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It has long been demonstrated that the halogenated

analogs of thymidine and deoxyuridine i.e., 5-fluorodeoxyu-

ridine (FUdR), 5-chlorodeoxyuridine (CUdR), 5-bromodeoxyu-

ridine (BUdR), 5-iododeoxyuridine (IUdR) and 5-trifluoro-

methyldeoxyuridine (F3TdR), increase the radiosensitivity

of transforming DNA, bacteriophages, bacteria and mammalian

cells by virtue of their incorporation into DNA in place of

thymidine or deoxyuridine (Djordjevic and Szybalski, 1960;

Opara-Kubinska et al., 1961; Szybalski and Lorkiewicz,

1962; Erikson and Szybalski, 1963; Szybalski and Opara-

Kubinska, 1965; Alexander et al., 1965).

Sensitization effect by these base analogs to radia-

tion has been reported in wide range of studies in mammalian

cells, i.e., cell viability (Szybalski, 1959; Szybalski and

Djordjevic, 1959, 1960; Erikson and Szybalski, 1963 a.b),

cell cycle (Erikson and Szybalski, 1963 c; Alexander et al.,

1965), chromosome aberration (Hsu and Somers, 1961; Kaback

and Saksele, 1964; Djordjevic, 1965; Dewey et al., 1966;

Ockey et al., 1967), single strand rejoining (Humphrey et

al., 1969; Lohman et al., 1972; Sawada and Okada, 1972),



repair replication (Rasmussen and Painter, 1964, 1966;

Brent and Wheatley, 1971; Painter and Young, 1972; Richold

and Arl<?tt, 1972; Fox and Fox, 1973 a.b; Krishan and Painter

1973) and unscheduled DNA synthesis (Rasmussen and Painter,

1964, 1966; Rasmussen, 1968; Painter and Cleaver, 1969).

Although the halogenated base analogs have been widely

employed for the study of radiosensitization, the molecular

mechanism for the sensitization action in the incorporated

DNA has not been fully understood.

Unscheduled DNA synthesis was first reported by

Rasmussen and painter (1964) in HeLa cells following UV

irradiation. Since then, it has been observed in other

mammalian cell lines not only by UV (Rasmussen and Painter,

1966; Cleaver, 1967; Cleaver and Painter 1968; Evans and

Norman, 1968; Cleaver, 1969; Smetes, 1969; Painter and

Cleaver, 1969; Bootsma et ai., 1970; Spiegler and Norman,

1970; Evans et al., 1970; Painter et al., 1970; Cleaver,

1970; Rasmussen et al., 1970; Smetes and Cornells, 1971;

Cleaver, 1971; Stockdale, 1971; Richold and Arlett, 1972),

but also X-rays (Rasmussen and Painter, 1966; Hill, 1967;

Wolff and Scott, 1969, Spiegler and Norman, 1969; Horikaws.

et al., 1970; Spiegler and Norman, 1970; Cleaver, 1971;

Brent and Wheatly, 1971; Shaeffer et al., 1971; Brent and

Wheatly, 1971; Shaeffer et al., 1971; Shaeffer and Merz,
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1971; Scaife, 1972). Recently, unscheduled DNA synthesis

is also reported in non-mammalian cell cultures: grasshop-

per neuroblast (Thornton and Gaulden, 1970) and chick

embryo skeletal muscle cells (Stockdale, 1971) and neuron

(Sanes and Okun, 1972) after X-rays.

This type of DNA synthesis has been later shown

to be "non-semiconservative" DNA synthesis in a variety

of mammalian cell lines after irradiation with UV (Rasmu-

ssen and Painter, 1966; Cleaver and Painter, 1968; Painter

and Qleaver, 1969), X-rays (Painter and Cleaver, 1967;

Ayad and Fox, 1969) or treatment with alkylating agents

(Roberts et al., 1968; Ayad et al., 1969). Because this

radiation-stimulated DNA synthesis in mammalian cells

appeared to be analogous to the DNA repair replication

in UV-irradiated bacterial system (Pettijohn and Hanawalt,

1964). It also has been called "repair replication,"

defined as the uptake of labelled nucleotides into the

"light-light" DNA as observed after CsCLj density gradient

centrifugation when the newly synthesized DNA nas been

density labelled with the tritiated 5-deoxybromouridine

(3H-BUdR). Since the uptake demonstration by autoradio-

graphy (unscheduled DNA synthesis) and that demonstrated

by density gradient methods (repair replication) always

occur together. Painter and Cleaver (1969) have suggested
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that the two phenomena may bo manifestation of the same

processes to represent biologically significant repair

of damaged DNA.

