added to each sample

and left at 4° C over night.

c) The DNA precitipate was then filtered using fibre glass filters

(Whatman, 2.5 cm diameter).

The fibre glass filters were placed in scintillation vials and 4.5 ml

scintillation fluid (Packard, Insta-gel) was added. The samples were

counted in a LKB 1214 Rack beta liquid scintillation counter.
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a RESULTS

3.1. Mode of action of ara A and ara C

a) DNA synthesis experiments

Experiments with normal cells

Both ara A and ara C are known as inhibitors of DNA synthesis in

mammalian cells. These experiments were designed to study the effects

of ara A and ara C on DNA synthetic activities of S-phase MRC5SVI and

AT5BIVA cells. Samples of 6.5x105 cells per ml in 5 ml MEMFCS were

prepared as cell suspensions and kept in a water bath at 37° C. Two

samples were treated with 100 and 200 p mol/1 ara A and two other

samples with 100 and 200 p mol/1 ara C. One sample was kept as a

completely untreated control. Inhibitors were administered to the cells 30

minutes prior to addition of 3H-TdR radioactive label, to allow enough

time for the drug to be phosphorylated. All cultures were given 3H-TdR at

3.7 KBq (0.1 p Ci) per ml and sampled at various time intervals, viz; 5,10,

20 and 30 minutes after being exposed to 3H-TdR. As shown in the

histogram in figure 3.1 there was a sharp increase in 3H-TdR

incorporation by cells from 5 to 30 minutes in untreated samples (black

bars) while the overall increase in incorporation in ara A and ara C

treated samples was much lower. It can be seen that at 30 minutes post-

labelling time, the overall incorporation of 3H-TdR in ara A and ara C

treated cells was only 10-15 percent compared to untreated controls.
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Figure 3.1. Incorporation of 3H-TdR in normal cells at various periods of time in the
presence or absence of ara A and ara C. Cells were treated with inhibitors 0.5 h
before being exposed to 3H-TdR.

Experiment with A-T cells

Figure 3.2 shows the results of 3H-TdR incorporation experiment

with A-T cells. In untreated samples the incorporation of 3H-TdR was

increased with time (black bars). This figure also show that in controls

there was less DNA synthesis in A-T than in normal cells (Figure 3.1).

In ara A treated samples this figure shows that the inhibitory action of

ara A was concentration dependent. Incorporation of 3H-TdR in the

presence of 100 /i mol/l ara A was higher than that in the presence of 200

H mol/l ara A for all samples. The overall incorporation of 3H-TdR in

presence of 200 fi mol/l ara A was about 10% and with 200 fj. mol/l ara C
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Figure 3.2. Incorporation of 3H-TdR in A-T cells at various time intervals in the
presence or absence of ara A and ara C. Cells were treated with ara A or ara C 0.5
h before being exposed to 3H-TdR.

even less, about 5% compared to untreated control.

These experiments show that both ara A and ara C reduce

incorporation of 3H-TdR to 85 - 90% in both cell lines. In normal cells ara

C was found to be more effective at 20 min, and ara A at 30 min

post-treatment time in reducing incorporation of 3H-TdR. In A-T cells

ara C was found to be more effective than ara A at similar concentrations

for all sampling times. Thus both ara A and ara C were found to be

strong inhibitors of DNA synthesis in the cell lines used for experiments

and ara C was found to be more effective than ara A at similar

concentrations.
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b) Concentration effects of ara A and ara C

Effects of ara A on G2 normal cells

The results of this experiment are summarized in table 1. Figure

3.3 shows the frequency of deletions and gaps induced by various concen¬

trations of ara A in a range of 100 to 250 p mol/1 when applied to G2 cells.

Four cultures were treated with 100,150, 200, and 250 p mol/1 ara A four

hours before fixation. The number of aberrations (deletions and gaps)

Concentration of ara A (p mol/1)

Figure 3.3. Frequency of gaps and deletions induced by various concentrations of
ara A in G2 normal cells. 150 cells were analysed for each point. The total
treatment-fixation time (4 h) includes 1.5 h colcemid treatment

increased steadily as the concentration of ara A increased in the culture

medium. The frequency of deletion formation was higher than the

frequency of gaps for all concentrations. Low frequency of exchanges

were found for all concentrations of ara A (Table 1).
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Table 1: Yields of chromatid aberrations induced by various concentra¬

tions of ara A in G2 normal cells.

Treatment No. of cells
/r mol/1 analysed Gaps Deletions Exchanges

Control 150 34 45 2

AraA 100 150 47 81 6

// 150 150 59 99 10

// 200 150 79 118 10

// 250 150 99 181 12

Effects of ara C on A-T cells

The results of this experiment are summarized in table 2. Four

cultures of A-T cells were exposed to 50, 100, 150 and 200 mol/1 ara C

four hours before collection. 100 metaphases were analysed for each

sample. The table (2) and figure (3.4) show that the number of deletions

increased with increasing concentration of ara C. There was a sharp

increase in deletions (0.84/cell) up to a concentration of 100 fj. mol/1, but

beyond that only a slight increase was observed (0.93/cell at 200 fi mol/1).

The frequency of gaps induced by 50 n mol/1 ara C was about twice the

number of gaps found in controls but there was no significant difference

in gap induction with increase in ara C concentration beyond 50/x mol/1

(Figure 3.4). The number of gaps induced by 50/i mol/1 ara C was 38 per
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Concentration of ara C Qj mol/l)

Figure 3.4. Frequency of chromatid deletions and gaps induced by various
concentrations of ara C in G2 A-T cells. Cells were treated with ara C 4 h before
fixation.

100 cells and similar frequency was found for 200 n mol/l ara C. Despite

only a small increase in the frequency of deletions beyond 100 /i mol/l, the

number of chromatid exchanges increased substantially and it seems to

be concentration dependent (Table 2). 100 // mol/l ara C was found to have

similar effect on chromosomal aberration induction in A-T cells seen for

G2 normal cells treated with 200 /J. mol/l ara A (Figure 3.3).
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Table 2: Yields of chromatid aberrations using various concentrations of

ara C in G2 A-T cells.

Treatment

p. mol/l
No. of cells
analysed Gaps Deletions Exchanges

Control 150 25 43 2

Ara C 50 100 38 57 2

// 100 100 39 84 7

// 150 100 44 91 22

// 200 100 38 93 34

c) Effects of combined treatment of ara A and ara C when

applied to G2 A-T cells

Kihlman and Anderson (1985) showed that if two inhibitors are

combined and administered to cells, this might lead to the induction of

chromosomal aberrations at higher frequencies than the sum of the

aberrations induced by each inhibitor individually (at least by a factor of

1.5-2). It was observed that ara A acts as a powerful inhibitor of rejoining

of chromatid deletions when applied to G2 irradiated cells (experiments

with normal and A-T cells, sections 3.4 & 3.5 of this chapter). Ara C

proved to be inhibitor ofDNA synthesis when applied to S-cells, but results

obtained in G2 experiments in combination with X-rays, imply that it

might act in a similar way to radiomimetic agents rather than inhibitors.

Therefore the following experiment was performed to study the combined

effects of ara A and ara C on A-T cells.
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Figure 3.5. Frequencies of deletions and gaps induced by ara A (100 // mol/1) or ara
C (100 // mol/1) alone or in combination in A-T cells exposed 4 h before fixation.

4 cultures were set up in 75 cm2 flasks using 4x105 cells in 10 ml

MEMFCS. Cells were treated with ara A and ara C alone or in combina¬

tion at 100 n mol/1 each at 4 h before fixation. One culture was kept as

entirely untreated control. Mitotic figures were collected in each case by

applying 200/i 1 demecolcine 1.5 hours before harvesting. 100 metaphases

were scored for each sample, the result of this experiment is

summarized in table 3.

Figure 3.5 shows the effects of inhibitors alone when they were

applied individually or in combination. It can be seen that the number of

deletions induced by 100 //mol/1 ara C alone was more than that of 100 //

mol/1 ara A alone. The frequency of aberrations induced by the combined

treatment of ara A and ara C was high but not more or even equal to the

sum of aberrations induced by ara A and ara C individually.

This experiment, therefore show that the inhibitors did not act

synergistically when applied to the cell cultures together (Table 4). Lack

pci Gaps
■i Deletions

.SI S1
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of synergism might be due to competetive action of the drugs for same

sites on the DNA polymerases a and /? or one of the inhibitors may

prevent uptake of the other (Kihlman and Anderson 1985).

Table 3. Yields of chromatid aberrations in G2 A-T cells following

exposure to 100 ^mol/1 ara A and ara C alone or in combination for 4 hours.

Treatment
No. of cells

analysed Gaps Deletions Exchanges Total

Control 100 17 44 2 63

Ara A 100 35 89 3 127

Ara C 100 46 131 6 183

Ara A + ara C 100 65 179 19 263

Treatment
No. of cells

analysed
Total aberrations

(Observed)
Total aberrations

(Expected)

Ara A 100 64 +

Ara C 100 120 '
184

Ara A + ara C 100 200 >. 276

Table 4. The observed and expected values of chromatid aberrations in G2

A-T cells following exposure to ara A (100 /jmoUl) and ara C (100 /zmol/1)
alone or in combination. Total aberrations are subtracted from the

background level of aberrations.
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3.2. G2 Determination
a) Autoradiographic method

Because majority of the experiments with A-T and normal cells

were performed in the G2 phase of the cell cycle, it was necessary to

determine the length of G2 for both cell lines using an autoradiography

technique (Howard and Pelc 1953). The length of G2 was measured by

means ofmitotic labelling with continous incubation of cells with 3H-TdR

up to 10 hours and fixed at one hourly intervals. After preparation of

metaphase spreads, slides were dipped into photographic emulsion and

developed after one week exposure at 4° C. A mitotic figure was scored as

labelled if it contained more than 10-15 (depending on the background

labelling intensity) black silver grains as a result of radioactive label. 100

metaphases were scored for each sample.

The rate of passage of cells through G2 was estimated from the

percentage of labelled mitoses versus time as shown in figure 3.6 (a & b).

50% labelled mitoses defines the time showing the length of the duration

of G2 and half of the duration of mitosis (TG2 + TM/2). Because, the

length of mitosis for most cell lines including human cells dose not

exceed 1 hour (Hall 1978), hence the length of G2 phase for A-T cells was

estimated to be about 5 hours (Figure 3.6 panel A). On the same basis G2

duration for normal cells was estimated to be approximately 4.5 hours

(Figure 3.6 panel B).
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Figure 3.6. The percentage of labelled mitoses as a function of time before fixation in
A-T (panel A) and normal cells (panel B). Mitotic cells were labelled following
continous incubation with 3H-TdR for various periods of time before fixation. The
arrow and dashed line indicate the length ofG2+I/2M phases. Error bars indicate
standard deviation of mean values of two independently performed experiments.
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Table 5: Percentage of labelled mitoses and mitotic indices for autoradio¬
graphic experiments. Errors are standard deviation ofmean values of two

experiments.

Sampling
time after
addition

MRC5SVI AT5BIVA

of 3H-TdR
in hours

LM% MI% LM% MI%

0.0 4.19 + 1.35 3.85 + 1.20

1.0 1.0 + 1.41 2.60 + 0.92 1.50 + 2.10 1.85 + 0.92

2.0 2.5 + 0.71 3.04 + 1.22 7.00 + 2.83 2.00 + 1.27

3.0 16.0 + 12.7 2.90 + 0.59 14.00 + 4.24 2.31+1.33

4.0 37.5 + 0.71 2.70 + 1.63 23.50 + 4.90 2.60 + 1.40

5.0 49.0 + 2.83 2.70 + 2.38 37.50 + 3.54 2.44 + 1.75

6.0 64.0 + 0.00 2.60 + 2.23 59.50 + 6.36 1.78 + 0.80

7.0 75.5 + 10.6 2.30+1.28 71.50 +10.60 3.00 + 1.41

8.0 77.0 1.10 73.0 1.80

9.0 90.0 1.80 82.0 1.80

10.0 87.0 0.90 85.0 1.80

These findings are in agreement with other measurements for G2

phase of human fibroblasts (e.g. Zampetti-Bosseler and Scott 1981). Table

5 also shows the values of percentage of labelled mitoses and percent

mitotic index for each sample for both normal and A-T cell lines. These

values are the mean of two experiments and mitotic index was measured

by counting more than 1000 cells for each sample. The mitotic index for
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both cell lines exhibited a slight delay following treatment with 3H-TdR

and that in both cell lines there was a further delay when the time of

treatment with 3H-TdR exceeded 7 hours.

b) Measurement of G2- phase using ara A and ara C.

On the basis of the assumption that ara A and ara C act as S-phase

specific clastogens, the length of the G2-phase was determined by

treatment of cells for various times before fixation with ara A or ara C.

The G2~phase of the cell cycle is only an operational definition and might

not be totally free of DNA synthesis. The following experiments describe

the effects of ara A on normal and ara C on A-T cells in late S and G2

phase.

Treatment of A-T cells with ara C

100 n moL/1 ara C was applied to 5 cultures from two up to seven

hours prior to harvesting. This treatment time also includes 1.5 hours

demecolcine (colcemid) treatment for mitotic collection. 100 mitoses were

scored for each sample. As shown in figure 3.7 the frequency of deletions

induced by ara C increased slightly with time for up to 4 hours before

fixation so that there was only 1.2 deletions per cell at 4 h. There was a

dramatic increase beyond 4 hours reaching more than six deletions per

cell at 7 hours before fixation. The frequency of gaps on the other hand

up to 4 hours before fixation was at low levels, slightly higher than the

background level (around 0.4 gap/cell) but it increased dramatically after
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Figure 3.7. Frequencies of chromatid deletions and gaps in A-T cells when exposed
to ara C (100 n mol/1) at different time intervals before fixation.

4 h incubation with ara C; almost doubled at 5 h and reached to 1.5 gaps

per cell at 7 h post-treatment incubation time (Figure 3.7). Exchanges

were also observed for all treatment times. The results of this experiment

are summarized in table 7.

The results of scores of chromosomal lesions were also expressed as

the percentage of cells containing lesions (Table 6 and Figure 3.8).

Figure 3.8 shows the net percentage of damaged A-T cells when exposed

to ara C at various time intervals before fixation. It can be seen that ara

C clearly produces an increase in the frequency of lesions. Because there

is a very low level of synthesis or turnover of DNA in chromosomes

during G2, the effect of ara C might be limited to these cells. Ara C was
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found to have a slight clastogenic effect on G2 A-T cells during the first 3

h following treatment (Figure 3.8) since the number of damaged cells

were greater than the number of labelled mitoses obtained for A-T cells

(Figure 3.6 a).

Table 6: Frequency of damaged A-T cells with mitotic index following

exposure to ara C (100 nmol/l) for various time intervals before fixation.

Treatment time
In hours

percentage of
damaged cells Ml%

0 52 4.25

2 74 3.57

3 77 3.80

4 75 3.30

5 81 2.00

7 98 2.38

Table 7: Yields of chromatid aberrations induced by ara C (100 /J. mol/l) in
A-T cells when exposed at different times before fixation.

Treatment
time In hours
before fixation

No. of cells

analysed Gaps Deletions Exchanges

Control 100 23 45 8

Ara C 2.0 100 40 87 12

// 3.0 100 39 114 11

// 4.0 100 47 127 11

// 5.0 100 73 208 43

// 7.0 100 156 645 31
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Treatment time in hours before fixation

Figure 3.8. Percentage of damaged A-T cells following exposure to ara C (100 fi

mol/1) for various time intervals before fixation. Values for each point are

subtracted from the number of damaged cells in the controls. The dotted line
shows the percentage of labelled mitoses as a function of time before fixation in
A-T cells (Results from table 5)

Treatment of normal cells with ara A

Five cultures of cells were established about 44 hours before being

exposed to 200 /j. mol/1 ara A. Ara A was applied to 4 cultures and cells

were fixed at 3, 4, 5 and 7 hours after addition of ara A to the culture

medium. 100 mitotic figures were analysed for each sample. The results

of this experiment are summarized in table 9. Figure 3.9 shows the

frequency of gaps and deletions per cell, induced by ara A as a function of

treatment-fixation time.

The number of gaps induced increased with incubation time with



RESULTS / 67

O
O

0)
Q.

Vt
c
o

CO 2
k.
k.

CD
JOt
CO

•*-

° 1
>.
o
c
0)
3
or
o
i_

LL

before fixation

Figure 3.9. Frequency of chromatid deletions and gaps in normal cells treated with
ara A (200 jj. mol/1) for various periods of time before fixation.

ara A and decreased beyond 5 hours. The frequency of gaps induced up

to 4 h was slightly higher than deletions but lower beyond 4 h. This shows

that the damage caused by ara A in late S-phase was much more severe

in terms of deletions than induction of gaps. There was also a sharp

increase in deletion formation beyond 4 hours of incubation of cells with

ara A so that about 2 deletions per cell were induced at 5 h and 3 deletions

per cell at 7 h post-treatment incubation time (Figure 3.9). Exchanges

were also seen for all treatment times though at a higher frequency for

the sample treated for 7 hours (Table 9).

The results of scores of chromosomal lesions were also expressed as

the percentage of cells containing aberrations for normal cells treated

with 200 fi mol/1 ara A (Table 8 and Figure 3.10). Figure 3.10 shows the

net percentage of damaged normal cells following ara A treatment at
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various time intervals before fixation. It can be seen that ara A produces

an increase in the frequency of damaged cells. There was a significant

increase in labelled mitoses begining at 2 hours (Figure 3.6) which

suggests that some cells have a relatively short G2 phase. These might be

the cells containing aberrations induced by ara A. When comparing the

frequencies of damaged cells with the values for labelled mitoses in

normal cells, it seems that ara A only affected cells in DNA synthesis.

This is evident by the observation that the percentage of damaged cells

(Figure 3.10 solid line) are equal or lower than the values for labelled

mitoses (Figure 3.10 dotted line) at corresponding time intervals.

An alternative explanation for the aberrations in G2 cells is that

there is an ongoing repair of spontaneous lesions which could lead

potentially to chromosomal aberrations and that ara A and ara C are

interfering with this spontaneous repair process.

As a result of these observations (effects of ara A on normal and ara

C on A-T cells in the G2 phase) these inhibitors induce a small increase

in background chromosomal aberrations in both normal and A-T cells

when applied in G2. Consequently the overall treatment of cells with

inhibitors for cytogenetic studies with X-rays was limited to 4 hours to

minimize the contribution of ara A and ara C to the formation of

chromatid aberrations.
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Time in hours before fixation

Figure 3.10. Frequency of damaged cells following exposure of normal cells to ara

A (200/i mol/1) for various time intervals before fixation. Values for each point are
subtracted from the number of damaged cells in the controls. The dotted line
shows the percentage of labelled mitoses as a function of time before fixation in
normal cells (Results from Table 5).

Table 8: Frequency of damaged normal cells with mitotic index when

treated with ara A (200 /maol/1) at different time intervals before fixation.

Treatment time
In hours

percentage of
damaged cells Ml%

0 22 3.84

3 31 2.50

4 44 1.60

5 61 2.80

7 95.5 0.59
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Table 9: Yields of chromatid aberrations induced by ara A (200 //molA)
in normal cells following exposure at different times before fixation.