Many evidences supporting this idea have been

observed in primary cultured human fibroblast cells from

normal and xeroderma pigmentosum patient (Bootsma et al.,

1970), Chinese hamster V7979 and V79 (Cleaver, 1969 b),

human w-38 (Rasmussen et al., 1970), HeLa (Cleaver, 1970;

Painter et al., 1970; Brent and Wheatley, 1971), mouse L,

porcine kidney PS and Ehrlich ascites tumor (Horikawa,

1970), Chinese hamster F and V79-4 cells (Kichold and

Arlett, 1972). Fox et al., (1970), however, have failed

to demonstrate a correlation between these two phenomena

in X-irradiated P388F lymphoma cells. Furthermore,

Djordjevic et al., (1970) and Evans et al., (1970) have

reported that significant amounts of thymidine are incor-

porated into the DNA of HeLa cells without an extracellu-

lar stimulus and at a time when normal semiconservative

DNA synthesis does not occur. But they suggested that

this spontaneous unscheduled DNA synthesis represents a

general error-correcting mechanism involved in the repair

of breaks introduced into the genome during the cell's

normal metabolic activity.

A mitotic chromosome is formed by coiling and



folding of fiber consisting of long single DNA molecule

associated with protein. It has been suggested that the

DNA moiety of chromosome is the molecular species primarily

involved chromosome breakage and rejoining, and that

exchange type aberration are formed by misreplication

and/or misrepair of DNA at two closely associated sites

of damage.

Evans (1966) first proposed the idea that chromosome

repair (restitution) and misrepair (exchange) occur by a

process similar to those responsible for repair replication.

Evans believes that the primary lesions produced in the

X-irradiation are not open breaks. These lesions supposeâly

undergo a repair process which may De identical with the

repair process, and thus chromosome aberration theoreti-

cally could arise by misrepair. An important consequence

of the misrepair hypothesis is that "aberrations are some-

ta Ing that the cell makes and not something that radiation

makes" (Evans, 1968).

Similar ideas have been expressed by Kihlman and

Hartley (1967, 1968), and Dubin and Soyfer (1969). Spie-

gler and Norman (1969), working with X-irradiated human

lymphocytes, have reported that the same processes are

involved in the repair of DNA strand breaks and in the

formation of chromosome exchange aberration. Kihlman



(1971) has suggested that DNA is the key substances in

chromosome breakage rejoining and that essentially the

same biological mechanisms are involved in the repair

replication and in the formation of chromosomal aberra-

tion.

Not all facts, however, fit this concept of the

molecular mechanism of aberration formation quite as well

as the facts so far presented. Among these, Cleaver (1969)

has reported that hydroxyurea (HU) and 5-fluorodeoxyuridine

(FUdR), which are supposed to produce or enhance chromosome

damage by preventing repair, do not inhibit repair repli-

cation or unscheduled DNA synthesis. Wolff and Scott (1969)

have subsquently shown that X-rays produces the same rela-

tive frequencies of exchanges type aberration in the two

strains DON and B14FAF of Chinese hamster cells which

differ markedly in their ability to perform unscheduled

DNA synthesis, and that exchanges are produced by X-rays

in root tip cells of Vicia faba, although unscheduled DNA

synthesis has not been demonstrated in these cells. Thus,

they concluded that X-ray or UV induced chromosome brea-

kage is independent ability to repair DNA.

Spiegler and Norman (1970) have reported that the

connection of unscheduled DNA synthesis to chromosome

aberration and to single and double breaks in DNA was
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obscure in X-irradiated human lymphocytes. Sawada and

Okada (1970), with X-irradiated mouse leukemic cell

L5178Y, have found that the rejoining processes of single

strand breaks of DNA is different not only from unscheduled

DNA synthesis and repair replication, but also from resti-

tution of chromosome aberration. Shaeffer et al., (1971)

have also observed that rat kangaroo PtKl cell line, which

is deficient in unscheduled DNA synthesis, has shown to

have a functional chromosome rejoining processes.