Treatment
time in hours
before fixation

No. of cells

analysed Gaps Deletions Exchanges

Control 100 30 12 2

Ara A 3.0 100 48 28 8

// 4.0 100 64 58 6

// 5.0 100 100 170 4

// 7.0 23 12 54 6

3.3. Comparison of radiation sensitivity of A-T and
normal cells

Lymphocytes and fibroblast cells from A-T patients cultured in vitro,

have been shown to be hypersensitive to ionizing radiation both in terms

of loss of reproductive integrity (Taylor et al. 1975, Cox et al. 1978) and

induction of chromosomal aberrations in both Gj and G2 phases of the

cell cycle (e.g. Taylor 1982). The G2 chromosomal hypersensitivity of A-T

fibroblasts was regarded as a possible way of diagnosing this syndrome

and an assay was developed in which cells from amniotic fluid was

exposed to radiation (Giannelli et al. 1982). However, there is speculation

(Cox et al. 1986) that simian virus (SV40) infection used to immortalize

fibroblastic lines may cause genetic differences between primary lines
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and the cell lines studied here, such as increased hypersensitivity to

radiation and chemical mutagens and altered excision repair capacity

and hence influence the results observed. The following experiments,

therefore, were designed to verify the difference in radiosensitivity

between AT5BIVA and MRC5SVI cells in terms of cell survival and

chromosomal aberration induction.

a) Clonogenic assay

Figure 3.11 shows the survival curves obtained for both cell lines. In

this experiment A-T and normal cells were irradiated with X-rays at

various doses up to 3 and 6 Gy respectively. Each point on the graph

represents the mean number of colonies counted for three dishes for each

experiment, error bars represent the standard deviation of mean values

calculated for two experiments. The mean values of plating efficiency

obtained in two experiments for A-T and normal cells were 41.84 and

61.53 percent respectively. The survival fraction at all doses for normal

cells (broken line), with D0 of about 2 Gy was higher than those of

AT5BIVA cells (solid line) which shows a Dq of about 1 Gy. This implies

that immortalized A-T cells are approximately twice as sensitive to

X-rays as immortalized normal cells. This result is similar to those in

previous study with MRC5SVI and AT5BIVA cells (Smith et al. 1985),

although they showed a steeper curve (D0 smaller) for AT5BIVA cells.
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Dose (Gy)

Figure 3.11. Survival responses of X-irradiated MRC5SVI (normal) and AT5BIVA
(A-T) cells. Error bars represent standard deviations of mean values of two
independent experiments.

b) Effects of X-rays on normal andA-T cells irradiated at
24 h before fixation

Four cultures of 2 x 105 cells (2 for each cell line) were incubated for

24 hours before X-irradiation was carried out. Cells were then irradiated

at 1 and 2 Gy X-ray doses and incubated for a further 24 hours at 37° C.

Colcemid at 0.08 fj. g/ml was applied to the cultures for two hours before

fixation. 100 metaphase figures were analysed for each sample. The

results are summarized in table 10. It was found that by increasing the



Table
10:

Frequencies
and
types
of

X-ray-induced
chromosomal
aberrations
in

normal

and
A-T

cells

following
irradiation
at
24
h

before
fixation.

Treatment
No.
of

cellsanalysed

Aberrations
per
100

chromosomes

Gaps(Total)

Chromatiddeletions
Chromosome
Chromatid

deletions
exchanges

Chromosome
Total

exchanges
aberrations
(-

Control)

Normal
cells:

Control

250

0.38

0.38

-

0.06

-

0.86

(-)

X-rays
(1

Gy)

100

0.16

0.51

0.64

0.13

0.30

1.74

(0.88)

X-rays
(2

Gy)

100

0.49

0.86

1.97

0.31

1.04

4.67

(3.81
)

A-T

cells:Control

550

0.33

0.72

-

0.07

-

1.12

(-)

X-rays
(1

Gy)

100

0.35

0.69

3.13

0.29

1.35

5.81

(4.69)

X-rays
(2

Gy)

100

0.55

0.63

3.72

1.33

2.27

8.50

(7.38)
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X-ray dose to 2 Gy, normal cells exhibited an enhanced frequency of

chromosome type aberrations (approximately three times more)

compared to those induced by 1 Gy X-rays. This was also true for gaps,

chromatid deletions and exchanges. However in A-T cells given a dose of

1 Gy the number of induced chromosome deletions was about 1.5 times

more than those of normal cells for a dose of 2 Gy X-rays. A-T cells

showed about two times more chromosome type aberrations and approx¬

imately four times more chromatid type exchanges compared to normal

cells at the same dose (2 Gy) (Table 10). Therefore this result indicates

that A-T cells are at least twice as sensitive as normal cells in Gj when

exposed to 2 Gy X-rays and about 3 - 4 times at 1 Gy X-ray dose for

induction of chromosomal aberrations. In normal cells, ionizing

radiation induce chromosome-type aberrations in Gq and Gj and

chromatid-type aberrations in G2-phase of the cell cycle. The unusual

chromatid type aberration, in particular exchange formation in G^

irradiated A-T cells was first reported by Taylor et al. (1976). The results

obtained with A-T and normal human lymphocytes (Taylor 1978, 1982)

and fibroblasts (Natarajan and Meyers 1979) lend support to these

observations.

c) Effects of X-rays on G2 cells

These experiments were performed in parallel with those involving

ara A and ara C treatments. The spontaneously occuring chromosomal

aberrations observed in controls (entirely untreated samples) were

higher in A-T than normal cells. Although the frequency of
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spontaneously occured gaps and exchanges were similar in both cell

lines, the frequency of chromatid deletions was higher by a factor of 2 in

A-T cells. As shown in table 11, the chromosomal aberrations induced by

1 Gy dose of X-rays in A-T cells were compared to those of normal cells at

the same dose level and at different irradiation-fixation time intervals.

Table 11 shows that A-T cells were approximately 1.5 times more

sensitive to clastogenic effects of X-ray at G2 compared to normal cells in

production of gaps and deletions as assayed per 100 chromosomes, but

not twice that expected, based on Gj results. Despite the presence of high

levels of chromatid deletions in A-T cells a significant increase in the

Figure 3.12. Total number of aberrations induced by X-rays (1 Gy) in G2 A-T
and normal cells irradiated at various times before fixation.
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Figure 3.13. Percentage of Mitotic index in A-T and normal cells following
X-irradiation (1 Gy). Error bars represent standard deviation of mean values of
two experiments. 1000 cells were scored for each point.

formation of chromatid type exchanges in G2 cells compared to normal

cells was not observed (Table 11). The total number of chromatid

aberrations induced by X-rays (1 Gy) in A-T and normal cells at various

time intervals before fixation is depicted in figure 3.12. Background level

of aberrations (in untreated controls) were subtracted from the values

shown for each point. This figure (3.12) clearly shows that the frequency

of X-ray induced chromatid aberrations in A-T cells were at a higher

level than that of normal cells for all irradiation times before fixation.

The average mitotic index values obtained from two experiments show

that A-T cells suffer less radiation induced mitotic delay than normal

cells (Figure 3.13). As the results of experiments described in this section



Table
11:

Comparison
of

radiation
sensitivity
of

normal
and
A-T

cells
when

X-irradiated

at
a

dose
of
1

Gy
in

the
G2

phase.

Treatment
Irradiationintervals(h)

No.ofcells*analysed

Aberrations
per
100

Gaps

Deletions

chromosomesExchanges
Totalaberrations

-

Control
)

Normal
cells:

>

Control

250

0.38
±0.14
0.38
±

0.11

0.06
±

0.01

0.86

(-)

X-rays
1.5

200

2.92
±0.33
9.24
±

0.32

0.46
±

0.10

12.62

(11.76)

X-rays
2.5

250

2.96
±

0.41

8.70
±0.15
0.58
±

0.02

12.24

(11.38)

X-ray

3.5

250

2.06
±

0.04

5.22
±

0.25

0.71
±

0.09

7.99
(

7.13)

A-T

cells:Control

550

0.33
±

0.06

0.72
±

0.20

0.07
±

0.07

1.12

(-)

X-ray

1.5

350

4.94
±1.17
14.71
±

2.41

0.47
±

0.27

20.12

(19.00)

X-ray

2.5

300

3.95
±

0.94

12.33
±

2.17

0.69
±

0.37

16.97

(15.85)

X-ray

3.5

350

3.17
±

0.26

9.69
±

2.05

0.80
±

0.31

13.66

(12.54)

*

Pooled
data
of

three

experiments.

Errors
are

standard
deviation
of

mean
values
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(Figures 3.11 & 3.12 and Tables 10 & 11) show, AT5BIVA cells exhibited

at least twice the hypersensitivity, to X-rays both in terms of cell killing

and chromosomal aberration yields compared to MRC5SVI cells. Thus,

the suspected genetic alterations due to SV40 infection in immortalized

normal and A-T cells used as systems for experiments, do not appear to

play a major role in the response of these cell lines to X-rays.

3.4. Cytogenetic studies with X-rays and ara A treated

G2-cells

a) Experiments with normal cells

A flow diagram for the following experiments with X-rays alone or

in combination with ara A and ara C is shown in figure 3.14. In this

particular experiment, a dose of 2 Gy was given at 1 h intervals in the

presence or absence of 200^ mol/1 ara A. Cells were exposed to 0.08/j. g/ml

Ara A

(Ara. C)^C) ^1 ^2 X|3 X^ X|
44 h Incubation Collection

4 3.5 3 2.5 2 1.5 1

<4 ► G2 £-
* Time in hours Colcemid

treatment

0

►^ ►M

Figure 3.14. A flow diagram of the experimental protocol for G2 normal and A-T
cells. Cells were treated with ara A or ara C at least 0.5 h before irradiation and

remained in the culture medium until fixation. The total treatment time (i.e. 4 h)
includes 1 or 1.5 h colcemid treatment.
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Table 12: Mitotic index with standard errors for normal cells exposed to

X-rays (2 Gy) in the presence or absence of ara A (Results of two experiments).

Treatment time
in hours before
fixation

Ml%
- ara A

Ml%
+araA

Control 2.72 ±.0.22 1.60 ±0.14

X-ray 1.0 1.62 ±0.2 0.89 ± 0.55

X-ray 2.0 1.00 ±0.28 0.79 ± 0.27

X-ray 3.0 1.1 ±2.9 0.74 ± 0.05

of colcemid (4 /j. g/ml) one hour before collection to arrest mitotic figures.

Because of short colcemid treatment, the mitotic index of these experi¬

ments was low (Table 12). Table (13) shows summarized results of these

experiments.

In X-irradiated cells the frequency of induced gaps increased

slightly with post-irradiation incubation time (Figure 3.15). Figure (3.15)

shows that the number of deletions (13.6 deletions per 100 chromosomes

at 1 h before fixation) decreased with increasing incubation time after

irradiation (8.1 deletions per 100 chromosomes at 3 h before fixation).

This was interpreted as rejoining. The rejoining of chromatid deletions

in this cell line followed first order (exponential) kinetics which could be

fitted by the expression:

N = N„ . e-k* <!>

where N, represents the number of breaks remaining after a repair time

t; N0, represents the number of breaks induced initially; and X,

represents the rate constant. Regression analysis of data in figure 3.15
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Figure 3.15. Frequencies of chromatid aberrations as a function of time in normal

cells exposed to X-rays (2 Gy) alone or X-rays and ara A (200fi mol/1). The time
between X-irradiation and fixation includes a 1 h treatment with colcemid. Error

bars represent the standard deviation of mean values of three independently
performed experiments.

for 2 Gy X-ray exposure gave values of N0 = 18.5 and X = -0.258 with

regression coefficient of 0.979.

The half-time (t 1/2) for repair of breaks was also calculated based on

equation (1); i.e. if t = 11/2 then N would be equal to N01/2. By substituting

these values in equation (1) we can derive the expression:

t 1/2 = 0.693 / X (2)

where t 1/2 represents the half-time for repair of breaks. This gave a



RESULTS / 81

value of half-time for repair of breaks in normal cells of 2.7 h.

The frequency of exchanges in X-irradiated cells also increased with

incubation time (Figure 3.16). The number of exchanges approximately

doubled every hour.

The frequency of gaps induced in X-irradiated cells in the presence

of ara A was quite similar to those induced by X-rays alone but at lower

frequency. The average number of gaps induced in three different

fixation time was about 1.9 per 100 chromosomes in X-irradiated cells

and 2.1 gaps per 100 chromosomes in X-irradiated cells in the presence of

ara A. The repair seen for X-irradiated cells was not observed with ara A

treated samples (Figure 3.15) implying that ara A prevented rejoining of

w 41
0)

1 2 3
Time (Hours)

Figure 3.16. Frequency of chromatid exchanges as a function of time in normal cells

exposed to X-rays alone (2 Gy) or to X-rays and 200/i mol/1 ara A. Error bars
represent the standard deviation of mean values of three experiments.



Table
13:

Yields
of

chromatid
aberrations
in

normal
human
(MRC5SVI)

cells:
mean

frequencies

at

various
times

after

exposure
to

X-rays
(2

Gy)
in

the

presence
or

absence
of

200
p

mol/1
ara
A.

Treatment
Time
ofirradiation

No
of

cells

before

analysed
fixation

$

Aberration
per
100

Chromosomes

Gaps

Deletions

Exchanges
Total

Control

250

0.46
+

0.15

0.42
+

0.16

0.02
+

0.007

0.94

Ara
A

alone
4
h

300

0.62
+

0.22

1.11

±0.01

0.13
+

0.04

1.86

X-ray

1

h

300

1.13
+

0.08

13.60+2.59
0.24
+

0.10

14.97

X-ray

2

h

150**
2.19
+

0.74

12.32
+

0.87

0.59
±

0.02

15.10

X-ray

3

h

245

2.31
±

0.74

8.11+1.27
1.07
+

0.38

11.49

X-ray+ara
A

@
1

h

300

1.73
+

0.67

16.82
+

2.31

0.21
±

0.15

18.76

X-ray+ara
A

2

h

150**
2.44
+

1.66

17.10
+

4.24

1.61+0.42
21.15

X-ray+ara
A

3

h

200

2.16
+

0.91

17.27+2.80
2.75+1.07
22.18

**

Pooled
data
of

two

experiments

@

Ara
A

was

added
to

the

culture
medium
1

h

before
the
first

X-irradiation

$

Pooled
data
of

three

independent
experiments

Errors
are

standard
deviation
of

mean
values.
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chromatid deletions. The number of deletions observed at 1 hour before

collection was more in ara A treated cells (16.8 deletions/100

chromosomes) than those after X-rays alone (13.6 deletions/100

chromosomes). This might be partially due to contribution of ara A in

deletion induction and also some might have been repaired during 1

hour colcemid treatment in X-irradiated cells (Figure 3.15). But ara A

by itself induced only 1.1 deletions per 100 chromosomes which is a very

low frequency compared with the frequency of deletions in X-irradiated

cells in the presence of ara A.

During incubation of cells after irradiation the frequency of

chromatid exchanges increased in the presence of ara A. Moreover,

This increase was more than a factor of two in cells irradiated 3 hours

prior to collection in the presence of ara A (2.7 exchanges/100

chromosomes) compared to that of X-rays alone (1.1 exchanges/100

chromosomes) (Figure 3.16).

The average mitotic index values taken from two experiments is

shown in table 12. 1000 cells were scored per point. These results indicate

that ara A caused a G2 delay in addition to that caused by X-rays alone.

b) Experiments with A-T cells

The experimental protocol for study of the kinetics of chromatid

aberrations for A-T cells was essentially the same as for normal cells.

The difference was that X-irradiation was carried out at an earlier time

(0.5 h) following addition of ara A and repeated every half hour to

monitor the re-joining or mis-joining of X-ray induced aberrations in the
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presence or absence of ara A in more details (Figure 3.14). The time

window in this system was limited to 4 h, this is less than the duration of

G2, measured by autoradiography method which was found to be about 5

hours (Figure 3.6a). This restriction was made in order to minimize the

incorporation (clastogenic effect) of ara A in induction of chromatid

aberrations (Figures 3.9 & 3.10). However it was possible to monitor the

rejoining of chromatid breaks by irradiating cells at different intervals

before fixation. Ara A was applied to the cell cultures 0.5 h prior to

irradiation to allow enough time for the nucleotide to be phosphorylated

to the triphosphate level in order to compete with the pool of naturally

occuring nucleotides (dATP) at the polymerase level. All these experi¬

ments involved multiple fixation. Four hours before collection six

samples were exposed to 200 n mol/1 ara A. 30 minutes after addition of

ara A to the cultures; 1st set of cultures (3.5 hours before fixation) were

irradiated at 1 Gy. Control samples were also irradiated in parallel to ara

A treated samples for all stages of the experiment. Ara A was present in

the culture medium after irradiation until fixation. 1.5 hours before

harvesting cells were exposed to 0.08fd g/ml of demecolcine. The experi¬

ment included an entirely untreated sample as well as a control for ara

A alone for four hours.

Data in figure 3.17 and table 14 show that the frequency of gaps

decreased with increasing incubation time. The number of gaps induced

at 3.5 hours before fixation (4.95 gaps/100 chromosomes) was about 1.5

times less than the number of gaps produced at 1.5 hours before fixation

(3.1 gaps/100 chromosomes).
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Figure 3.17. Frequency of deletions and gaps (achromatic lesions) as a function of

time between exposure to X-rays (1 Gy), alone or in combination with 200 fi
mol/1 ara A, before fixation in A-T cells. The time between X-irradiation and
fixation includes a 1.5 h treatment with colcemid. Error bars indicate standard

deviation of mean values of three independendy performed experiments.

Deletions were the most frequent form of aberrations observed in

both X-irradiated and ara A treated cells (Figure 3.17, and Tables 14 &

15). The number of deletions in X-irradiated A-T cells at the shortest

time before collection was 14.71 per 100 chromosomes. The frequency of

deletions decreased with increasing post-irradiation incubation time so

that in cells irradiated 3.5 hours before fixation only 9.69 deletions were

produced per 100 chromosomes. This observation implies that rejoining
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occurred during incubation of cells after irradiation. The kinetics of

rejoining in this system also followed first order (exponential) kinetics.

Regression analysis of data in figure 3.17 for 1 Gy exposure gave values

of: N0 = 21, and A = -0.223 with regression coefficient of 0.977 for A-T cells.

Half-time (t 1/2) for repair of breaks was calculated according to equation

(2). This gave a value of 11/2 for repair of breaks in A-T cells of 3.1 h.

The frequency of exchanges increased with increasing post-

irradiation incubation time (Figure 3.18). Exchanges are thought to

result from misjoining of dsb (Bender et al.1974, Bryant 1984a), therefore,

the number of dsb available and incubation time are two important

factors for the formation of exchanges. In spite of the presence of high

frequencies of deletions in A-T cells the number of exchanges formed in

these cells was not as high as expected based on the increase observed for

deletions compared to normal cells.

Both A-T and normal cells showed relatively similar sensitivity to

ara A alone when exposed at 4 h before fixation. Total aberrations

induced by ara A in A-T (Table 14) and normal cells (Table 13) were 2.09

and 1.76 per 100 chromosomes respectively. The slight increase in

aberrations seen in A-T cells was due to the high level of background

aberrations in A-T cells (1.12 aberrations/100 chromosomes in A-T as

against 0.9 aberrations/100 chromosomes in normal cells).

In those cells treated with 200 n mol/1 ara A and irradiated with 1 Gy

X-rays in the presence of ara A, the result was similar to that of normal

cells. Figure 3.17 shows that the number of deletions induced in cells

irradiated 1.5 hours before fixation in the presence of ara A, was more
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than that of X-rays alone (about 21 deletions with ara A versus about 15

deletions per 100 chromosomes without ara A). Ara A by itself induced

very low level aberrations (1.38 deletions/100 chromosomes) compared to

X-irradiated cells. This indicates that some of the chromatid deletions

were rejoined during 1.5 hours demecolcine treatment in X-irradiated

cells where the rejoining was inhibited when ara A was present in the

culture medium. The rejoining of chromatid breaks seen in X-irradiated

cells (Figure 3.17) was not seen with ara A treated cells, suggesting that

ara A strongly inhibited the rejoining of chromatid breaks.

It was observed that the frequency of exchange formation after

irradiation in the presence of ara A increased as the time of post-

irradiation incubation of cells with ara A increased. As shown in figure

(3.18 lower paner) and table 15 the number of exchanges in cells

irradiated 3.5 hours before fixation in the presence of ara A (1

exchange/100 chromosomes) was slightly higher than those of induced by

X-rays alone (0.8 exchanges /100 chromosomes) (Table 14). However, in

the presence of ara A, the large enhancement of exchange frequencies

observed in normals (Figure 3.18 upper panel) was not seen in A-T cells.

The summarized results obtained with combined treatment of X-rays

and ara A is shown in tables 14 & 15. The results represent pooled data of

three experiments showing standard deviation of mean values.

Data for normal cells exposed to 2 Gy X-rays (Table 13) have been

recalculated as frequency of aberrations per 100 chromosomes for a dose

of 1 Gy, on the assumption of approximate linearly induction of chromo¬

somal aberrations at low doses ofX-rays (0.2 - 2 Gy).
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Figure 3.18. Frequency of exchanges as a function of time in normal (Upper
panel) and A-T cells (Lower panel) exposed to X-rays alone (1 Gy) or in

combination with 200 /J. mol/1 ara A at various times between X-irradiation and

fixation.Top panel; data of experiments with normal cells (Table 13), originally for
a 2 Gy exposure, recalculated for a dose of 1 Gy on the assumption of
approximate linearity of induction in the range of 0-2 Gy. Error bars indicate
standard deviation ofmean values of three experiments.
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The validity of this correction is corroborated by data for normal cells at 1

Gy obtained in a separate study (Table 19). Table 19 shows that at 1.5 h

after irradiation and a dose of 1 Gy about 9 deletions/100 chromosomes

were observed which is very close to the calculated value 8.5 deletions/100

chromosomes at 1 h after irradiation. A comparative diagram indicating

similar exponential chromatid deletion rejoining in both A-T and normal

cells and a higher level of initial (at 0 h) damage in A-T cells following

X-irradiation, is shown in figure 3.19. In this figure data for deletions

induced by 1 Gy ofX-rays given at various intervals before fixation in the



Table
14:

Yields
of

chromatid
aberrations
in

A-T
cells

X-irradiated
at
a

dose
of
1

Gy
at

various

times
before
fixation.

Treatment
Time
ofirradiationbefore

No.
of

cellsanalysed
*

Aberrations
per
100

Gaps

Deletions

chromosomesExchanges
Total

fixation
(h)

Control

550

0.33
±

0.06

0.72
±

0.20

0.07
±0.07

1.12

X-ray
lGy

1.5

350

4.95
±1.17

14.71
±

2.41

0.47
±

0.27

20.13

X-ray
lGy

2.0

300

4.29
±

0.67

13.78
±

2.65

0.53
±

0.26

18.60

X-ray
lGy

2.5

300

3.95
±

0.94

12.33
±2.17

0.69
±

0.37

16.97

X-ray
lGy

3.0

300

3.23
±

0.19

10.40
±1.56

0.69
±

0.32

14.32

X-ray
lGy

3.5

350

3.17
±

0.26

9.69
±

2.05

0.80
±

0.31

13.66

*

Pooled
data
of

three

independent
experiments.

Errors
are

standard
deviation
of

mean
values.
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15:

Effects
of

ara
A

(200
)i

mol/1)
on

yields
of

chromatid
aberrations
in

X-irradiated
(1

Gy)

G2
A-T

cells
at

various
intervals
before
fixation.

Treatment
Time
ofirradiationbeforefixation

(h)

No.
of

cellsanalysed
*

Aberrations
per
100

Gaps

Deletions

chromosomesExchanges
Total

Ara
A

alone

4.0

250

0.61
±

0.28

1.38
±0.22

0.10
±

0.08

2.09

X-ray
+

ara
A

1.5

350

4.70
±

0.87

20.94
±1.41

0.42
±0.12

26.06

X-ray
+

ara
A

2.0

300

4.32
±

0.77

22.29
±

0.73

0.56
±0.10

27.17

X-ray
+

ara
A

2.5

300

4.05
±1.04
22.69

±1.55

0.76
±

0.29

27.50

X-ray
+

ara
A

3.0

250

4.05
±1.01

22.62
±

2.00

0.73
±

0.33

27.40

X-ray
+

ara
A

3.5

350

3.27
±1.02
22.31

±1.91

1.00
±0.37

26.58

*

Pooled
data
of

three

independent
experiments.

Errors
are

standard
deviation
of

mean
values.
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presence or absence of ara A to A-T and normal cells is extrapolated back

to time zero. This shows that for both normal and A-T cells these lines

extrapolate back to a common point; at about 22 for A-T and 8.5 deletions

for normal cells.

Mitotic index (MI) of the experiments were measured and presented

in table 16. 1000 cells were scored per point. Errors are the standard

error of mean values of two experiments. The percentage ofmitotic index

in X-irradiated cells was fluctuated around control (unirradiated) level,

but in ara A treated cells a decrease in MI was observed for all post-

irradiation incubation intervals.

Table 16: Mitotic index with standard errors for A-T cells exposed to a dose
of 1 Gy in the presence or absence of ara A (Results of two experiments).

Treatment
Time in hours
before fixation

Ml%
- ara A

Ml%
+ara A

Control 5.28 ±0.47 3.75 ±1.76

X-rays 1.5 4.40 ±1.27 3.10 ±0.28

X-rays 2.0 4.68 ± 0.64 2.79 ± 0.37

X-rays 2.5 4.05 ± 0.64 3.20 ± 0.32

X-rays 3.0 4.58 ±0.16 2.80 ± 0.42

X-rays 3.5 4.94 ±1.35 2.65 ±0.10
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3.5. Cytogenetic studies with X-rays and ara C treated

G2-celIs

a) Experiments with normal cells

Effects of ara C on normal cells was also studied in essentially the

same way as indicated in the flow diagram shown in figure 3.14. 100 p

mol/l ara C was applied to one set of cultures four hours before collection.

30 minutes later the first set of cultures was irradiated with 1 Gy and a

culture was irradiated every hour until 1.5 h before fixation. The X-ray

dose was reduced to 1 Gy in order to minimise the mitotic delay and G2

block induced as a consequence of irradiation (Table 18). 250 mitotic figures

were scored for each sample.

The frequency of gaps in X-irradiated cells was approximately

constant for all treatment times at a slightly higher level than that seen

after a dose of 2 Gy. The average number of gaps seen after 1 Gy in X-

irradiated cells was about 2.5 gaps /100 chromosomes and about 1.9 gaps

/100 chromosomes in cells irradiated at 2 Gy for three different sampling

times (Figure 3.15). Yields of deletions with a dose of 1 Gy was higher than

half the value obtained with a dose of 2 Gy X-rays (Figure 3.19). This might

be due to different times chosen for irradiation. The same trend of re¬

joining as seen in experiments with 2 Gy X-rays and ara A in G2 normal

cells, was observed for deletion formation. Approximately 50% of deletions

were rejoined within two hours (Figure 3.20). The number of induced

deletions at 1.5 h before fixation in X-irradiated cells was 9.24 /100

chromosomes which decreased to 5.22 deletions/100 chromosomes
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Figure 3.20. Frequency of chromatid deletions and gaps in normal cells as a function
of time after a dose of 1 Gy of X-rays in the presence or absence of ara C

(100fi mol/1). The time between irradiation and fixation includes a 1.5 h treatment

with colcemid. Error bars represent standard deviation of mean values of three
experiments.

following two hours between irradiation and fixation. Regression

analysis of data in Figure 3.20 and Table 17 gave values of No = 15.28 and

X = -0.286 for a dose of 1 Gy. This gave a value of the half-time for repair

of breaks of 2.42 h (equation 2) which is very close to the value of 2.7 h

obtained for a dose of 2 Gy in normal cells (Table 13).

The number of exchanges increased slightly with post-irradiation

incubation time (Figure 3.21).

In those cells treated with ara C and irradiated with X-rays, the
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:Frequencies
of

chromatid
aberrations
in

X-irradiated
(1

Gy)
G2

normal
(MRC5SVI)

cells
in

the

presence
or

absence
of

ara
C

(100
)x

mol/1).

Treatmet
Time
ofirradiationbeforefixation

(h)

No.of
cellsanalysed

Aberrations
per
100

Chromosomes

Gaps

Deletions

Exchanges
Total

Control

250

0.38
±

0.14

0.38
±

0.11

0.06
±

0.01

0.82

Ara
C

alone

250

0.67
±

0.28

1.47
±0.18

0.11
±

0.03

2.25

X-rays

1.5

200

2.92
±

0.13

9.24
±

0.32

0.46
±0.10

12.62

X-rays

2.5

250

2.96
±

0.41

8.70
±0.15

0.58
±

0.02

12.24

X-rays

3.5

250

2.06
±

0.04

5.22
±

0.25

0.71
±

0.09

7.99

X-ray
+

ara
C

1.5

250

2.82
±

0.54

9.85
±

0.94

0.52
±

0.06

13.19

X-ray
+

ara
C

2.5

250

3.27
±

0.40

15.87
±

0.71

0.79
±0.16

19.93

X-ray
+

ara
C

3.5

250

2.89
±

0.44

17.90
±1.24

1.12
±0.09

21.91

*

Pooled
data
of

three

independent
experiments

Errors
are

standard
deviation
of

mean
values
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number of gaps induced in the presence of ara C (3 gaps/100

chromosomes average of three fixation times) was similar to those of

induced by X-rays alone (2.7 gaps A00 chromosomes average of three

fixation time) (Figure 3.20). The kinetics of gaps was found to be similar

to that after a dose of 2 Gy X-rays, in the presence or absence of ara A.

The number of deletions increased in the presence of ara C with

post-irradiation incubation time. In the sample irradiated 1.5 hours

Table 18: Mitotic index with standard errors for normal cells exposed to

X-rays (1 Gy) in the presence or absence of ara C
(Results of two experiments).

Treatment time
in hours before
fixation

Ml%
- ara C

Ml%
+ara C

Control 4.11 ± 1.37 1.97 ±0.42

X-rays 1.5 1.51 ±0.46 1.23 ±0.04

X-rays 2.5 1.70 ±1.27 1.13 ±0.08

X-rays 3.5 2.89 ± 0.87 1.56 ±0.01

before collection, there was no major difference in frequencies of

deletions induced by either X-rays alone or X-rays in combination with

ara C (9.24 as against 9.85 deletions A 00 chromosomes respectively). The

number of deletions induced in the presence of ara C almost doubled

after two hours of post-irradiation incubation (9.85 deletions increased to

17.9 deletions A00 chromosomes). But the increase in deletion frequency

in the presence of ara C was more pronounced during first hour

following irradiation (Figure 3.20). The frequency of exchanges also

increased in the presence of ara C with increasing incubation time after
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treatment (Figure 3.21). This finding was very similar to that of ara A

treated cells with 1 Gy X-rays in A-T cells.

1.5

| X-rays
U X-rays + ara C

3.5
Time (Hours)

Figure 3.21. Frequency of chromatid exchanges as a function of time in normal

human cells exposed to X-rays (1 Gy) in the presence or absence of 100 ^ mo1/1
ara C. Error bars represent the standard deviation of mean values of three
experiments.

b) Experiments with A-T cells

Experiments with ara C in X-irradiated cells were performed in

parallel to those with X-rays and ara A treated cells, according to the

flow diagram shown in figure 3.14. 100 /i mol/l ara C was added to some

cultures, 4 hours before fixation. Irradiation was carried out at various

intervals as in flow chart, starting at 30 minutes after ara C treatment.
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Demecolcine was added 1.5 hours before collection and harvesting. The

results of these experiments are summarized in table 20, which also

indicates the standard deviation ofmean values of two experiments.

In G2 irradiated A-T cells in the presence of ara C, there was a

slight decrease in the frequency of gaps between irradiation and fixation

time, the trend similar to that after X-rays alone as well as to that of a

combined treatment of X-rays and ara A. The number of gaps formed in

cells irradiated at 1.5 hours before fixation, was however lower than

those induced by X-rays alone or by X-rays and ara A (Figure 3.17).

Both A-T and normal cells showed relatively similar sensitivity to

ara C (100 fj. mol/1) when exposed at 4 h before fixation. Total aberrations

induced by ara C alone in A-T (Table 20) and normal cells (Table 17) were

2.45 and 2.25 per 100 chromosomes respectively. Background level (in

Table 19:Mitotic indexwith standard errors forA-T cells exposed to X-rays (1 Gy) in
the presence or absence ofara C (Results of two experiments).

Treatment
Time in hours
before fixation

Ml%
- ara C

Ml%
+ara C

Control 5.28 ± 0.42 3.97 ±1.08

X-ray 1.5 4.40 ±1.27 2.90 ± 0.73

X-ray 2.0 4.68 ± 0.64 2.85 ±1.20

X-ray 2.5 4.05 ±0.64 2.30 ±1.13

X-ray 3.0 4.58 ± 0.16 2.30 ± 0.42

X-ray 3.5 4.94 ±1.35 1.25 ±0.10
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Figure 3.22. Frequency of chromatid deletions and gaps in G2 A-T cells exposed to

X-rays (1 Gy), and held in the presence or absence of ara C (100 ji mol/1) for
various periods of time before fixation. Error bars represent standard deviation of
mean values of two independently performed experiments.

untreated controls) of aberrations was higher in A-T cells than that of

normal cells (1.12 and 0.82 per 100 chromosomes respectively).

Despite the observation of a decreasing number of chromatid

deletions in X-irradiated and a constant frequency of deletions for

combined treatment of ara A and X-rays, the number of deletions in G2

irradiated A-T cells in the presence of ara C increased with post-

irradiation incubation time (Figure 3.22). This increase was of the order

of twice the number of deletions observed at shortest sampling time (i.e.
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1.5 h before collection) within two hours. However, the increase in the

frequency of deletions was most marked during the first half hour after

irradiation in that the frequency of 14.57 deletions /100 chromosomes

induced at 1.5 h before fixation increased to 19.50 deletions /100

chromosomes at 2 h. A slower rate of increase in deletions was found for

the remaining 1.5 h after irradiation i.e. from 19.50 to 24.47 deletions /100

chromosomes. The contribution of breaks induced by ara C alone was

only a fraction of total deletions induced by X-rays and ara C. Ara C

alone induced only 1.59 deletions per 100 chromosomes when it was

1.51 | X-rays
£2 X + araC

3 3.5

Time (Hours)

Figure 3.23. Frequency of chromatid exchanges as a function of time in A-T cells

exposed to X-rays alone (1 Gy) or in combination with 100 fi mol/1 ara C for
various times before fixation. Error bars represent the standard deviation of mean
values of two experiments.
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present for four hours in culture medium.

The formation of exchanges was very similar to the pattern observed

with X-rays and ara A in A-T cells; that is the frequency of exchange

formation increased between irradiation and fixation. The number of

exchanges observed in the presence of ara C was only slightly higher

than the number of exchanges observed in cells given X-rays alone

(Figure 3.23).

The mitotic index obtained in experiments with ara A and ara C and

X-rays were also measured by counting more than 1000 cells for each

Treatment time in hours before fixation

Figure 3.24. Changes in the mitotic index (MI) in A-T cells during the 3.5 h period
after treatment with X-rays alone or in combination with ara A or ara C. 1000 cells
were scored per point. Error bars indicate the standard error of mean values of two
experiments.
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AT5BIVA
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(100
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Treatment
Time
ofirradiationbeforefixation

(h)
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cellsanalysed
*

Gaps

Aberrations
perDeletions
100

chromosomesExchanges
Total

Ara
C

alone

200

0.73

±0.08

1.59
±0.03

0.13
±0.03

2.45

X-ray
+

ara
C

1.5

250

4.22
±

0.48

14.57
±0.22

0.39
±0.18

19.18

X-ray
+

ara
C

2.0

250

4.50
±

0.28

19.50
±0.98

0.73
±0.25

24.73

X-ray
+

ara
C

2.5

225

4.04
±

0.37

22.30
±1.36

0.99
±

0.35

27.33

X-ray
+

ara
C

3.0

250

3.60
±

0.50

24.10
±

0.32

0.85
±

0.35

28.55

X-ray
+

ara
C

3.5

220

3.25
±1.09

25.47
±

0.69

1.13
±0.27

29.85

*

Pooled
data
of

two

experiments.

Errors
are

standard
deviation
of

mean
values.
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sample. The result shown in table 19 is the mean of two experiments.

Mitotic index for X-irradiated samples seems to be similar for all stages

ofX-irradiation in G2 phase for A-T cells (Figure 3.24). For ara A treated

samples the mitotic index was lower than that seen for X-irradiated

cells, and the value remained nearly constant for all samples (Figure

3.24). For ara C treated samples, the mitotic index was not only lower

than for X-irradiated samples, but it decreased with increasing

incubation time after irradiation (Figure 3.24).

3.6. Effects of low doses of X-rays on G2 A-T cells

This experiment was performed to study the yield of X-ray induced

chromatid aberrations induced by low doses of X-rays in the presence or

absence of ara A (200 /i mol/1) at short times (1.5 hours before fixation)

before mitosis or late G2. The purpose of this study was therefore two fold;

firstly to investigate the effects of low doses of X-rays in chromatid

aberration induction and secondly, study of the effects of ara A on the

induced chromatid aberrations. Two sets of cultures of A-T cells at

2.5x105 cells in 25 cm2 flasks in 6 ml MEMFCS were incubated for 48 h.

Cells then were irradiated at 0.4, 0.8 and 1.2 Gy X-rays at 1.5 hours before

collection, in the presence and absence of 200 ji mol/1 ara A. Ara A was

applied 0.5 hours before X-irradiation. 100 mitotic figures were analysed

for each sample. The result of this experiment is shown in table 21. It

can be seen that the number of aberrations; gaps, deletions, and
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exchanges increased with increasing X-ray dose. This increase was

higher in X-irradiated cells in the presence of ara A than for X-rays

alone, particularly of deletion type aberrations. The results clearly

indicate that more than one third of deletions were rejoined in cells

treated with X-rays alone which was inhibited by ara A during 1.5 h

colcemid treatment.