Although unscheduled DNA synthesis has been sugges-

ted as a repair process and has been equated with repair

replication, there is as yet, however, no direct and

convincing evidence which shows that these radiation-

stimulated DNA syntheses results in a restoration of cell

viability. Also no certain correlation between these

phenomena, single strand DNA rejoining and chromosome

restitution with other biological recovery processes,

such as colony forming ability, Elkind recovery and

recovery from potential lethal damage, could be esta-

blished. Thus, the relation of unscheduled DNA synthesis

to cell sensitivity, cell recovery, and restitution of

chromosome aberration induced by radiation remains still

open to question.

Recently, Painter et al., (1970) have shown that



the extent of normal replication of repaired DNA is dose

dependent and strain specific in UV-irradiated human W138

and HeLa S3 cell strains. Moreover, Djordjevic et al.,

(1970) have subsequently reported that radiosensitivity

is subline specific, working with two sublines, HeLa S3-

10 and HeLa S3-91V. Cleaver (1971) has reported that the

initial enzymatic step for repair replication differs in

X- and UV-irradiated mammalian cells. More recently,

Shaeffer and Merz (1972) have observed that cell lines

containing more chromosome number showed greater amount

of unscheduled DNA synthesis, but no correlation was

apparent between DNA content, radiosensitivity and un-

scheduled DNA synthesis.

It has been established that radiation induces

varying types of chromosome aberration depending on the

stages of cell cycle at which cells were irradiated

(Evans, 1962). Exchange type aberrations are usually

included chromatid»exchange, dicentric and ring, and are

known to be repaired chromosome configurations from the

broken ends produced by radiation (Fabrikant, 1971).

Structural configuration ofmitotic chromosome has been

thought to be formed by coiling and folding of fiber

consisting of long single DNA molecule associated with

protein (Kihlman, 1971).
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In relation to the chromosome repair with the un-

scheduled DNA synthesis and/or repair replication, some

workers have postulated that the same biological mechan-

ism are involved in repair replication and in the forma-

tion of chromosomal aberrations (gvans, 1966, 1968; Kihlman

and Hartley, 1967, 1968; Dubinin, 1969; Dubinin and Soyfer,

1969; Spiegler and Norman, 1969; Kihlman, 1971). Data,

however, have been accumulated that the repair of radiation-

induced chromosome breaks and the rejoining that leads to

the formation of exchanges are not related to the ability

to repair the damaged DNA induced by radiation (Wolff,

1968; Wolff and Scott, 1969; Cleaver, 1969; Spiegler and

Norman, 1970; Sawada and Okada, 1970; Parrington et al.,

1971; Wolff, 1972; Guatschi et al., 1973; Beckert and

Park, 1973).

Although unscheduled DNA synthesis •. equated with

repair replication has been suggested as one of repair

processes from the radiation-induced DNA damage, there

is no direct and convincing evidence which shows that

this radiation-stimulated DNA synthesis is results ' in

a restoration of cell viability. Also no distinct

correlation between this phenomena and chromosome resti-

tution could be established. Thus the relation of un-

scheduled DNA synthesis to cell survival, recovery or

9
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chromosome aberration induced by radiations remains still

unsolved problem.

It has been reported that UV-induces different

types and frequencies of chromosome aberration^ and that

stage radiosensitivity induced by UV-light is different

from that of ionizing radiation-irradiated cells (Chu,

1965; Trosko and Brewen, 1967; Rauth, 1970). Since

studies on the unscheduled DNA synthesis in relation to

chromosome repair have been mostly reported in X-irradia-

ted cells, different response may be expected when irra-

diated with UV-light.

In addition, although the halogenated compounds,

particularly BUdR, have been exclusively employed for the

study of repair replication, it has been scarcely used in

unscheduled DNA synthesis. Thus, the radiosensitization

action by these halogenated thymidine analogs on the un-

scheduled DNA synthesis has not been fully established.

Moreover, the majority of the studies on unscheduled DNA

synthesis has been conducted with established mammalian

cell lines, and data with peripheral lymphocytes are not

much at present time. Therefore, it is worthwhile to

elucidate the relationship between unscheduled DNA syn-

thesis and chromosome repair induced by UV-light in

halogenated thymidine analogs treated lymphocyte cultures.