Table 21: Yields of chromatid aberrations in G2 A-T cells exposed to various

doses ofX-rays in the presence or absence of ara A (200 n mol/1). Ara A was

added to the culture medium 2 h before fixation and X-rays was given 0.5 h
after ara A treatment.

Treatment
No of celte

analysed Gaps Deletions Exchanges

X-ray 0.4 Gy 100 138 264 18

X-ray 0.8 Gy 100 179 475 20

X-ray 1.2 Gy 100 260 711 33

0.4 Gy + ara A 100 169 352 13

0.8 Gy + ara A 100 261 821 20

1.2 Gy + ara A 100 235 1045 36
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4. DISCUSSION

G2-repair and formation of chromatid aberrations

Based on autoradiographic experiments, the G2 stage begins when

it is not possible to detect chromosomal DNA synthesis by incorporation

of tritiated thymidine (3H-TdR) into DNA. However, because this

technique is not sensitive enough to detect small amounts of incorpora¬

tion of the precursors, the G2 stage in the cell cycle is only an operational

definition. There is also considerable evidence for the existance of low

levels ofDNA synthetic activity in G2 (Schvartzman et al. 1981, Moore and

Hodgson 1983).

Irradiation of cells during G2 leads to the formation of chromatid

type aberrations. Palitti et al. (1983) proposed that three major processes

operate in G2. These are DNA repair, replicative DNA synthesis and

chromatin condensation. All these may be relevant to the formation of

chromatid aberrations. Based on this hypothesis, an effect on any one of

these systems can affect the frequency of chromatid aberrations. G2 has

been postulated as a period of DNA repair by several authors (Waldren

and Johnson 1974, Hittleman and Rao 1974 a & b, Painter 1980, Painter

and Young 1980, Hartley-Asp et al. 1980, Zampetti-Bosseler and Scott

1981, Kihlman et al. 1982, Palitti et al. 1983). Cells irradiated or treated

with chemical mutagens may be delayed in G2 in order to repair

damaged sites in DNA before entering mitosis. If the rejoining of

chromatid deletions which was clearly demonstrated in figures 3.15 &
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3.20 for normal and figures 3.17 & 3.22 for A-T cells represents the repair

of DNA dsb, then one might conclude that the data presented here

supports the idea of existence a repair mechanism in G2 phase of the cell

cycle. Blocher et al. (1983) showed that repair of DNA dsb takes place in

the G2 as well as other phases of the cell cycle. Following irradiation and

treatments with the inhibitor of DNA synthesis, ara A, normal cells

(after 2 Gy) showed mitotic delay (Table 12). This result indicates that ara

A caused a G2 delay in addition to that caused by X-rays alone.

Although A-T cells were about twice as sensitive as normal cells

when irradiated in G2 (Table 11), there was no significant G2 delay

observed compared to the unirradiated control (Figure 3.13, Table 16).

This was judged by measurement of mitotic index of the samples. This

finding is in agreement with the report by Zampetti-Bosseler and Scott

(1981). It is possible that this effect and the G2 blockage effects described

by Ford et al. (1984) could influence the frequencies and kinetics of

deletions in the two cell lines. In spite of the presence and absence of a

radiation induced G2 delay in normal and A-T cells respectively (Figure

3.13), a similar rejoining rate of chromatid deletions was observed in both

cell lines (Figures 3.15, 3.17, & 3.19). If the difference in G2 delay in the

two lines played a key role in the determination of the kinetics of

deletions, we might expect markedly different kinetics for deletions in the

two lines. This may suggest that a special class of lesions (not dsb) could

be involved in causing G2 - mitotic delay. However, following combined

treatment with X-rays and ara A or ara C, A-T cells showed a significant
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delay compared to those recieved X-rays alone, particularly when treated

with ara C for a longer period (Figure 3.24). This observation indicates

that there might be a relation between G2 delay and repair processes

during G2 allowing more time for repair of DNA damage.

Palitti et al. (1983) suggested that there is a process for repair of

DNA damage occuring late in G2 which requires semi-conservative DNA

synthesis. Any failure in this process will contribute to chromatid

aberration formation. The existence of a repair process in G2 phase was

also shown by Lucke-Hiihle et al. (1983).

Kinetics of X-ray induced chromatid breaks in G2 human cells :

the effects ofaraA

It is evident from the kinetics of disappearance of chromatid breaks

(Figures 3.15 & 3.20) that rejoining of these in normal (MRC5SVI) cells

irradiated at 1 Gy and 2 Gy, occured with a half time (tl/2) of approxi¬

mately 2.4 and 2.7 hours respectively. This value is similar to the half

time derived from the initial component of rejoining of chromosome

breaks found in PCC experiments of Cornforth and Bedford (1983) using

normal human (Gq) fibroblasts. This rejoining rate for chromosome and

chromatid breaks also corresponds closely to the rate of rejoining of dsb

in mouse Ehrlich ascites tumour cells (Bryant and Blocher 1980, Blocher

and Pohlit 1982). On the assumption that each chromatid contains a

single, continous DNA double helix (Bender et al. 1974, Evans 1977),
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chromatid breaks seen in the first metaphase following G2 irradiation

would represent unrepaired DNA dsb. These dsb could arise directly or

indirectly as the result of repair processes (Bender et al. 1974, Evans 1977,

Taylor 1978, Parshad et al. 1980, Preston 1980). It therefore seems

plausible that the rejoining of G2 chromatid breaks, like that of Gq

chromosome breaks, reflects the underlying repair of DNA dsb although

the frequencies of chromatid breaks observed are much lower than the

frequencies of dsb measured by biochemical methods. For example, the

frequency of breaks measured by PCC in normal Gq human fibroblasts

(Cornforth and Bedford 1983) was about 6 breaks per cell/Gy whereas

measurements in mouse Ehrlich ascites tumour cells by neutral

gradient velocity centrifugation yielded about 40 dsb/cell/Gy (Blocher

1982). It seems as though only a small proportion of dsb measured by

biochemical means are expressed as visible breaks in either chromo¬

somes or chromatids. By implication, it is possible that chromatid or

chromosome breaks observed in G2 or PCC cells represent a special class

of dsb or at least represent dsb in particular regions of the chromatid

structure susceptible to rupture. It has been shown that the induction of

"pure" dsb by restriction endonuclease (RE) in the DNA of Sendai virus

permeabilized (unirradiated) mammalian cells leads to the formation of

CA (Bryant 1984 a, Natarajan and Obe 1984). However, a comparison of

the half-time of kinetics of rejoining of breaks in prematurely condensed

chromosomes (Cornforth and Bedford 1983) and of breaks in chromatids

(Figures 3.15 & 3.17) with biochemical data for dsb repair (e.g. Blocher

and Pohlit 1982) suggests that breaks observable at the chromosomal level
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are representative of dsb in DNA.

When normal G2 cells were exposed to ara A between irradiation

and mitosis the rejoining of breaks in chromatids was strongly inhibited

(Figure 3.15). This inhibition of rejoining of chromatid breaks by ara A

again appears to reflect underlying inhibition of repair of X-ray induced

dsb in DNA (Bryant and Blocher 1982). Ara A alone at 200 n mol/1 caused

only a low frequency of chromatid breaks unless the time of incubation of

cells in ara A was increased beyond 4 h (Figure 3.9). The frequency of

breaks in irradiated cells observed in the presence of ara A was higher

than that in cells receiving X-rays alone. This is thought to be due partly

to the small increase in breaks caused by ara A alone (Figure 3.9) and

partly due to the inhibition of dsb repair between time zero (the time of

X-ray exposure) and the first measurement at 1 h before fixation (Figure

3.15).

For A-T cells treated with ara A, the frequency of X-ray induced

deletions was found to be approximately constant for all post-irradiation

intervals. This effect was similar to the situation in normal cells but the

frequency of deletions was higher in A-T cells by a factor of 1.5 - 2 for the

same dose of X-rays (Figure 19).

The frequency of gaps (achromatic lesions) formed after X-rays

alone or in combination with ara A was found to be much lower than that

for breaks in normal cells (Figure 3.15). The frequency of gaps after both

treatments was found to increase slightly during incubation of G2 cells

up to 3 h in case of normal cells (Figure 3.15). After a dose of 1 Gy , there

was no increase in the frequency of gaps with increasing time between
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irradiation and fiixation. The frequency of gaps obtained with 1 Gy was at

a higher level compared to that of 2 Gy. For A-T cells, although yields of

gaps were similar in cells exposed to X-rays alone or X-ray and ara A,

the frequency slightly decreased with post-irradiation incubation time

(Figure 3.17). The significance of this is not clear. Bender et al. (1974)

suggested that gaps arise from single-strand breaks (ssb) in DNA.

Conversion of single-strand base-damaged sites into ssb might thus lead

to an increase in these lesions during post-irradiation incubation. One

could assume that these gaps arose from ssb, as proposed by Bender et al.

(1974), after the initial rapid repair of directly induced ssb has taken

place (Bryant et al. 1984).

Preston (1980) suggested that chromosomal aberrations may arise

specifically from base damaged sites in the DNA strand. This could

occur by a mechanism in which base damage is converted into ssb; such

a mechanism has been shown to occur (Ahnstrom and Bryant 1982). If

this were the case (for gaps) then treatment with ara A, which reduces

the rate of ssb repair (Bryant and Blocher 1982), should lead to an

accumulation of gaps in cells treated with this drug. Figures (3.15 & 3.17)

show that for cells incubated in the presence or absence of ara A, the

frequency of gaps followed similar kinetics. This indicates that a

base-damage origin' at least for gaps is unlikely. The possibility of

involvement of base damage in chromosomal aberration formation will

be disscused in more detail when discussing the results of experiments

with ara C.
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The paradox ofchromatid exchange formation in the presence of
araA and ara C

During incubation of cells after irradiation the number of chromatid

exchanges increased (Figures 3.16 & 3.18). Chromatid type exchange

aberrations induced by X-rays in human cells may be the result of

misjoining (or illegitimate joining) of two or more chromatids before cells

enter mitosis. The formation of exchanges was proposed to be the

consequence of misjoining of broken chromosomes according to the

"breakage-first" hypothesis (Sax 1938). In order to form an exchange,

DNA lesions which give rise to exchange aberrations should be in close

proximity (Natarajan and Ahnstrom 1968, Kihlman 1977). Although the

nature of exchange formation is not yet clearly understood, Evans (1977)

proposed that formation of single stranded DNA lesions induced by

S-specific agents such as UV-radiation may lead to the formation of

chromatid type exchange aberrations via misreplication. It was also

shown that both ionizing radiation and RE induce chromosomal

aberrations in the form of both breaks and exchanges when applied to Gj-

S- or G2-stages of the cell cycle (Obe and Winkel 1985, Bryant et al. 1987).

Chadwick and Leenhouts (1978) hypothesised a mis-recombinational

process for exchange formation involving interaction of a dsb in one

chromosome with an undamaged homologous region of another

chromosome. The proposed model was based on a model for repair of

DNA double-strand breaks which relies primarily on a recombination

intermediate, heteroduplex DNA (Resnick 1976). The process involves the

exchange of homologous strands of chromosomal DNA and basically
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requires naturally occuring DNA degradative and repair enzymes and

heteroduplex recombinant structures. Based on a molecular version of

the "breakage-first" hypothesis, however, it is believed that exchanges

are the result ofmisjoining of two DNA dsb (Bender et al. 1974, Natarajan

et al. 1980, Bryant 1984 a, Obe and Winkel 1985). Important in this context

are both the number of dsb available for such exchanges to occur and the

time available for exchange formation. Figures (3.16 & 3.18) clearly show

the importance of the time available for exchange formation. Within two

hours post irradiation the number of exchanges in X-irradiated cells

increased approximately by a factor of two for both cell lines. When

X-irradiated G2 cells were treated with ara A it was found that the

frequency of exchange aberrations also increased with time of treatment.

Moreover the frequency was more than three times higher than the

frequency obtained with X-rays alone in normal cells. This increase in

exchanges with time could not be attributed to a reduction in G2 delay as

has been found for caffeine (Hansson et al. 1984). The mitotic index

(Tables 12, 16,18, & 19) shows that in contrast, both ara A and ara C led

to a reduction in the mitotic index indicating an enhanced delay in both

cell lines.

As shown in figures (3.16 & 3.18, 3.20 & 3.22) for normal and A-T

cells, exchanges were formed in X-irradiated cells in the presence of

either of the DNA synthesis inhibitors ara A or ara C, at higher levels

than that for X-rays alone. Although the frequency of exchanges in

X-irradiated A-T cells in the presence or absence of ara A increased with

post-irradiation incubation time, the increase in exchanges in the
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presence of ara A was less pronounced than that found for normal cells.

This might be because different X-ray doses were used for normal and

A-T cells. These data however, are not inconsistent with the results

obtained for normal cells with ara A. Figures (3.15 & 3.17) on the other

hand show that the rejoining of X-ray induced deletions in A-T and

normal cells was strongly inhibited in the presence of ara A.

The increased frequency of exchanges with ara A or ara C appears

paradoxical in the light of results showing an inhibition by ara A and ara

C of chromatid break rejoining (Figures 3.15 & 3.17, 3.20 & 3.22) as well

as a reduction of 85-90 percent ofDNA synthesis by 200 /i mol/1 ara A or by

100-200 /I mol/1 ara C in both normal (Figure 3.1) and A-T cells (Figure

3.2) when applied in S-phase of the cell cycle and judged by 3H-TdR

incorporation. Because inhibition of chromatid deletion rejoining by ara

A was interpreted as underlying inhibition of DNA dsb repair, the

formation of exchanges would be inhibited if the same mechanism

applied. Data presented here, thus does not support the proposal of

Chadwick and Leenhouts (1978) for exchange formation based on a

mis-recombinational process. Exchange formation based on this model

would require DNA repair synthesis as is required for recombinational

repair ofDNA dsb, and this process (DNA synthesis) was inhibited by the

presence of ara A. Furthermore, Kihlman et al. (1978) usingVicia faba

roots, clearly showed that two chromatid breaks were required to form a

chromatid exchange in G2 cells and therefore mis-recombination

between one damaged and one undamaged homologous chromatid is

therefore unlikely to lead to the formation of chromatid exchanges. A
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possible explanation for an increased frequency of exchange type

aberrations in irradiated cells treated with ara A is that by holding

breaks open, the inhibitor allows mis-joining of dsb to occur with a high

frequency due to the presence and maintenance of a large pool of dsb

(Bryant 1984 b). An increased yield of exchange aberrations (approxi¬

mately 2 fold) was found in Gq human lymphocytes following irradiation

in the presence of ara C (Holmberg and Cumasukas 1986). These authors

suggested that ara C may hold short-lived DNA lesions open so that more

such breaks can interact to form exchange complexes. They therefore

concluded that short-lived DNA lesions associate and form an exchange

complex. The nature of short- lived DNA lesions however, is not known.

Whether these lesions are simply ssb which repair rapidly or-include

short-lived DNA dsb is not known. Since it was shown that 50% ssb are

repaired within two minutes post-irradiation (van der Schans et al. 1982

b). There might also be two classes of dsb induced by ionizing radiation;

fast repair dsb with a rejoining tl/2 of 10-20 minutes (Weibezahn and

Coquerelle 1980, van der Schans et al. 1982 b) and slow repair dsb with

tl/2 of about 1.5-7 hours which was measured for the rejoining of

radiation induced dsb in Ehrlich ascites tumour cells (Bryant and

BlOcher 1980). Van der Schans et al. (1982 b) concluded that the dsb

measured by neutral elution technique was different from the dsb

measured by Bryant and BltJcher (1980) using neutral sucrose gradiant

sedimentation technique. If short lived dsb are involved in exchange

formation, it can be deduced that a higher frequency of short-lived dsb

might be induced in normal cells than A-T cells. In other words if
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X-irradiation induces more long-lived DNA dsb in A-T cells consequently

a lower frequency of exchanges might be formed in the presence of ara A

in A-T (Figure 3.18 lower panel) compared to normal cells (Figure 3.18

upper panel). But the question arises, however, as to why and how do

mis-joining events, which by inference represent mis-repair or illegi¬

timate joining of dsb, occur when the joining of dsb is inhibited?

A possible explanation for this paradox is that the 'mis-repair' of dsb

which is evident at metaphase as the formation of chromosomal

exchanges is the result of a separate independent mechanism not

inhibited by ara A and thus by inference not requiring DNA repair

synthesis. The fact that higher frequencies of chromosome and

chromatid type exchange aberrations were found in xrs mutant cell lines

than wild type parent CHO-K1 cells lends support to this proposal (Kemp

et al. 1984, Kemp and Jeggo 1986, Darroudi and Natarajan 1987, Bryant et

al. 1987). Xrs mutants (Jeggo et al. 1982) are hypersensitive to X-rays and

are thought to be defective in the repair of DNA dsb (Kemp et al. 1984,

Costa and Bryant 1988). Recently, Kemp and Jeggo (1986) showed that a 3

to 5-fold increase in chromatid gaps, breaks and exchanges occured in

assynchronous populations of xrs cells when irradiated in late S- or

G2*phase compared to CHO-K1 cells. The high frequency of exchange

formation in these cells, induced by both radiation and RE, associated

with reduced rate of dsb rejoining (Kemp et al. 1984) clearly shows that

repair of DNA dsb might not be involved in exchange formation.

Therefore the presence of two mechanisms for DNA joining seems likely:

the first which correctly joins dsb, is dependent on DNA repair synthesis
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and might involve recombination, and the second which is independent

of DNA synthesis and may misjoin dsb leading to the formation of

exchange type aberrations. The notion of a two component chromosomal

joining system was postulated by Countryman et al. (1977).

Chromosomal hypersensitivity of G2 A-T cells to X-rays

A-T cells were shown to be hyper-sensitive to radiation and DNA

damaging agents in both and G2 phases of the cell cycle (Rary et al.

1974, Taylor et al. 1976, Taylor 1982). The high frequency of chromosome

aberrations in A-T cells following radiation or bleomycin treatment

suggests that unrejoined or mis-repaired breaks are one type of lesions

responsible for enhanced chromosomal radiosensitivity in these cells.

A-T is an autosomal recessive syndrome and shows an increased

frequency of spontaneous chromosomal aberrations. The unusual

finding of Taylor et al. (1976) which showed that A-T cells exhibit

increased frequencies of chromatid type aberrations following Gq

irradiation, attracted considerable scientific interest to understand

cytogenetic mechanisms underlying A-T hypersensitivity to radiation

and mutagens.

The SV40 transformed A-T cell line (AT5BIVA) used in these

studies retain two important characteristics of A-T derived cells. First,

the A-T cells showed increased X-ray induced cell killing (Figure 3.11)

(Smith et al. 1985). Secondly, that Smith et al. (1985) using flow cytofluori-

metric analyses revealed that SV40 transformed A-T cells exhibited the

expected A-T anomaly of the resistant de novo DNA synthesis to
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radiogenic inhibition. These observations indicate that SV40 transform¬

ation per se does not affect the primary lesions responsible for radiation

hypersensitivity.

A-T cells were about twice as radiosensitive as normal cells when

exposed to 1 Gy X-rays in G2*phase (Table 11). A similar effect was found

previously for both lymphocytes (Rary et al. 1974, Taylor 1978, 1982,

Bender et al. 1985) and fibroblasts (Natarajan and Meyers 1979, Parshad

et al. 1985). The extent of radiosensitivity was found to be greater in

primary cell lines and lymphocytes. However, in spite of the accumul¬

ation of data on the cytogenetics of A-T cells, there is still uncertainty

about the nature of the chromosomal hypersensitivity of these cells when

exposed to ionizing radiation and other DNA damaging agents.

Biochemical experiments carried out with A-T cells failed to prove

the existance of a repair defect in these cells. The measurments of the

breaks by classical sucrose centrifugation (Taylor et al. 1975, Vincent et

al. 1975, Paterson et al. 1976, Lehmann and Stevens 1977), by alkaline

filter elusion (Fornace and Little 1980, Hariharan et al. 1981) or by

flourimetric analsyis of DNA unwinding (Thierry et al. 1985) implies that

there is no distinguishable difference between the rate of induction or

rejoining of either single- or double-strand breaks. Despite biochemical

evidence for normal repair of DNA breaks in A-T cells, Taylor (1978)

concluded from work based on chromosomal aberration studies, that

increased chromosomal aberrations in A-T cells might be due to more

unrepaired DNA dsb than in normal cells. From this hypothesis about 1

to 3 percent of DNA dsb induced in A-T cells do not rejoin in these cells
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compared to only 0.3 percent in normal cells (Taylor 1978). This proposal

was supported by recent data with PCC for normal and A-T lymphocytes

irradiated in Gq (Comforth and Bedford 1985). These authors showed that

X-rays induced similar frequencies of breaks in both Gq normal and A-T

cells initially. After similar initial rejoining kinetics, breaks in A-T cells

plateaued out at a higher level (factor of about 10 in logarithmic scale)

than in normal cells.

In the present experiments, similar kinetics (exponential) of

rejoining of chromatid breaks was found for both normal (Figure 3.15

and 3.20) and A-T cells (Figure 3.17) following X-irradiation with a half

time (tl/2) of rejoining of approximately 2.4 to 3.1 hours. The results of

A-T cells with X-rays may also reflect the similar rate of repair of dsb

observed for A-T and normal cells (e.g. Lehmann and Stevens 1977) and

parallels the initial rate of rejoining of PCC fragments in A-T and

normal cells (Cornforth and Bedford 1985).

Using the "G2 system", it was possible to demonstrate however that

a higher initial frequency of chromatid deletions occurs in X-irradiated

A-T cells (Table 14) than in the normal cell line (Table 13). This data

confirm a report by Bender et al. (1985) which showed that about 4 times

more deletions were observed for the same dose (50 rad) in A-T cells than

in normal human lymphocytes based on deletions scored at 1.5 h

following irradiation. The frequency of deletions at 1.5 h after irradiation

was found to be 14.71 deletions per 100 chromosomes (approximately

7/cell) for A-T cells at 1 Gy (Table 14) whereas about 9 deletions per 100

chromosomes were found for normal cells for the same dose (1 Gy) (Table
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17). Although this value was similar to the frequency of breaks measured

by PCC in Gq human normal and A-T fibroblasts where about 6 breaks/

Gy/ cell was measured (Cornforth and Bedford 1983, 1985), again this

does not reflect the total number of dsb per cell per Gy as measured by

biochemical methods (about 40 dsb/Gy/cell) (BlScher 1982). The values of

frequencies of deletions in G2 cells should actually be halved when

compared with Gq or Gj cells, since G2 cells contain twice the amount of

DNA. Assuming only about 30 percent of breaks rejoin in the first 1-1.5 h

after X-irradiation, based on the data in figures 3.15 & 3.17 and equation

(1) it could be concluded that A-T cells convert more dsb into chromatid

breaks following X-irradiation. This is also demonstrated in figure 3.19

which shows extrapolated values of deletions at time zero (about 22

deletions per 100 chromosomes in A-T and about 8.5 deletions per 100

chromosomes in normal cells). This data is not in agreement with the

report by Cornforth and Bedford (1985) for PCC fragments in A-T and

normal cells where equal frequencies of breaks (about 6/cell/Gy) were

observed in both cell lines at time zero.

Enhanced G2 chromatid radiosensitivity could either reflect greater

initial radiation induced damage (Parshad et al. 1983) or a deficiency in

an aspect ofDNA repair (Parshad et al. 1982,1984, Gantt et al. 1986). But

apart from showing normal repair of DNA dsb and ssb in A-T cells,

biochemical techniques have also shown that a similar initial frequency

of dsb is induced in both A-T and normal cells following irradiation (e.g.

Lehmann and Stevens 1977, Thierry et al. 1985). However, the chromatid

deletions which are thought to arise from dsb were at least twice as



DISCUSSION / 121

frequent in A-T than normal cells. Therefore, based on the data shown in

figure 3.19 and the results of Bender et al. (1985), it is possible to suggest

that higher levels of dsb are converted into chromatid breaks in A-T cells

than in normal cells. This high conversion of dsb into aberrations in A-T

cells might be considered as one of the reasons for chromosomal, as well

as cellular, hypersensitivity of A-T cells to radiation and chemical

mutagens. The mechanism for this conversion of dsb into aberrations is

not known. This interpretation however, is different from the proposal of

Taylor (1978) and Cornforth and Bedford (1985) who postulated that

residual (or unrepaired) dsb are the cause of higher yield of chromatid

aberrations in A-T cells.

For X-irradiated A-T cells treated with ara A (Figure 3.17), the

results were similar to those found with normal cells (Figures 3.15, 3.20)

but at higher levels in A-T cells, particularly for deletions. The frequency

of deletions was found to be higher than that of cells exposed to X-rays

alone at 1.5 h before fixation and also was constant for all post-irradiation

intervals. This was interpreted to be due to inhibition of dsb repair by ara

A. Ara A by itself induced very low levels of chromatid deletions when

present for 4 h in culture medium before fixation (1.38 deletions per 100

chromosomes).

At 1.5 h after irradiation, the frequency of X-ray induced deletions

was higher in the presence than in the absence of ara A in A-T cells.

X-rays alone induced 14.71 deletions per 100 chromosomes whereas 21-22

deletions per 100 chromosomes were induced in the presence of ara A by

the same dose (1 Gy) (Figure 3.17, Table 15). This indicates that during

the 1.5 h colcemid treatment prior to fixation, a fraction of induced
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deletions (-30%) were rejoined in A-T cells. This value is similar to the

number of deletions rejoined during 1.5-3.5 hours post-irradiation

incubation in X-irradiated cells (Figure 3.17). If ara A inhibits the repair

of dsb, it might be expected that irradiation of A-T cells at time zero in the

presence of ara A would yield the same number of deletions (21-22) as is

induced by X-rays alone. This is shown in figure 3.19. Like normal cells,

data obtained for A-T cells irradiated in the presence or absence of ara A

did meet at a common point when extrapolated. Ara A might be a useful

tool for the study of radiation induced chromatid damage at time zero.

Because of the consistent effect of ara A on X-ray induced chromatid

breaks throughout the G2 phase, it may be suggested that using ara A at

any time during G2 would represent the chromatid damage at time zero.

If this could be proved in other systems such as lymphocytes, then it

might be a valuable system for screening A-T heterozygote individuals.

Because disappearance of chromatid deletions in X-irradiated

normal and A-T cells followed first order (exponential) kinetics between

irradiation and fixation time and ara A inhibited this process (Figure

3.19), this was interpreted as reflecting rejoining of DNA dsb. Data

presented here for chromatid deletions in both normal (Figures 3.15 &

3.20) and A-T cells (Figures 3.17 & 3.22) are thus in contrast to the

hypothesis of base damage origin of chromosomal aberrations (Preston

1980,1982). It does however seem entirely plausible that some aberrations

might arise from dsb resulting from base-damage incision contributing

to the general 'pool' of dsb in the cell. Experiments of Ahnstrom and

Bryant (1982) suggest that the potential frequency of dsb arising from
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double-stranded base damage might be 1.7 times the number of direct dsb

induced. However, the kinetics and frequency of induction of these

enzymatically induced dsb at the radiation dose levels employed in these

cytogenetic experiments is unknown.

Synergism of X-rays and ara C

Induction of chromosomal aberrations by ara C in G2 phase of the

cell cycle was reported by Brewen and Christie (1967). From the results

in tables 17 & 20 showing experiments with ara C and X-rays in normal

and A-T cells, it appears that ara C by itself increases the spontaneous

yield of chromatid aberrations by a small proportion when cells were

treated in G2 for four hours.

Induction of chromosomal aberrations in G2 cells following ara C

treatment might either be due to inhibition of DNA synthesis (Preston

1980, 1982) or incorporation of ara C into DNA as a fraudulant nucleoside

leading to the inhibition of action of a specific DNA polymerase (Waters et

al. 1981). X-rays on the other hand, are an S-independent clastogen

capable of induction of chromosomal aberrations in Gj or G2 phases.

This is likely to be a result of its property of inducing several types ofDNA

damage in particular DNA dsb and ssb in both G^ and G2 phases of the

cell cycle (van der Schans et al. 1982 a).

The frequency of X-ray induced chromatid aberrations in G2 cells is

markedly altered when irradiation is combined with ara C treatment.

The synergistic action of ara C and X-rays has been shown for Gq and G2
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irradiated human peripheral lymphocytes (Preston 1980). As shown in

figures (3.20 & 3.22), a synergistic effect of ara C and X-rays was also

observed with increasing post-irradiation incubation time with ara C for

normal and A-T fibroblastic cells. The frequency of chromatid deletions

was at a higher level for A-T cells (Figure 3.22) with a similar trend of

that for normal cells (Figure 3.20). These observations thus appear to be

similar to that of Preston (1980) for human lymphocytes. It seems that

the appearance of X-ray induced chromatid deletions in the presence,

and disappearance of deletions in the absence of ara C follow quite

different and opposite trends. Disappearance of chromatid breaks

occured with increasing post-irradiation incubation time indicates

repair (or rejoining) of chromatid breaks which was previously shown to

be parallel to DNA dsb rejoining (see above). On the other hand the

frequency of aberrations induced by X-rays alone increased by a factor of

1.5-2 in the presence of ara C for both cell strains within two hours of

(first) irradiation (Figures 3.20 & 3.22).

Ara C is known to inhibit the repair of UV-induced DNA lesions

possibly through the inhibition of the resynthesis steps of excision repair,

perhaps by incorporation into the resynthesizing sites in a competetive

manner (Graham and Whitmore 1970 a, Hiss and Preston 1977). This

inhibition was shown to lead to the accumulation of single-strand breaks

(Hiss and Preston 1977, Dunn and Regan 1979). The increase in X-ray

induced chromatid deletions in ara C treated cells and the increased

frequency of chromosome type aberrations particularly exchanges in Gq

and G2 treated human and mouse lymphocytes was interpreted as being
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due to the inhibition of the repair of base-damaged lesions at a stage

leaving single stranded gaps (Preston 1980, 1982, Bender and Preston

1982, Heartlein and Preston 1985). As a result of these observations

Preston (1980, 1982) concluded that ara C enhances frequencies of

chromosomal aberrations due to inhibition of repair base damage. The

proposal of DNA base-damage origin for chromosomal aberrations by

Preston (1980) was based on experiments using Gq human lymphocytes.

According to Hashimoto et al. (1975) and Michel and Laval (1982) the

repair of strand breaks produced by y-rays in Gq human lymphocytes is

monophasic and completed within approximately 4 h, leaving a certain

fraction of breaks unrepaired. The mode of action of ara C might affect

this slower repair process, which could result in the accumulation of

strand breaks during the inhibition period of about 5 h (Fabry and Coton

1985).

As mentioned earlier, the kinetics of single- and double-strand

break repair has been investigated by several authors (e.g. Blocher and

Pohlit 1982, van der Schans et al. 1982 b, 1983, Bryant et al. 1984). Using

the neutral elution technique, it was shown that X-ray induced ssb and

dsb followed similar kinetics (van der Schans et al. 1983), although this is

not in agreement with other biochemical findings (e.g. Blocher and

Pohlit 1982). The measurement of repair kinetics using biochemical

methods is still a controversial issue. The increased frequency of

chromatid deletions seen in normal and A-T cells shown in figures (3.20

& 3.22), might therefore, be partly due to inhibition of the rejoining of

DNA dsb by ara C through preventing the ligation steps in DNA dsb
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rejoining. It might also convert some of the ssb which are repaired

slowly, into dsb for example by a single strand nuclease as proposed by

Natarajan and Obe (1978).

Inhibitory action of ara C on DNA synthesis is shown in figures 3.1

& 3.2 for both cell lines used for these experiments. Using 100 and 200 /j.

mol/1 ara C caused a 85-90 percent reduction in DNA synthesis as judged

by 3H-TdR incorporation. Experimental evidence also exists showing that

ara C blocks the rejoining of DNA dsb. For example, it was shown that

ara C can block rejoining of radiation induced dsb (Iliakis and Bryant

1983) and potentiate the frequency of chromosomal aberrations induced

by restriction endonucleases which induce only blunt-ended dsb

(Natarajan and Obe 1984, Obe and Natarajan 1985).-Recently it was

proposed that increased frequencies of chromosomal aberrations occur

in X-irradiated cells treated with ara C might be due to the inhibition of

repair of directly induced ssb and dsb in DNA (Natarajan et al. 1986,

Holmberg and Gumauskas 1986). The mode of action of ara C is still

controversial. Using the PCC technique, Panthelias and Wolff (1985)

suggested that ara C acts as a clastogenic agent with no influence on the

repair of PCC fragments in unstimulated human lymphocytes. Moore

and Hodgson (1983) also suggested a clastogenic property for ara C when

applied to G2 cells. Although the synergistic effect of ara C on X-ray

induced breaks suggest that ara C might act as a clastogenic agent, the

weight of evidence at present suggests it acts as a stronger inhibitor of

DNA repair synthesis.

In view of results with ara A (Figure 19), the notion proposed by
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preston (1980) that ara C is simply inhibiting repair of dsb and thus

allowing incision of base damage, is not acceptable. However in the

experiments reported here (Figures 3.20 & 3.22) the enhanced frequency

of chromatid deletions in X-irradiated normal and A-T cells due to ara C

treatment might be interpreted as an interactive action of ara C with

radiation induced DNA damage leading to an increase in DNA dsb. The

precise mechanism of this process, however, is not understood.

Parshad et al. (1980, 1982) found an enhancement in induction of

gaps and breaks in G2 irradiated normal cells of both human and mouse

origin when treated with ara C or caffeine directly after irradiation but

no or little effect in malignant cells. It was also shown that hyper¬

sensitivity to ionizing radiation of G2 malignant fibroblasts was due to

DNA repair deficiency (Parshad et al. 1984, Gantt et al. 1986). The data

presented so far and the reports of Parshad et al. (1984) and Gantt et al.

(1986), clearly shows that A-T (AT5BIVA) cells, despite being hyper¬

sensitive to radiation and derived from individuals who are cancer

prone, are different from malignant cells in their response to ara C.

The frequency of gaps (achromatic lesions) in normal cells was

similar for both X-irradiated and ara C treated cells and at a lower

frequency compared to deletions (Figure 3.20). This was also true for A-T

cells with the difference that in A-T cells the frequency of gaps decreased

slightly with increasing post-irradiation incubation time (Figure 3.22).

According to the mononeme theory (Bender et al. 1974, Evans 1977), in

which a chromatid is thought to be a single continous DNA double helix,

chromatid gaps may therefore represent unrepaired DNA ssb because it
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is known that ssb can be directly induced by X-rays (van der Schans et al.
1982 a) or indirectly induced from incomplete nucleotide excision repair

of base damage (Preston 1980). Recently it was proposed that the

formation of chromatid gaps is associated with unrepaired DNA ssb,

perhaps through incomplete nucleotide excision repair with initial

incision of DNA without completion of the repair process (Gantt et al.

1986). In a series of experiments using human peripheral lymphocytes,

Preston (1980, 1982) suggested that the enhanced frequency of chromo¬

somal aberrations following Gq or G2 irradiation was due to the accum¬

ulation of single stranded gaps, the larger the number of gaps induced in

the presence of ara C, the higher the probability of mis-joining of

aberrations when the inhibitory effect of ara C is reversed by

deoxycytidine. Therefore, the greater the length of ara C treatment, the

more single-stranded gaps accumulate to form aberrations (Heartlein

and Preston 1985). Data presented here for gaps, therefore, is different

from that of Preston (1980) and Parshad et al. (1982,1984). If ara C causes

accumulation of single strand gaps we would therefore, expect more

gaps in ara C treated cells while in fact the majority of induced breaks

were deletions in both normal and A-T cells (Figures 3.20 & 3.22). This

effect was similar to the situation in ara A treated A-T and normal cells

(Figures 3.15 & 3.17). Thus it can be deduced that neither ara A nor ara

C has a strong inhibitory effect on radiation induced ssb in both normal

and A-T cells. This is in agreement with a recent proposal of Collins

(1987) who recently suggested that ssb rejoining is not prevented by

inhibitors of DNA polymerase a; e.g. ara A, ara C and aphidicolin (APC)
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at concentrations which effectively inhibit UV excision repair (Hiss and

Preston 1977). Lee et al. (1972) also showed that ara C at 3x10 5 mol/1 had

no effect on the rejoining of X-ray induced single-strand DNA breaks in

L-1210 murine leukemia cells. The possible explanations for the

increased number of deletions, rather than gaps, firstly may be that gaps

are simply a localized uncoiling of the chromatin and are not derived

from single- or double-strand breaks. Secondly, transformed and normal

cells might respond differently to radiation and inhibitors. For example,

SV40 transformed human cells showed increased sensitivity to radiation

and DNA damaging agents (Heddle and Arlett 1980). There might also be

differences in incision capacities between normal and transformed cells

(Squires et al. 1982), as well as depressed capacities of certain repair

pathways in some SV40 transformed human cells (Day et al. 1980,

Erickson et al. 1980) and less dependence of replicative DNA synthesis on

DNA polymerase a in transformed cells but greater involvement of

polymerase ft (Mattern 1980).

Ara C was found to have similar post-irradiation effect to that of

APC (Waters et al. 1981) thus inhibiting DNA a -polymerase (Yoshida et

al. 1977, Ikegami et al. 1978, Iliakis and Bryant 1983, Wist 1979). There is

also evidence that DNA a polymerase is involved in repair of DNA in

mammalian cells (Berger et al. 1979, Hanaoka et al. 1979, Synder et al.

1981, Waters et al. 1981). Bertazzoni et al. (1980) showed that p-

polymerase plays a role in carrying out DNA repair because APC did not

influence unscheduled DNA synthesis in UV-irradiated Hela cells.
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Because of this conflicting evidence for the role of repair enzymes and the

mode of action of ara C, the exact mechanism for the synergistic effect of

ara C with X-rays in chromosomal aberration induction is not known

yet. Further investigation is needed to resolve these problems.