10
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It has been demonstrated that the treatment with

alkylating agent to cells at various stages of the cell

cycle induces different types and frequencies of chromo-

some aberrations (Kihlman, 1971). Evans and Scott (1969)

first reported that only chromatid type aberrations were

scored at the first and second mitosis in Vicia faba cells

following treatment with nitrogen mustard (HN2). Chu

(1969) working with in vivo cells of Ehrlich ascites

tumor and rat bone marrow, showed that the chromatid

type aberrations were occurred as late as 60 hours after

ethyl- and methyl-methanesulfonate (EMS and MMS) treatment,

Sasaki (1973) found in human lymphocytes that MMS-induced

chromosome aberrations were essentially of the chromatid

type and that S-stage cells were the most sensitive to

MMS« Other workers, however, maintained that the chromo-

some type aberrations were also observed in human and

plant cells after treatment with other chemicals (Nawar

et al., 1971; Bochknv and Kuleshov, 1972; Brooks and

Greggar, 1973). It is, therefore, assumed that the

sensitivities to alkylating agent in mammalian cells

are not well established yet.

Although the mechanism involved in the induction

of chromosome aberrations remains to be elucidated, the

molecular action of MMS on DNA has been proposed. It

11
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first methylates DNA, primarily on N-7 of guanine ~jid

B-3 of adenine bases, the DNA then undergoes depurination

and single strand breaks (Fox and Fox, 1973). Clarkson

and Evans (1972) reported that DNA damage caused by MMS

seems to be repaired by processes similar to those involved

in the repair replication by ionizing radiation, which is

associated with single strand breaks. This may strongly

indicate that MMS-induced DNA damge is largely the same

one as induced by ionizing radiation.

An incorporation of thymidine analogs, particularly

5-bromodeoxyuridine (BUdR), into DNA of mammalian cells

has been suggested to increase the chromosome aberration

and single strand breaks of DNA in irradiated cells follow-

ing to these compounds (Dewey et al., 1966; Lohman et al.,

1972). It is postulated that the substitution of bromo-

uracil (BU) i*a the place of thymine enhances an increment

of the primary lesions in DNA leading to single strand

breaks (Sawada and Okada, 1972). Legator and Flamm (1973)

suggested that these thymidine analogs would lead to base

substitution resulted in an increase of purine bases by

transition mutation. If so, the substituted DNA with

these base analogs may provide a large proportion of the

action site to be attacked by MMS. Park and Uhm (1975)

recently confirmed that BudR and 5-iododeoxyuridine (IUdR)

12
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found to be potent chemical sensitizers enhancing MMS-

induced DNA repair synthesis, which is associated with

the single strand breaks of DNA and their repair.

Though there has been made of chromosome aberra-

tions induced by alkylating agent, quantitative data

concerning the characterization of MMS-induced chromo-

some aberration have scarcely been reported. Moreover,

no one has yet attempted to study the effects of base

analogs on chemical-induced chromosome aberration in

mammalian cells.

The purposes of the present investigation were

(1) to determine the rate and type of chromosome aberra-

tions and (2) to determine the dose response of unscheduled

DNA synthesis and (3) to elucidate the sensitization

effects of thymidine analogs on unscheduled DNA syntehsis

and chromosome aberrations in irradiated or methyl metha-

neualfonate treated human and mammalian cells in vitro.

I I

13
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MATERIALS AND METHODS

1. Materials

Materials used throughout this investigation were

two established human cell lines, HeLa S3 and KB, derived

from neoplastic origin, and human and rabbit lymphocytes.

Pertinent information regarding to these cells is listed

in Table 1.

2. Cell Culture

1) Established Cell Lines

Atock cultures of HeLa S3 and KB cell lines were

maintained in milk dilution bottles (Kimax, 150 ml) at

37°c. Cells have been kept in exponential growth by

routine passage- using trypsin-EDTA.