The frequency of exchanges increased with increasing post-

irradiation incubation time in X-irradiated normal and A-T cells

(Figures 3.21 & 3.23). In the presence of ara C, this increase was

enhanced in both strains (Tables 17 & 20). This observation is in

agreement with the recent report of Holmberg and Gumauskas (1986)

where the yield of X-ray induced chromosome exchange aberrations in

G0 cells was found to be enhanced in the presence of ara C. These

authors proposed that X-ray induced exchanges are formed due to the

interaction of short-lived DNA lesions. They showed that ara C does not

inhibit, but causes a delay in, the repair of such DNA lesions thus

resulting in a higher probability of exchange formation. These results

are in conflict with the earlier report of Preston (1980) who showed that

no exchanges were formed in ara C treated G2 lymphocytes following

X-irradiation; nor do they confirm the reduction of UV-induced

exchanges in CHO cells in the presence of ara C (Natarajan et al. 1982).

The enhanced frequency of exchanges in my experiments might either

reflect a difference in response to ara C of lymphocyte and fibroblast cells

or might be an effect of the SV40 transformation of cells.
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Comparative analysis of the action of ara A and ara C

Adenosine arabinoside (ara A) and cytosine arabinoside (ara C) are

synthetic nucleoside analogues (Walwick et al. 1959, Lee et al. 1960)

which are frequently used as antileukemic and cytotoxic agents (Frei et

al. 1969, Ho and Freireich 1975). Both ara A and ara C are potent

inhibitors ofDNA synthesis (Doering et al. 1966, Muller et al. 1975,1978,

Okura and Yoshida 1978) and probably act through inhibition of DNA

polymerases a and /? (Fiirth and Cohen 1968). It is believed that

polymerase-a acts on DNA replication (Hubermann 1981) and that /J

probably acts on repair function (Hubscher et al. 1979). In vitro

observations suggested that ara A is more effective on f3 -polymerase than

a -polymerase (Okura and Yoshida 1978). Ara C was shown to act

specifically on a -polymerase because of its similarity with APC on X-ray

induced DNA lesions (Waters et al. 1981) but at high concentrations it

might also affect ft -polymerase (Iliakis and Bryant 1983). It was shown

that clastogenicity is a feature of DNA synthesis inhibitors in S-phase

cells (Bender et al. 1974). Moore and Hodgson (1983) also proposed that

inhibitors of DNA synthesis, in particular ara A and ara C, act as

clastogenic agents when applied to G2 cells. This proposal appears to be

supported by the data presented in figures (3.7) and (3.9) where ara A and

ara C were administered to the cells individually for a period of time

before fixation. These figures show that both ara A and ara C increased

the background level of aberrations during 4 h treatment. The number of
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deletions induced by 100 jj. mol/1 ara C in A-T cells was similar to the

number of deletions induced by 200 /j. mol/1 ara A in normal cells up to 4

h. The large increase in aberrations in ara C treated A-T cells might

either be a consequence of A-T hypersensitivity to chemical mutagens or

greater effectiveness of ara C than ara A.

The number of gaps induced in the presence of ara A alone in

normal cells was at a higher level than deletions up to 4 h and decreased

beyond 4 h while in A-T cells treated with ara C, a lower frequency of

gaps was found compared to chromatid breaks.

Figures (3.3) for ara A treated cells and (3.4) for ara C treated

samples clearly demonstrate that the induced chromosomal aberrations

are concentration dependent. The number of deletions increased steadily

between 100 and 250mol/1 of ara A. The formation of chromatid

deletions was enhanced dramatic between 50 andlOO /i mol/1 of ara C but

there was no significant increase beyond 100 /j. mol/l. More important in

these studies was the observation that ara C induced similar frequencies

of gaps for all concentrations used (i.e. 50-200 /j. mol/1) (Figure 3.4).

Results shown in figure 3.4 suggest that ara C induces chromosomal

aberrations in G2 cells by one or several different mechanisms where the

inhibition of some form of DNA repair synthesis may be one of these

mechanisms. It was suggested that ara C increases radiation induced

DNA damage by inhibiting DNA repair (Hiss and Preston 1977, Preston

1980, Bender and Preston 1982, Heartlein and Preston 1985). Part of this
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evidence was that ara C prevented exchange formation in X-irradiated

cells treated in G2 (Preston 1980, Moore 1981). This is not supported by

data shown in figures (3.20 & 3.22) for A-T and normal cells treated with

ara C and irradiated at a dose of 1 Gy. Exchanges were formed in both

cell lines and the frequency increased with post-irradiation incubation

time. A recent report by Holmberg and Gumauskas (1986), who found at

least a two-fold increase in the formation of chromosome type exchanges

in Gq irradiated human peripheral lymphoctes in the presence of ara C,

lends support to the data presented in figures (3.20 & 3.22).

Kihlman and Anderson (1985) using G2 human peripheral

lymphocytes showed that some inhibitors act synergistically when they

are applied together. They proposed that inhibitors act synergistically

when the enhancement they produce in combination is at least 1.5 times

greater than the sum of the enhancement they produce separately. A

similar experiment was performed for ara A with ara C. The results,

summarized in tables 3 & 4 and in figure 3.5 show that ara A and ara C

at 100/i mol/1 each (without X-rays) did not enhance chromatid aberration

induction synergistically in G2 A-T cells. Kihlman and Anderson (1985)

did not find synergism with ara C and caffeine even with X-irradiated

cells. They therefore, suggested that lack of synergism between two

inhibitors might be expected when two inhibitors compete for the same

site on an enzyme; one inhibitor might reduce the uptake of the other; or

one of them might prevent the transformation of the other to an active

form; in this case for example, ara C to ara CTP. These proposals seems
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true for the lack of synergism between ara A and ara C. Because both of

them are nucleoside analogues and they might be incorporated into DNA

synthesis in a competetive manner in the phosphorylated state.

Similarities between the action of these two drugs when applied to

G2 or S-cells and yet on the other hand, different action of ara A and ara

C on X-ray induced DNA lesions in G2 cells, suggests a peculiar and

important difference in the nature of these two nucleosides. The

mechanism by which ara C enhances the frequency of X-ray induced

chromosomal aberrations in G2 cells not understood.

Conclusions

Experiments have been performed in the G2 phase of the cell cycle.

G2 is considered as a period allowing DNA strand damage repair in

X-irradiated cells before entering mitosis. Data have been obtained using

X-irradiated normal and A-T cells in G2 phase in the presence or

absence of the inhibitors of DNA synthesis ara A and ara C:

Firstly, my data shows first-order (exponential) kinetics for disap¬

pearance of chromatid deletions, interpreted as representing underlying

DNA dsb rejoining and its inhibition by ara A. The data therefore support

the proposal of Bender et al. (1974) where the DNA double strand break

was considered as the ultimate lesion leading to the chromosomal

aberration formation, and is in accord with the "breakage-first"

hypothesis of Sax (1938). This is evidenced by the clear demonstration

that the rejoining of chromatid deletions in X-irradiated cells parallels
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the rejoining (repair) of DNA dsb measured by biochemical techniques. It

is also concluded that the inhibition ofDNA dsb repair by ara A underlies

the inhibition of rejoining of chromatid deletions.

Secondly; based on the observation that the frequency of exchanges

was enhanced in X-irradiated cells in the presence of DNA repair

synthesis inhibitors ara A and ara C, two mechanisms for the joining of

dsb are proposed. The first which correctly joins dsb requires the DNA

repair synthesis and is an "error-free" process, and the second which is

independent of DNA synthesis, may misjoin dsb leading to exchange type

aberrations and thus is an "error-prone" process.

Thirdly; A-T cells were found to be hyper-sensitive to radiation both

in Gi and G2 phases of the cell cycle compared to normals. Radio-

sensitivity in G2 phase was found to be a factor of 1.5-2 greater at 1 Gy for

deletion formation. However, based on the number of chromatid deletions

induced in X-irradiated cells in the presence or absence of ara A, it is

suggested that A-T cells convert more DNA dsb into chromatid breaks

than normal cells.

Finally; in spite of many similarities between ara A and ara C, e.g.

inhibition of DNA synthesis, clastogenic action in G2 and S-phase of the

cell cycle and lack of synergism as a possible consequence of these

similarities, ara A was found to have a different effect on inhibition of

repair or rejoining of X-ray induced DNA lesions than that of ara C.

Thus ara A and ara C appear to have a different mode of action on

X-ray-induced DNA lesions.
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Appendix I

Calculation of the Standard Deviation

The standard deviation is the most useful measure of the spread of a distribution of
values about the average. It is defined as the square root of the arithmatic average of the
squares of the deviations from the mean. The calculation of an unbiased estimate of the
standard deviation of a frequency distribution from a sampling of observations proceeds
as follows:

Call the number of measurements made n, call an individual measurement X, and

call the sum of the measurements EX.

a. Calculate the average value, x, of the n measurments: x = EX / n .

b. Subtract each measurment from the mean, square the resulting difference, and

sum the squares: E (x -X )2.
c. Divide this result by one less than the number of measurements, to obtain the

variance S2 : S2 = E (x -X )2 / (n - 1).

d. Take the square root of the variance to obtain the standard deviation, S:

S = [E (x -X )2 / (n - 1)].

The following method for calculation of the standard deviation is often used:

a. Sum the measurements and the squares of the measurements, EX and EX2.

b. Determine the average value, EX / n .

c. Subtract from EX 2 the square of the sum divided by n . EX 2 - (EX )2 I n .

This is the sum of the squares of the deviations from the mean, or sum of squares
for short.

d. Divide by one less than the number of measurements to obtain the variance, S2.
e. Take the square root of the variance to obtain the standard deviation, S .
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Appendix II

Some parts of this research work has been published or is currently under

publication under the following titles:

1. Mozdarani, H. and Bryant, P.E., (1987), The effect of 9-/J-D-arabino

furanosyladenine on the formation of X-ray induced chromatid aberrations

in X-irradiated G2 human cells. Mutagenesis , 2 , 371-374.

2. Mozdarani, H. and Bryant, P.E., (1988), Kinetics of chromatid

aberrations in G2 ataxia-telangiectasia cells exposed to X-rays and ara A.

International Journal of Radiation Biology , In the Press.

The indexed papers are the published one (1987) and the revised version of the second

paper (1988) which is currently in the press.
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The effects of the nucleoside analogue 9-/3-D-arabinofurano-
syladenine (ara A) alone or in combination with X-rays on
the induction of G2-phase chromosomal damage were
studied in immortalized human fibroblasts of lung origin
(MRC5-SV1). Ara A is known to be an S-phase specific
clastogen, a powerful inhibitor of DNA synthesis and an in¬
hibitor of DNA double-strand break (dsb) repair. The length
of the G2-phase of this cell line could be defined as ~4 h
from data for treatment of cells with ara A alone in which
a sharp rise in number of chromatid aberrations was found
to occur when ara A treatment times exceeded 4 h; i.e. when
cells were in late S-phase at the time of treatment. The fre¬
quency of chromatid deletions in X-irradiated G2-phase cells
was found to decrease as the time between irradiation and
fixation increased. This was interpreted as reflecting the
underlying repair of dsb. When X-irradiated cells were
treated with ara A between irradiation and fixation, the
decrease in deletions found after X-rays alone was not observ¬
ed. This was interpreted as reflecting the inhibition of dsb
repair. Unlike deletions, the yield of exchanges increased dur¬
ing incubation of G2-phase cells after X-ray exposure and the
rate of this increase was found to be trebled by the addition
of ara A to the medium. We postulate that the increased rate
of exchange aberration formation in the absence of dsb repair
indicates the existence of a second 'error-prone' misjoining
mechanism which is independent of DNA synthesis.

Introduction

The technique of premature chromosome condensation (PCC)
has proved valuable for studying the rejoining of breaks induced
in chromosomes of cells by X-rays. Cornforth and Bedford (1983)
for example showed that the kinetics of rejoining of chromosome
breaks in Go human cells closely parallels those observed for
repair of dsb in mammalian cells (Bryant and Blocher, 1980;
Blocher and Pohlit, 1982). Study of chromatid aberrations in G2
cells can however provide an alternative to PCC in that the
induction and disappearance of chromatid aberrations can be
followed as a function of time between irradiation and fixation.
The time 'window' for observation of these kinetics is limited
to the length of the G2 phase.
In this paper we describe experiments in which we have investi¬

gated the kinetics of the induction and disappearance of chromatid
aberrations in irradiated human G2 cells of fibroblastic origin.
We have studied the effects on irradiated G2 cells of the purine
nucleoside analogue 9-/3-D-arabinofuranosyladenine (ara A). Ara
A is a strong inhibitor of cellular DNA synthesis (Doering et
al., 1966; Furth and Cohen, 1968; Muller et al., 1975) and
biochemical studies have revealed that on entry into cells ara A
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is readily converted into the corresponding 5'-mono, di- or tri¬
phosphates (Brink and Le Page, 1965). Phosphorylated ara A
is thought to compete with dATP at the binding sites on the DNA
polymerases where it acts as a potent inhibitor of DNA synthesis
(Muller et al., 1975).
Ara A has proved to be interesting from a radiobiological point

of view because it was found to potentiate the killing effect of
X-rays and lead to the removal of the 'shoulder' region from
the survival curve of X-irradiated Ehrlich ascites tumour cells

(Iliakis, 1980, 1981). This was interpreted in terms of an inhi¬
bition of repair of potentially lethal damage. Ara A has also been
shown to enhance the chromosomal damage caused by X-rays
(Bryant, 1983, 1984a), an effect which has been related to its
strong inhibition of repair of DNA double-strand breaks (dsb)
(Bryant and Blocher, 1982). Ara A itself is known to induce
chromatid aberrations in human leukocytes (Nichols, 1964) when
the cells were treated during the S-phase and in this respect ara
A resembles the nucleoside analogue 1 -/3-D-arabinofuranosyl-
cytosine (ara C) (e.g. Kihlman, 1963; Kihlman et al., 1963).
In this study we have analysed metaphase cells at various times

up to 3 h after X-ray exposure so that we were able to monitor
the disappearance (rejoining) of breaks in chromatids and the
appearance of exchange type chromatid aberrations either in the
presence or absence of ara A as a function of time during the
G2 phase.

Materials and methods

Cell culture and ara A treatment

Immortalized human cells of fibroblastic origin (MRC5-SV1) were used. Cells
were grown in 75-ml culture flasks (Sterilin) in 10 ml Eagle's MEM medium
supplemented with 15% FCS. Cultures of 5 x 105 cells were gassed with 5%
C02 in air and incubated at 37°C for 48 h (total time before fixation). In the
case of combined treatments with X-rays and ara A, cultures were given ara A
(200 /tM) at 4 h before fixation. Cultures were then exposed to X-rays (in the
presence of ara A) at various intervals starting at 1 h after addition of ara A,
and ara A remained in the cultures until fixation (Figure 1). Control cultures,
not treated with ara A, were irradiated in parallel with ara A treated cultures.
In the last hour before fixation all cultures were treated with colcemid at a final
concentration of 0.08 ^g/ml. Metaphase spreads were prepared by standard
methods and stained in Giemsa.

X-irradiation

Irradiation was carried out with a Siemens X-ray therapy unit operating at 250 kV
and 14 mA with 0.5 mm Cu filter giving an absorbed dose rate of 0.75 Gy/min.
Cells were exposed as a monolayer in plastic flasks (Sterilin) in medium and at
room temperature. A flow diagram of the experiment is shown in Figure 1.

Results

On the basis of the assumption that ara A acts as an S-phase
specific clastogen (Kihlman et al., 1963) the length of the G2-
phase was determined by treatment of cells for various times
before collection with ara A at a concentration of 200 jrM (Figure
2). Ara A was added to the medium at various times up to 7 h
before fixation. A total of 100 metaphases were analysed for each
sample except for the 7 h ara A-treated sample in which only
23 metaphases were found. After incubation with ara A for more
than 4 h most of the affected cells were heavily damaged, dele-
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Table I. Frequencies of chromatid aberrations per cell: mean frequencies (± standard errors of mean values) at various times after exposure to X-rays in the
presence or absence of ara Aa. Pooled data from three experiments

Treatment Time before No. metaphases Gaps Deletions Exchanges
fixation analysed (chromatid + isochromatid)

Control 1 h 250 0.31 (±0.11) 0.28 (±0.11) 0.01 (±0.002)
ara A alonea 4 h 300 0.54 (±0.02) 1.32 (±0.01) 0.10 (±0.03)
X-rays (2 Gy) 1 h 300 0.79 (±0.47) 9.53 (±1.81) 0.17 (±0.07)
X-rays (2 Gy) 2 h 150b 1.53 (±0.52) 8.63 (±0.61) 0.41 (±0.01)
X-rays (2 Gy) 3 h 245 1.62 (±0.52) 5.68 (±0.86) 0.75 (±0.27)
X-rays (2 Gy) + ara A 1 h 300 1.21 (±0.47) 11.77 (±1.62) 0.15 (±0.11)
X-rays (2 Gy) + ara A 2 h 150b 1.72 (±1.16) 11.98 (±2.97) 1.13 (±0.30)
X-rays (2 Gy) + ara A 3 h 200 '1.52 (±0.61) 12.10 (±1.96) 1.93 (±0.75)

aara A: 9-/3-D-arabinofuranosyladenine at 200 /xmol/1. For treatments of X-rays + ara A, ara A was added for 1 h before irradiation.
bPooled data from two experiments.

ation with incubation time either in the presence or absence of
ara A (Figure 3, closed symbols).
Average percentage mitotic index values taken from data of

two experiments were: 2.72 (untreated cells), 1.24 (X-rays alone)
and 0.81 (X-rays plus ara A). These results indicate that ara A
caused a G2 delay in addition to that caused by X-rays alone.

Discussion

From the kinetics of disappearance of chromatid breaks (Figure
3) rejoining of these in MRC5-SV1 cells occurred with a half-
time of ~2 h. This value is the same as the half-time derived
from the initial component of rejoining of chromosome breaks
found in PCC experiments ofCornforth and Bedford (1983) using
normal human (Go) fibroblasts. This rejoining rate for chromo¬
some and chromatid breaks also corresponds closely to the rate
of rejoining of dsb in mouse Ehrlich ascites tumour cells (Bryant
and Blocher, 1980; Blocher and Pohlit, 1982). It therefore seems

plausible that the rejoining of G2 chromatid breaks, like that of
Go chromosome breaks, reflects the underlying repair of DNA
dsb although it should be borne in mind that the observed fre¬
quencies of induced chromatid or chromosome breaks are much
lower than the frequencies of dsb measured by biochemical
means. For example the frequency of breaks measured by PCC
in normal Go human fibroblasts (Cornforth and Bedford, 1983)
was 6.3 breaks/cell/Gy whereas measurements in mouse Ehrlich
ascites tumour cells by neutral gradient velocity centrifugation
yielded —40 dsb/cell/Gy (Blocher, 1982). It thus seems as though
only a small proportion of dsb measured by biochemical means
are expressed as visible breaks in either chromosomes or chroma¬
tids. By implication, therefore, it is possible that chromatid or
chromosome breaks observed in G2 or PCC cells represent a
special class of dsb or at least represent dsb in particular regions
of the chromatid structure susceptible to rupture; however, a com¬
parison of the half-time of kinetics of rejoining of breaks in
prematurely condensed chromosomes (Cornforth and Bedford,
1983) and breaks in chromatids (Figure 3) with biochemical data
for dsb repair (e.g. Blocher and Pohlit, 1982) suggests that breaks
observable at the chromosomal level are representative of dsb
in DNA. This view has recently been reinforced by work using
restriction endonuclease induced dsb in DNA of Chinese hamster
cells (Bryant, 1984b; Natarajan and Obe, 1984) which has shown
that both chromosome and chromatid breaks can arise from

specific types of dsb.
When MRC5-SV1 G2 cells were exposed to ara A between

irradiation and mitosis the rejoining of breaks in chromatids was
strongly inhibited (Figure 3). The inhibition of rejoining of

chromatid breaks by ara A again appears to reflect the response
of X-ray induced dsb in the DNA of cells treated with ara A
where a strong inhibition of repair was observed (Bryant and
Blocher, 1982), and thus also supports the notion that the rejoin¬
ing of chromatid breaks parallels the repair of dsb. Ara A alone
at 200 fj.M caused only a low frequency of chromatid breaks
unless the time of incubation of cells in ara A was increased

beyond 4 h (Figure 2).
Our data for chromatid deletions (Figure 3) are therefore in

contrast to those of Preston (1980) using human G2 lymphocytes
treated with ara C. Preston showed that the frequency of deletions
in G2 cells increased with time of incubation after irradiation,
and interpreted this as indicating that the chromatid breaks were
arising exclusively from base-damage in the DNA which was
being enzymatically incised. This hypothesis is not supported by
our data, although it seems entirely plausible that some aberrations
might arise from dsb resulting from base-damage incision and
contributing to the general 'pool' of dsb in the cell. Experiments
of Ahnstrom and Bryant (1982) suggest that the potential fre¬
quency of dsb arising from double-stranded base damage might
be 1.7 times the number of direct dsb induced. However, the
kinetics and frequency of induction of these enzymatically induced
dsb at the dose levels employed in these cytogenetic experiments
is unknown.
The frequency of gaps formed after X-rays alone or in combi¬

nation with ara A was found to be much lower than that for
breaks; and the frequency of gaps after both treatments was found
to increase slightly during incubation of G2 cells up to 3 h (Fig¬
ure 3). The significance of this is not clear. It has been suggested
(Bender et al., 1974) that gaps arise from single-strand breaks
(ssb) in DNA. Conversion of single-strand base-damaged sites
into ssb might thus lead to an increase in these lesions during
post-irradiation incubation. If this were the case (for gaps) then
treatment with ara A which inhibits DNA synthesis and reduces
the rate of ssb repair (Bryant and Blocher, 1982) should lead
to an accumulation of gaps in cells treated with this drug. Figure
3 shows that for cells incubated in the presence or absence of
ara A the frequency of gaps followed similar kinetics. This indi¬
cates that a 'base-damage origin' for gaps is unlikely.
During incubation of cells after irradiation the number of

chromatid exchanges increased (Figure 4). The formation of ex¬
changes is thought to result from mis-joining of dsb (Bender et
al., 1974; Natarajan et al., 1980; Bryant, 1984a). When X-
irradiated G2 cells were treated with ara A it was found that the
frequency of exchange aberrations also increased with time of
treatment; moreover the frequency was more than three times
higher than the frequency obtained with X-rays alone. This result
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Abstract

The cytogenetic effects of X-rays alone or in combination with 9-(3-D-arabino-
furanosyladenine (ara A) were studied in an immortalized fibroblastic line of ataxia
telangiectasia (A-T) cells. The average length of G2 in this cell line was determined by
autoradiographic labelling (labelled mitoses) to be approximately 5 h. Samples of A-T
cells treated with or without ara A, 4 h prior to fixation were irradiated at half hourly
intervals, from 1.5 h to 3.5 h before fixation and then examined for the presence of
metaphase chromatid aberrations. It is postulated that the kinetics of disappearance
(rejoining) of chromatid deletions with post-irradiation incubation time reflects the
underlying repair of dsb. This rejoining was found to be inhibited by ara A. Thus the
frequency of deletions in the presence of ara A should represent the frequency of
deletions in the abse nee of dsb repair. The rejoining kinetics for deletions in A-T was

similar to that found in a previous study of normal human fibroblasts (Mozdarani and
Bryant 1987). The number of deletions in X-irradiated A-T cells at 1.5 h before fixation
was found to be higher by a factor of approximately 2 than that found previously in
normal, indicating that in A-T a higher rate of conversion of dsb into chromatid deletions
occurs. The frequency of exchanges induced in G2 A-T cells was similarly enhanced but
unlike the situation in normal cells, ara A was found to cause only a slight increase in this
frequency.

1. Introduction
Ataxia telangiectasia (A-T) is a human autosomal recessive syndrome characterised

by oculocutaneous telangiectasia and cerebellar ataxia (Boder and Sedgwick 1958),
diminished inhibition of the initiation of DNA synthesis following X-irradiation
(Houldsworth and Lavin 1980, Painter and Young 1980, Lehmann et al. 1982); less
radiation induced G2 delay in fibroblast cells compared to normals (Zampetti-Bosseler
and Scott 1981, 1985); and hypersensitivity to the clastogenic and cytotoxic effects of
ionizing radiation and certain other genotoxic agents such as bleomycin (Rary et al. 1974,
Taylor et al. 1975, 1976, Lehmann and Stevens 1977, 1979, Natarajan and Meyers
1979, Zampetti-Bosseler and Scott 1985). Of particular importance in the present context
was the finding that A-T cells exhibited an enhanced frequency of chromosomal
aberrations in both Gq and G2 phases of the cell cycle (Taylor 1978, 1982, Bender et al.
1985, Parshad et al. 1985) as well as the unusual occurence of chromatid deletions in
cells exposed to X-rays in Gq (Taylor et al. 1976, Taylor 1978).

The molecular basis of the enhanced sensitivity of A-T cells to genotoxic agents is
not understood and although evidence with some A-T lines suggests that there may be a
defect in excision-repair of base-damaged lesions in DNA (e.g. Paterson et al. 1976,
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Inoue et al. 1977, Smith and Paterson 1983), this is not universally found in A-T lines
(Lehmann 1982); moreover several studies have revealed that there is no difference in the
induction frequency or rejoining rate of either single- or double-strand breaks in DNA
(Taylor et al. 1975, Lehmann and Stevens 1977, Fomace and Little 1980, Thierry et al
1985).

Recent studies using recombinant DNA techniques (Cox et al. 1986, Debenham et
al. 1987) have indicated that the cellular sensitivity of A-T to X-rays could be caused by a

dis-equilibrium between the rejoining and exonuclease degradation of the ends of DNA
double-strand breaks (dsb).

We have investigated the high chromosomal sensitivity of A-T by studying the
yields and kinetics of chromatid aberrations of both deletion and exchange types induced
in the G2 phase of the cell cycle by X-rays and the influence of the DNA synthesis

inhibiting nucleoside analogue 9-(3-D-arabinofuranosyladenine (ara A) on the X-ray
induced chromatid damage with a view to increasing our understanding of the underlying
molecular mechanisms by which chromosomal aberrations are induced.

In a previous study using "normal" human cells (Mozdarani and Bryant 1987) we
showed that the number of chromatid deletions in G2 cells decreased and the number of
exchanges increased as a function of time after irradiation. In the presence of ara A the
decrease in deletions with time, observed after X-rays alone, was inhibited. These
kinetics were thought to reflect the underlying repair and (in the presence of ara A)
inhibition of DNA dsb since the rate of disappearance (rejoining) of X-ray induced
chromatid deletions paralleled the repair of dsb as measured in other cell lines by
biochemical methods (Bryant and Blocher 1980, Blbcher and Pohlit 1982) and was also
similar to the kinetic of rejoining of chromosome breaks in Gq human cells as determined
by the technique of premature chromosome condensation (PCC) (Comforth and Bedford
1983, 1985); moreover ara A has been shown to inhibit repair of DNA dsb (Bryant and
Blocher 1982). In contrast to the kinetics of disappearance of deletions, the frequency of
exchanges in normal cells was found to increase with time after X-ray exposure and this
increase was threefold larger in the presence of ara A than its absence. For this reason it
was postulated (Mozdarani and Bryant 1987) that the molecular mechanism for
mis-joining chromosomes may be different from that for the repair of dsb since as

mentioned above, the latter process is known to be strongly inhibited by ara A (Bryant
and Blocher 1982).

In the present work we have extended our studies of G2 cells to investigate the
effects of X-rays alone or in combination with ara A on A-T cells at various intervals up
to 3.5 hours after X-ray exposure. Using 0.5 h sampling intervals we monitored the
disappearance (rejoining) of chromatid breaks and formation of exchanges.
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2. Materials and Methods

2.1. Cell culture and treatment with ara A

The SV40 immortalized fibroblastic ataxia telangiectasia line AT5BIVA (A-T) was
used (obtained from Dr D. Scott, Paterson Institute for Cancer Research, Manchester).
Cells were maintained by weekly passage from 4xl05 cells/ flask (75 cm2) in Eagle's
minimal essential medium + 15% FCS (MEMFCS). For experiments, cells were set up at
4xl05 cells/flask (75 cm2) and incubated for 48 hours at 37° C (total time including the
treatment and incubation time before fixation). The experimental protocol was essentially
the same as we have reported previously (Mozdarani and Bryant 1987). In the case of
combined treatment with ara A and X-rays, cultures were treated with ara A (Sigma) at a

final concentration of 200 p.mol/1, 4 h before fixation. After adding ara A, cells were

X-irradiated in the presence of ara A at various times from 3.5 h until 1.5 h before
collection. Thus ara A remained in the cultures for 4 h; until collection. Control cultures

(without ara A) were X-irradiated in parallel to those treated with ara A. Before fixation,

cells were exposed to colcemid at a final concentration of 0.08 (ig/ml and incubated for
1.5 h; thus for the shortest time interval (1.5 h) cells were exposed to colcemid (in the
presence or absence of ara A) immediately following X-irradiation, until fixation.
Collection and fixation of cells and preparation of metaphase chromosomes was carried
out by standard methods and preparations were stained in Giemsa (3%).

2.2 X-irradiation

Irradiation was carried out with a Siemens X-ray therapy unit operating at 250 KV
and 14 mA with 0.5 mm Cu filter giving an absorbed dose rate at the position of the
samples of 0.75 Gy/min. Doses were checked using an energy independent ferrous
sulphate method (Frankenberg 1969). Cells were exposed as mono-layers in flasks in
medium and at room tempara ture to a dose of 1 Gy.

3.3 Mitotic labelling
Sub-cultures of A-T cells were set up at 2.5X105 per 5 cm diameter petri dish with 5

ml MEMFCS. Cultures were incubated for 48 hours prior to labelling to ensure that cells
were in exponential growth. Then medium was removed and replaced with fresh

MEMFCS containing 37 KBq (1 |iCi) 3H-TdR per ml with specific activity of 1.48
TBq/mmol (40 Ci/mmol). Culture dishes were incubated at 37° C and one sampled every
1 h up to 10 hours. After sampling, cells were immediately trypsinised and treated with
0.075 mol/1 KC1. Cells were prepared by the same methods as that for chromosome
preparations. After drying, slides were dipped in K2 autoradiographic emultion (Ilford),
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left at 4° C for one week and developed with D19b developer for 3.5 min and fixed in
Kodak acid fixative for 5 mins. Slides were stained in 3% Giemsa. 100 metaphases were
scored for each sample.

2.4 Scoring Procedure
Chromatid aberration scoring was based on the classifications of Buckton and Evans

(1981) and Savage (1975). For the line of A-T cells used (AT5BIVA) which are

hypo-triploid, their chromosome number lying between 50-62, only metaphases with
more than 50 chromosomes were scored. Lesions smaller than the width of a chromatid

were scored as gaps (achromatic lesions) and those wider than the width of a chromatid,
deletions. In the data presented, the category of chromatid deletions included
iso-chromatid deletions which were scored as one deletion. Exchanges included all forms
of chromatid exchanges.

In order that a meaningful comparison between data for AT5BIVA (hypo-triploid)
and some of our previous data (Mozdarani and Bryant 1987) for MRC5SVI (tetraploid),
the results were expressed in terms of aberrations per 100 chromosomes.

3. Results

On the basis of an autoradiographic experiment (Figure 1) where labelled mitoses
were scored from samples taken at intervals of 1 h, the duration of the G2 phase was

estimated to be approximately 5 h for A-T cells since the total time for G2 + 1/2 M was

measured to be about 5.5 h. This result is similar to those obtained by Zampetti-Bosseler
and Scott 1981) for a primary A-T fibroblastic cell line (5 h) and similar to the value of 4
h for immortalized "normal" human fibroblasts reported previously (Mozdarani and
Bryant 1987). In previous experiments involving treatment of the MRC5SVI cells with
ara A alone at various times before collection (Mozdarani and Bryant 1987) it was
determined that a 4 h interval before collection was the optimum time for ara A treatment
in order to minimize the "background" of aberrations due to ara A alone; these aberrations
originating as a result of the interference of ara A with DNA replication. In experiments
with A-T cells therefore, the overall treatment time was similarly limited to 4 h before
collection.

Figure 2 shows frequencies of gaps and deletions in experiments in which A-T cells
were exposed to X-rays alone or to X-rays and ara A and sampled at intervals up to 3.5
h. In the cells exposed to X-rays alone the frequency of deletions decreased exponentially
with increasing post-irradiation incubation time, indicating rejoining. The data for
rejoining of breaks for both MRC5SVI and AT5BIVA cells (Figures 2 and 3) followed
first order (exponential) kinetics which could be fitted by the expression:

Y = A.e-k (1)
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Where Y represents the number of breaks remaining after a repair time t, a

represents the number of breaks induced initially, and X represents the rate constant.

Regression analysis of data in figure 3 gave values of a =21.0 and a = 8.5 for A-T and

normal cells respectively and X = -0.223 and X = -0.258 for A-T and normal cells
respectively. This gave a value of the half-time for repair of breaks of 2.7 h for normal
and 3.1 h for A-T cells. The frequency of deletions in X-irradiated A-T cells (see also
Table I) was 14.7 deletions per 100 chromosomes for 1 Gy at the shortest sampling time

(1.5 h). In cells exposed to 1 Gy of X-rays in the presence of 200 |imols/l ara A (Figui*2
and Table I) the frequency of deletions remained constant at a value of approximately 22
deletions per 100 chromosomes for the various intervals between irradiation and fixation
(Figure 2). In figure 3 data for deletions induced by 1 Gy of X-rays given at various
intervals before fixation to A-T or normal human fibroblasts is extrapolated back to time
zero on the assumption that the same kinetics pertain at shorter times. This shows that
whereas for normal (MRC5SVI) cells these lines extrapolate to a common point of
approximately 8 deletions per 100 chromosomes (values of ferquency of deletions for
MRC5SVI cells has been halved to correct for the X-ray dose used (2 Gy) on the
assumption that deletions are induced approximately linearly with dose in the low dose
range), an assumption validated by data (Table IH) obtained in recent studies (Mozdarani
and Bryant in preparation) at a 1 Gy dose of X-rays.

In contrast to the results for deletions, the data for exchanges in the A-T cells treated
with X-rays in the presence or absence of ara A (Figure 4, lower panel) showed that in
both cases the frequency of exchanges gradually increased with increasing
post-irradiation incubation time. In A-T cells ara A appeared to induce a small, but not
statistically significant (see also table I) increase in exchanges. This increase in exchanges
with time could not be attributed to a reduction in G2 delay as has been found for caffeine
(Hansson et al. 1984). The mitotic index (Table IV) shows that in contrast, ara A led to a

reduction in the mitotic index indicating an enhanced delay in both lines. Figure 4, upper
panel shows data recalculated from Mozdarani and Bryant (1987) for normal human
(MRC5SVI) cells (Table II) on the assumption that the induction of exchanges at doses
up to 2 Gy is an approximate linear function of dose. This assumption is validated by
recent data for normal cells at 1 Gy (Table III) obtained in a separate study (Mozdarani
and Bryant in preparation). On this basis the data for X-irradiated samples in the absence
of ara A (Table I) suggests that a higher frequency of exchanges in A-T than in normals
(Table II). However in the presence of ara A, the large enhancement of exchange
frequencies observed in normals (Figure 4, upper panel) was not seen in A-T cells. In
normal cells (Table II) treated with ara A, 2.7 times more exchanges were seen after 2 h
between irradiation and fixation, whereas in A-T cells treated with ara A this factor was
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1.06 at 2 h and the highest factor at 3.5 h was 1.25 times more than in its absence. Yields
of gaps (achromatic lesions) were similar in cells exposed to X-rays alone or X + ara A
(Figure 2) and decreased slightly with post-irradiation incubation time. A 3-4 fold lower
frequency of gaps (after correction for dose) was observed in normal cells as compared
with A-T cells, and remained almost constant for all sampling times (Table IT).

4. Discussion

Despite the accumulation of data on the radiation cytogenetics of A-T cells, the nature
of the chromosomal hypersensitivity of these cells to ionizing radiation and other DNA
damaging agents is not yet understood. Biochemical evidence indicates no difference in
the rate of induction or rejoining of double-strand breaks in normal and A-T cells.
However, based on chromosomal aberration studies Taylor (1978) concluded that despite
biochemical evidence for normal repair of DNA breaks in A-T cells, about 1 to 3 percent
of DNA dsb induced may not rejoin in A-T cells compared to approximately 0.3 percent
in normal cells. This hypothesis appears to be supported by the data for PCC fragments
in normal and A-T lymphocytes irradiated in Gq (Cornforth and Bedford 1985), where
after similar initial rejoining kinetics, the frequency of breaks in A-T cells plateaued out at
a higher level (factor of about 10) than in normal lymphocytes. In previous work
(Mozdarani and Bryant 1987) we showed that the kinetics of rejoining of chromatid
breaks were similar to those for the rejoining of dsb measured by biochemical methods
using mammalian cells (e.g. Bryant and Blocher 1980, Blocher and Pohlit 1982) and also
to the kinetics of rejoining of fragments in PCC experiments of Cornforth and Bedford
(1983) using normal human fibroblasts. We therefore assume that the rejoining of
chromatid breaks in A-T cells (Figure 2), like that of PCC fragments, reflects the
underlying repair of DNA dsb. The experimental protocol for study of the kinetics of
chromatid aberrations in A-T cells was similar to that reported previously for normal cells
(Mozdarani and Bryant 1987) with the difference that the earliest X-irradiation was

carried out at 0.5 h after addition of ara A and repeated every 0.5 h to monitor in more
detail the kinetics of X-ray induced aberrations in the presence or absence of ara A
(Figure 2). Ara A was applied to cells 0.5 h before irradiation to allow enough time for
the nucleoside be phosphorylated to the nucleotide triphosphate level so that it could
compete with the dATP at the polymerase level. Thus although the time window in this
system was limited to less than the duration of G2 which was about 5 h, it was possible
by irradiating cells at different intervals before fixation to monitor the rejoining of
chromatid breaks.