2) Human Lymphocytes

One hundred ml of venous blood obtained from heal-

thy man were collected in heparinized syringe, transferred

into blood separation vial (Difco) and allowed to stand

for 30 minutes at 4°C. Leucocyte-containing upper plasma

layer was drawn off with a Pasteur pipette and added to

the growth medium in a ratio of 1 ml of plasma with

14
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Table 1. Cells and growing conditions

Cells

HeLa S3

KB

Human
Lymphocytes

Rabbit
Lymphocytes

Origin

Human
cervical

Human
oral
carcinoma

Venous
blood

blood from
carotid
artery

Morphology

Epithelial
type

H

Amoebuid

Growing condition

Monolaya

11

Suspension

11

Medium

TC 199, 10&
fetal celf
serum &
antibioties

Eagle's MEM,

10% fetal
calf serum,
1% non-
essential
araino acids
& antibioties

TC 199, 20%
fetal Calf
serum, PHM-P,
& antibioties

ti n
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leucocytes to 4 ml of T.C. medium 199 (Gibco) supplemented

with 20% inactivated fetal calf serum and antibiotics

(penicillin G, 100 units/ml; streptomycin, 100 mcg/ml).

The cultures were then stimulated with 0.1 ml of phyto-

hemagglutinin-M (Difco) and incubated at 37°c.

3) Rabbit Lymphocytes

Whole blood obtained from carotid arteries of

normal individuals were transferred into blood separation

vial (Difco) and allowed to settle for an hour at 4°C.

Leucocyte-containing upper layer was drawn off by Pasteur

pipette and washed once in PBS (Dulbecco) and then mixed

with the growth medium in a ratio of 1 ml plasma with

leucocytes to 4 ml of T.C. medium 199 supplemented with

20% fetal calf serum and antibiotics (Penicillin G 100

units/ml, Streptomycin 100 ug/ml). The cultures were

then stimulated with 0.1 ml phytohemagçiutinin-M (Difco),

as described by Shaeffer and Merz (1971) and maintained

at 37°C.

3. Mutagen Treatment

1) X-irradiation.

X-irradiation was carried out for two purposes,

one for the induction of unscheduled DNA synthesis and

16
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the other for the production of chromosome aberrations.

For experiments involving unscheduled DNA synthesis, an

appropriate number (1.0-2.0 x 107 cells/ml) of monolayer

cultures of HeLa S3 and KB cell lines grown for 48 hours

were X-irradiated with gradual exposures from 0 to 10 kR

(0, 500, 1,000, 2,000, 4,000, 6,000, 8,000, and JO,000 R).

For experiments involving chromosome aberrations, monolayer

cultures of these cell lines grown in 30 ml of plastic

bottles (Falcon Plastic) for 48 hours were irradiated wifch

gradual exposures from 0 to 500 R (0, 23, 46, 92, 184, 368

and 500 R).

A Keleket therapeutic X-ray machine was used for

X-irradiation, operated following conditions of 250 KVP,

15 mJS and HVL 30 cm. The dose rate was 345 R/min. as

measured by s. Victoreen model 750 R-meter.

2) UV-irradiation

Prior to UV-irradiation, the growth medium was

removed from the rabbit leucocyte cultures and the cells

(2.0-3.0 x 10° cells/ml) were suspended in Dulbecco's

phosphate buffered saline (PBS) in order to get the maxi-

mum absorption of UV-light. The cell suspension placed

in 50 ml beaker formed a layer of 4-5 mm deep and in order

to obtain a uniform exposure it was continuously stirred

with a magnetic stirrer. For the induction of unscheduled

I I
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4. Incorporation of Thymidine Analogs.

The sensitization effect of 5-bromodeoxyuridine

(BUdR) and 5-iodedeoxyuridine (lUdR) was determined by

•

DNA synthesis, the cells were irradiated from 0 to 1,000

ergs/mm (0, 250, 500, 1,000 ergs/mm2). For the production

of chromosome aberrations, cells were irradiated with 25

and 50 ergs/mm .

UV-irradiation was delivered using Mineralight

UVS-11 (phillips) at 2537 A°„ The incident dose rate at

surface of the cell suspension was approximately 8 ergs/

mm^/sec.

3) Methyl methanesulfonate (MMS) Treatment

MMS (Eastman Kodak) was dissolved in phosphate

buffered saline (PBS) as 1 M stock solution and further

diluted to various working concentrations in the serum-

free medium immediately prior to use. For the induction

of chromosome aberration, the cultures grown for 48 hours

were treated to MMS from 0.5 mM to 2.0 mM (Park and Uhm,

J975) for one hour at 37°c. After treatment with MMS,

the cultures were washed twice with the medium and the

second washing was replaced with the original growth

medium and returned to incubator at 37°c.

18
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two distinct groups of experiments, concerned with both

unscheduled DNA synthesis and chromosome aberrations.

BUdR and IUdR were prepared as IM stock solution in

growth medium and further diluted to the various working

concentrations immediately prior to use. The steriliza-

tion of the growth medium containing BUdR and ITJdB was

accomplished by passage through a 0.45 U pure size

membrane filter inserted into a Swinny hypodermic adapter.

The first study on unscheduled DNA synthesis w»s

conducted to determined the sensitization effect of BUdR

or IUdR on UV-induced unscheduled DNA synthesis in rabbit

lymphocytes. Lymphocyte cultures grown for 24 hours in

PHA-M containing medium with 2.0-3.0 x 106 cells/ml were

treated with BUdR or IUdR at a final concentration of

0.2 mM for 24 hours at 37°C.

The second study on chromosome aberrations was

further subdivided. The first sejpies was to determine

the sensitization effect of BUdR or IUdR on UV-induced

chromosome aberrations in rabbit lymphocytes. An app-

ropriate number (2.0-3.0 x 10^ cells/ml) of lymphocytes

grown for 24 hours were then exposed to 0.08 mM of BUâR

or IUdR for 24 hours. The second series examined MMS-

induced chromosome aberrations in human lymphocytes.

Lymphocyte cultures (2.0-4.0 x 10° cells/ml) grown in

19



PHA-M, containing medium for 24 hours were treated to

BudR or lUdR at a final concentration of 2.0 mM for

24 hours.

- L

5. Unscheduled DNA Synthesis Procedures

The experiments involving unscheduled DNA synthe-

sis were carried out by Autoradiography. For the deter-

mination of dose response of unscheduled DNA synthesis,

H-thymidine (Amersham/Searle) was incorporated to the

cultures at a final concentration of 5-10 uCi/ml (speci-

fic activity, 19-27 Ci/mM) for an hour during X-irradia-

tion, and immediately after irradiation with UV-light.
3

Labeling with H-thymidine was terminated by washing the

cells from the cultures three times in cold Hank's

balanced salt solution (BSS) containing 100 ug/ml of

unlabeled thymidine. The cultures were then harvested

and fixed in 3yl ethanolglacial acetic acid. The cell

pallets were resuspended in fresh fixative and then

slides were prepared by the air drying technique.

Prior to autoradiography, all slides\^Pere stained

with 2% Aceto-orceih. Autoradiograms were prepared using

autoradiographic stripping plate (Kodak AR-10) in a dark

room with temperature controlled at 18-20°C and with a

I I
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i i

relative humidity of 50%. A Wratten series 1 (Kodak)

safelight was used. All films were exposed for two weeks

in a light tight box at 4°C and developed in Kodak D19-B.

Silver grains were counted over the nuclei of the

labeled cells using an oil immersion lens. Three distinct

populations of cells were distinguishable with respect

to their labeling patterns (1) S-stage cells whose nuclei

-were completely black with silver grains which were active

DNA synthesizing cells or unevenly labeled which were just

leaving the S-stage at the s tart of labeling or just start-

ing the S-stage at the end of pulse, (2) non-S-stage cells

whose nuclei were unlabeled, and (3) unscheduled DNA

synthesizing cells whose nuclei were evenly and lightly

labeled.

Any cells with 25 grains in X-irradiated cells and

100 grains in UV-irradiated cells above background was

considered an unscheduled DNA synthesizing cell.

6. Chromosome Aberration Experiments.

Immediately after irradiation or treatment with

MMS, the medium was replaced with fresh medium and

returned to the incubator at 37°C. For X-irradiated

cells, the cultures were kept for 2.5 hours after

21
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irradiation at 37°c in the growth medium containing

colcemid at a final concent ration of 0.06 ug/ml.

Cultures irradiated with UV-light or treated with MMS

were incuhated an additional 24 hours following mutagen

treatment. Colcemid was used during the final 4 hours

of incubation at a final concentration of 0.06 ug/ml.

The cultures were then harvested, treated with

hypotonie solution for 25 minutes at 37°c and then

fixed in 3;1 ethanol-glacial acetic acid. Chromosome

preparations were made Dy the air drying technique and

stained with Giemsa stain. Chromosome aberrations were

scored under the oil immersion lens according to the

criteria of Evans (1962) and Kthlman (1971).