Measurements of mitotic index (Table IV) confirm that less G2 delay occured in
X-irradiated A-T cells than in normals in line with previous observations
(Zampetti-Bosseler and Scott 1981, Hansson et al. 1984). It is possible that this effect
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and the G2 blockage effects described by Ford et al. (1984) could influence the

frequencies and kinetics of deletions in the two lines however, similar kinetics of
rejoining of chromatid breaks in A-T and normals were observed (Figures 2 and 3) after
X-irradiation where the half time (tl/2) of rejoining was found to be 2.7 h for normal and
3.1 h for A-T cells. This presumably reflects the similar rate of repair of dsb observed
for A-T and normal cells (e.g. Lehmann and Stevens 1977) and parallels the initial rate of
rejoining of PCC fragments in A-T and normal cells (Cornforth and Bedford 1985). If
the difference in G2 delay in the two lines played a key role in the determination of the
kinetics of deletions, we might expect markedly different kinetics for deletions in the two
lines. Moreover the distributions of numbers of deletions per cell for each treatment time
in the two cell lines were found to be very similar (H. Mozdarani, unpublished
observations). This similarity suggests that the frequencies of deletions in the two lines
were not influenced to any great extent by the differences in G2 delay. Although the
frequency of chromatid breaks in X-irradiated A-T cells was 14.7 per 100 chromosomes
after 1 Gy (approximately 7/cell/Gy) this dose not reflect the total number of dsb per

cell/Gy measured by neutral gradient velocity centrifugation which in murine Ehrlich
ascites tumour cells was found to be about 40 dsb per Gy per cell (Blocher 1982).
Similarly, the frequency of breaks measured by PCC in Gq human normal and A-T
fibroblasts was less than that measured by biochemical methods and was found to be
approximately 6 breaks/Gy/cell (Cornforth and Bedford 1983, 1985). The values of
frequencies of deletions in G2 cells should actually be halved when compared with Gq or

Gj cells, since G2 cells contain twice the amount of DNA.

Using the "G2 system" in normal cells (Table II) we previously measured chromatid
breaks after 2 Gy. It is clear from this data that after correction for the difference in dose,
a higher level of deletions occurs per 100 chromosomes in X-irradiated A-T cells than in
the "normal" line, thus the A-T line yielded 14.7 deletions per 100 chromosomes for 1
Gy (at 1.5 h after irradiation) whereas MRC5SVI (when a dose correction is made; see
results section 3) yielded approximately 7 deletions/100 chromosomes for 1 Gy (at 1 h
after irradiation). The validity of this correction is corroborated by recent data
(Mozdarani and Bryant in preparation; see Table III) with MRC5SVI cells which shows
that at 1.5 h after irradiation and a dose of 1 Gy about 9 deletions per 100 chromosomes
were observed, this difference in frequencies of deletions between A-T and normals at
short times after irradiation is quite different from that presented by data for PCC
fragments (Cornforth and Bedford 1985) where at time zero (actually 30 min after X-ray
exposure), equal number of fragments (about 6/cell/Gy) were observed in the two cell
lines. Assuming not more than 30% of breaks rejoin in the first 1-1.5 h after X-ray
exposure (from data in figure 1, table II, and equation 1) then it would appear that G2
A-T cells convert more dsb into chromatid breaks soon after irradiation, this is clear also
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from the extrapolated values of deletions at time zero in figure 3 (about 22 deletions/ 100
chromosomes in A-T and about 9 deletions/100 chromosomes in normal cells). This
effect was also demonstrated by Bender et al. (1985) who showed that approximately 4
times more deletions were observed for the same dose (0.5 Gy) in A-T than in normal
human lymphocytes based on deletions scored at 1.5 h.

Thus our data (and those of Bender et al. 1985) for G2 are essentially different from
those of Taylor (1978) and Cornforth and Bedford (1985) where it was postulated that
A-T cells yield higher than normal levels of breaks or fragments as a result of residual (or
unrepaired) dsb. Our data shows that despite equal levels of initially induced dsb in A-T
and normal lines (Lehmann and Stevens 1977), the chromatid breaks which result from
these dsb were at least twice more frequent in A-T than in normal cells. We therefore
interpret our data for deletions as indicating that A-T cells convert a higher number of dsb
into chromatid deletions than do normal cells. The mechanism for this conversion is at

present unknown.
For X-irradiated A-T cells treated with ara A (Figure 2), the frequency of deletions

was found to be approximately constant for all post-irradiation intervals, which was

interpreted as the result of inhibition of dsb repair by ara A, thus probably representing
the frequency of deletions at time zero. At 1.5 h interval prior to fixation, the number of
X-ray induced deletions in presence of ara A was higher than that of X-rays alone: 21
deletions as against 15 deletions per 100 chromosomes respectively (Table I, Figure 2).
however the data for X-rays alone and X + ara A were found to extrapolate to a common

point based on first-order kinetics.
The frequency of exchanges in X-irradiated A-T cells increased with increasing

post-irradiation incubation time (Figure 4) as found previously for MRC5SVI cells
(Mozdarani and Bryant 1987). However the increase in exchanges caused by ara A
treatment was not so striking in A-T cells as in normal MRC5SVI cells (Table II). The
reasons for this are not understood. Exchanges are thought to result from misjoining of
dsb (Bender et al. 1974, Natarajan et al. 1980, Bryant 1984), therefore the number of
dsb available and incubation time are two important factors for formation of exchanges.
It appears therefore that in A-T, ara A has a less pronounced effect than in normal cells.
In normal cells Mozdarani and Bryant (1987) showed that in the presence of ara A a 3
fold increased frequency of exchanges occured in irradiated G2 cells. Because ara A
inhibits repair of dsb, the formation of exchanges would be likewise inhibited if the same

mechanism applied, so that it was postulated that the mechanism for the mis-joining of
dsb yielding chromosomal exchanges may be different from that for repair of dsb. The
data presented here is not inconsistent with this notion, although the enhancement of
yields of exchanges in A-T cells by ara A is not so pronounced as in normal cells.

In conclusion our data for these two cell lines (MRC5SVI and AT5BIVA) show that

although the kinetics of rejoining of deletions is the same in G2 A-Tcells as in normals,
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A-T cells appear to convert more X-ray induced dsb into chromatid deletions. The
frequency of exchanges was also increased, but in contrast to its effect in normal cells, in
A-T cells ara A was found not to increase the frequency of exchanges significantly. It is
possible that the high conversion of dsb into chromatid deletions could contribute to the
enhanced cellular sensitivity of A-T cells to ionizing radiation.

Acknowledgements

HM is supported by a grant from the Ministry of Culture and Higher Education of
The Islamic Republic of Iran. Work in the laboratory of PB is supported by funds from
Cancer Research Campain.

References

BENDER, M.A., GRIGGS, H.G., and BEDFORD, J.S., 1974, Mechanisms of chromosomal aberration
production: III. Chemicals and ionizing radiation. Mutation Research, 23, 197-212.

BENDER, M.A., RARY, J.M., and KALE, RP., 1985, G2 chromosomal radiosensitivity of ataxia
telangiectasia lymphocytes. Mutaion Research, 152, 39-47.

BLOCHER, D., 1982, DNA double-strand breaks in Ehrlich ascites tumour cells at low doses of X-rays.
I- Determination of induced breaks by centrifugation at reduced speed. International Journal of
Radiation Biology, 42, 317-328.

BLOCHER, D. and POHLIT, W„ 1982, DNA double-strand breaks in Ehrlich ascites tumour cells at
low doses of X-rays: can cell death be attributed to double strand breaks? International Journal of
Radiation Biology , 42, 329-338.

BODER, E., and SEDGWICK, R.P., 1958, Ataxia-telangiectasia; A familial syndrome of progressive
cerebellar ataxia, oculocutaneous telangiectasia and frequent pulmonary infection. Pediatrics, 21,
526-554.

BRYANT, P.E., 1984, Enzymatic restriction of mammalian cell DNA using Pvu II and Bam HI:
evidence for the double strand break origin of chromosomal aberrations. International Journal of
Radiation Biology , 46, No. 1, 57-65.

BRYANT, P.E., and BLECHER , D., 1980, Measurment of the kinetics of DNA double- strand break
repair in Ehrlich ascites tumour cells using the unwinding method. International Journal ofRadiation
Biology , 38, 335-347.

BRYANT, PP., and BLOCHER, D., 1982, The effects of 9-J3-D arabinofuranosyladenine on the repair of
DNA strand breaks in X-irradiated Ehrlich ascites tumour cells. International Journal ofRadiation
Biology , 42, No. 4, 385-394.

BUCKTON, KP., and EVANS, H.J., 1981, Human peripheral blood lymphocyte cultures. An in vitro
assay for the cytogenetic effects of environmental mutagens. In Hsu,T.C. (Ed), "Cytogenetic assays
of environmental mutagens ". pp 183-199.

CORNFORTH, M.N., and BEDFORD, J.S., 1983, High resolution measurment of breaks in
prematurely condenced chromosomes by differential staining. Chromosoma (Berlin), 88, 315-318.



11

CORNFORTH, M.N., and BEDFORD, J.S., 1985, On the nature of a defect in cells from individuals
with ataxia-telangiectasia. Science, 227, 1589-1591.

COX, R., DEBENHAM, P.G., MASSON, K.W., and WEBB, M.B.T., 1986, Ataxia-telangiectasia: A
human mutation giving high-frequency misrepair of DNA double-strand scissions. Molecular
Biology and Medicine, 3, 229-244.

DEBENHAM, P.G., WEBB, M.B.T., JONES, N.J., and COX R„ 1987, Molecular studies on the
nature of the repair defect in ataxia-telangiectasia and their implications for cellular radiobiology.
Journal of Cell Science, Suppl. 6, 177-189.

FORD, M.D., MARTIN, L., and LAVIN, M.F., 1984, The effects of ionizing radiation on cell cycle
progression in ataxia-telangiectasia. Mutation Research, 125, 115-122.

FORNACE, A.J., and LITTLE, J.B., 1980, Normal repair of DNA single-strand breaks in patients with
ataxia telangiectasia. Biochemica et Biophisica Acta , 607, 432-437.

FRANKENBERG, D., 1969, A ferrous sulphate dosemeter independent of photon energy in the range
from 25 Kev up to 50 Mev. Physics in Medicine and Biology , 14, No. 4, 597-605.

HANSSON, K„ NATARAJAN, A.T., and KIHLMAN, B.A., 1984, Effect of caffeine in G2 on

X-ray-induced chromosomal aberrations and mitotic inhibition in ataxia telangiectasia fibroblast and
lymphoblastoid cells. Human Genetics, 67, 329-335.

HOULDSWORTH, J., and LAVIN M.F., 1980, Effect of ionizing radiation on DNA synthesis in
ataxia-telangiectasia. Nucleic Acids Research, 8, 3709-3720.

INOUE, T„ HIRANO, K„ YOKOIYAMA, A., KADA, T„ and KATO, H„ 1977, DNA repair enzymes
in ataxia telangiectasia and Bloom's syndrome KbToXAasxsJiiochemica et Biophisica Acta, 479,
497-500.

LEHMANN, A.R., 1982, The cellular and molecular responses of ataxia-telangiectasia cells to DNA
damage. In Bridges, B.A. and Hamden, D.G. (Eds): "Ataxia-telangiectasia~A cellular and molecular
link between cancer, neuropathology and immune-deficiency." New York: Wiley, pp 83-101.

LEHMANN, A.R., and STEVENS, S., 1977, The production and repair of double strand breaks in cells
from normal humans and from patients with ataxia telangiectasia. Biochemica et Biophisica Acta,
474, 49-60.

LEHMANN, A.R., and STEVENS, S., 1979, The response of ataxia-telangiectasia cells to bleomycin.
Nucleic Acids Research, 6,1953-1960.

LEHMANN, A.R., JAMES, M.R., and STEVENS, S., 1982, Miscellaneous observations on DNA
repair in ataxia-telangiectasia. In Bridges, B .A. and Hamden, D.G. (Eds): "Ataxia-telangiectasia-A
cellular and molecular link between cancer, neuropathology and immune-deficiency." New York:
Wiley, pp 347-353.

MOZDARANI, H., and BRYANT, P.B., 1987, The effect of 9-P-D-arabinofuranosyladenine on the
formation of X-ray induced chromatid aberrations in X-irradiated G2 human cells. Mutagenesis, 2,
371-374.

NATARAJAN, A.T., and MEYERS, M., 1979, Chromosomal radiosensitivity of ataxia telangiectasia
cells at different cell cycle stages. Human Genetics , 52, 127-132.

NATARAJAN, A.T., OBE, G„ van ZEELAND, A.A., PALITTI, F„ MEUERS, M„ and ELLY
VERDEGAAL-IMMERZEEL, A.M., 1980, Molecular mechanisms involved in the production of
chromosomal aberrations. II- Utilization of Neurospora endonuclease for the study of aberration
production by X-rays in Gi and G2 stages of the cell cycle. Mutation Research , 69, 293-305.



12

PAINTER, R.B., and YOUNG, B.R., 1980, Radiosensitivity in ataxia-telangiectasia: A new
explanation. Proceeding ofNational Academic Science, USA, 77, No. 12, 7315-7317.

PARSHAD, R., SANFORD, K.K., JONES, G.M., and TARONE, R.E., 1985, G2 chromosomal
radiosensitivity of ataxia-telangiectasia heterozygotes. Cancer, Genetics and Cytogenetics, 14,
163-168.

PATERSON, M.C., SMITH, B.P., LOHMAN, P.H.M., ANDERSON, A.K., and FISHMAN, L„
1976, Defective excision repair of g-ray-damaged DNA in human (ataxia-telangiectasia) fibroblasts.
Nature (London), 260, 444-446.

RARY, J.M., BENDER, M.A., and KELLY, T.E., 1974, Cytogenetic studies of ataxia-telangiectasia.
American Journal ofHuman Genetics, 26, 70A.

SAVAGE, J.R.K., 1975, Annotation: Classification and relationships of induced chromosomal structural
changes. Journal ofMedical Genetics , 12, 103-122.

SMITH, P.J., and PATERSON, M.C., 1983, Effect of aphidicolin on de novo DNA synthesis, DNA
repair and cytotoxicity in y-irradiated human fibroblasts. Implications for the enhanced
radiosensitivity in ataxia-telangiectasia Biochemica et Biophisica Acta, 739, 17-26.

TAYLOR, A.M.R., HARNDEN, D.G., ARLETT, C.F., HARCOURT, S.A., LEHMANN, A.R.,
STEVENS, S., and BRIDGES, B.A., 1975, Ataxia-telangiectasia; a human mutation with abnormal
radiation sensitivity. Nature (London), 258, 427-429.

TAYLOR, A.M.R., METCALFE, J.A., OXFORD, J.M., and HARNDEN, D.G., 1976, Is chromatid-
type damage in ataxia-telangiectasia after irradiation at Go a consequence of defective repair? Nature
(London), 260, 441-443.

TAYLOR, A.M.R., 1978, Unrepaired DNA strand breaks in irradiated ataxia-telangiectasia lymphocytes
suggested from cytogenetic observations. Mutation Research, 50, 407-418.

TAYLOR, A.M.R., 1982, Cytogenetics of Ataxia-Telangiectasia. In Bridges, B.A. and Harnden, D.G.
(Eds): "Ataxia-telangiectasia-A cellular and molecular link between cancer, neuropathology and
immune deficiency." New York: Wiley, pp 53-81.

THIERRY, D„ RIGAUD, 0., DURANTON, I., MOUSTACCHI, E„ and MAGDELENAT, H„ 1985,
Quantitative measurement of DNA strand breaks and repair in y-irradiated human leukocytes from
normal and ataxia-telangiectasia donors. Radiation Research, 102, 347-358.

ZAMPETTI-BOSSELER, F., and SCOTT, D., 1981, Cell death, chromosome damage and mitotic delay
in normal human, ataxia-telangiectasia and retinoblastoma fibroblasts after X-irradiation.
International Journal of Radiation Biology , 39, No. 5, 547-558.

ZAMPETTI-BOSSELER, F„ and SCOTT, D., 1985, The response of normal and ataxia-telangiectasia
cells to bleomycin: Relationships between chromosome damage, cell cycle delay and cell killing.
Mutation Research, 151, 89-94.



100

0123456789 10
Time (hours)

Figure 1. Percentage of labelled mitoses as a function of time before fixation in A-T
cells. The arrows and dashed line indicate the length of G2 + M phases. Error bars
indicate standard errors of mean values of two independent experiments.
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$

irradiation
No
°f

ce,ls

before

analysed
fixation

Aberration
per
100

Chromosomes

Gaps

Deletions

Exchanges

Control

250

0.46+0.15

0.42+0.16

0.02+0.007

Ara
A

alone
4

h

300

0.62+0.22

1.11+0.01

0.13+0.04

X-ray

lh

300

1.13±0.08

13.60±2.59

0.24±0.10

X-ray

2h

150**

2.19+0.74

12.32±0.87

0.59+0.02

X-ray

3

h

245

2.31+0.74

8.11+1.27

1.07+0.38

X-ray+araA
@

lh

300

1.73+0.67

16.82+2.31

0.21+0.15

X-ray+ara
A

2

h

150**

2.44+1.66

17.10+4.24

1.61+0.42

X-ray+ara
A

3

h

200

2.16+0.91

17.27+2.80

2.75+1.07

**

Pooled
data
of

two

experiments

@

Ara
A

was

added
to

the

culture
medium
lh

before
the
first

X-irradiation

$

Pooled
data
of

three

independent
experiments

Errors
are

standard
errors
of

mean
values.



Table
III:

Yields
of

chromatid
aberrations
in

X-irradiated
(1

Gy)
G2

normal

(MRC5SVI)
cells.

Treatmet
Time
ofirradiationbeforefixation

(h)

No.of
cells*

analysed

Aberrations
per
100

Chromosomes

Gaps

Deletions

Exchanges

Control

250

3.38
±

0.14

0.38
±0.11

0.06
±0.01

X-rays

1.5

200

2.92
±0.13

9.24
±

0.32

0.46
±

0.10

X-rays

2.5

250

2.96
±

0.41

8.70
±

0.15

0.58
±

0.02

X-rays

3.5

250

2.06
±

0.04

5.22
±

0.25

0.71
±

0.09

*

Pooled
data
of

three

independent
experiments

Errors
are

standard
errors
of

mean
values



Table IV:
Mitotic index with standard errors (Results of two experiments)

Treatment
time in hour
before fixation

Mitotic index

X-rays
Mitotic index

X-ray+ara A

A-T cells (1 Gy) :

1.5 4.40 ±1.27 3.10 ±0.28

2.0 4.68 ± 0.64 2.79 ± 0.37
2.5 4.05 ± 0.64 3.20 ± 0.32
3.0 4.58 ± 0.16 2.80 ± 0.42
3.5 4.94 ±1.35 2.65 ±0.10

Normal (1 Gy):
1.5 1.55 ±0.6

2.5 2.2 ± 2.1

3.5 3.25 ± 0.9

Normal (2 Gy):

1.0 1.62 ±0.2 0.89 ± 0.55

2.0 1.00 ±0.28 0.79 ± 0.27
3.0 1.10 ±2.9 0.74 ± 0.05