I I
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1. X-ray Induced Unscheduled DNA Synthesis and Chromo-

some Aberrations in Established Human Cell Lines

1). Characteristics of Normal Cell Lines

(1). Modal chromosome number

As shown in Table 2 the modal chromosome number

and the range of chromosome number distribution of HeLa

S3 and KB cell strains were 64 (42.7%) with 36-92 and ,

77 (52.4%) with 43-138 chromosomes, respectively.

(2). Spontaneous chromosome aberration

As listed in Table 3, the aberration rate per

cell was found to be 0.06 in HeLa S3 and 0.081 in KB.

(3). Relationship between modal chromosome number

and spontaneous aberration

As seen in Table 4, there is no any correlation

between the chromosome number and the rate of spontaneous

chromosome aberration.

2). Determination of unscheduled DNA synthesis

Table 5 shows the labelling index and dose response

of unscheduled DNA synthesis in two different cell strains

irradiated with various doses of X-rays. '

23
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Table 2. Distribution of chromosome numbers in two established

human cell strains

1. HeLa S~

Chromosome
number

Counts
{%) 0

9

36

.09

63

11
.40

44

1
0.09

64

50
42.73

49

1
0.85

65

21
17.95

0.

12

51

1
85

66

15
.85

53

1
0.68

67

2
1.72

54

1
0.85

68

3
2.56

57

2
1.71

70

1
0.85

58

3
2.56

92

1
0.85

62

2
1.71

Total

117
100

CM
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2 . KB

Chromosome
number

Counts
{%) 0

3

43

1
.95

76

5
.81

48

1
0.95

77

54
51.43

63

1
0.95

78

9
8.57

64

1
1.90

79

6
5.72

67

2
2.86

80

3
2.86

69

3
1.90

81

3
2.86

72

2
2.86

87

1
0.95

73

3
1.90

88

1
0.9B

74

2
3.81

97

2
1.90

75

4
4.76

138

1
0.95

in

Total

105
100



Table 3. Spontaneous chromosome aberrations in two established

human cell strains

Cell
Type of aberration

Termi- Chroma- Iso-chro- Chroma- Dicen-
nal • tid matid tid

strains* dele* dele- dele- ex-
tion tion tion change trie

1

2

2

6

2

3

Total
aberra-

tions**

6

9

Total
cells
ana-
lyzed

100

111

Aberra
tion/

cell

i

0.060

0.081

* li HeLa S3, 2: KB

** Twice of chromatid exchange and dicentric because of two

hit aberration

CM
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Table 4. Relationship between modal chromosome number and

spontaneous chromosome aberration

Cell strains

1

2

Modal chromosome number (%) Aberration/cell

64 (42.750

77 (52 1%)

0.060

0.081

CM



Table 5. Labelling index and unscheduled DNA synthesis in two
established human cell strains irradiated with various
doses of X-rays

Cell

strains

1
2
1
2
1
2
1
2
1
2
1
2
1
2
1
2

Dose

irradia-

ted (R)

0

500

1,000

2,000

4,000

6,000

8,000

100,000

Total
label-

ling

index*

12.1
8.7
21.5
11.8
23.1
12.3
23.5
12.4
22.7
12.4
25.8
13.0
29.0
13.2
28.7
15.13

**Labelling patterns
Lightly
labelled
(5-25
grains)

-
-

11.65
10.43
13.46
14.04
73.55
17.09
29.90
17.46
30.12
19.36
30.16
22.55
30.86
25.95

Moderately

labelled

9.75
10.84
24.27
17.39
26.34
21.23
33.89
17.46
38.31. .
17.46
35.00
18.75
35.96
15.78
32.38
20.61

Heavily
labelled
(100
grains)

90.25
89.16
64.07
72.17
60.19
63.71
52.54
65.07
31.37-
65.07
34.88
61.89
33.98
61.65
34.76
53.43

Total

cell

100.00
100.00
83.34
89.36
86.53
84.94
86.43
82.53
69.68
82.53
69.88
79.64
69.94
77.43
68.14
74.04

* Pecentage of 1,000 cells analyzed
** Mean of 300 labelled cells analyzed

oo
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(1). Labelling index

Comparing to the control value, HeLa S3 shows the

highest labelling index (2 folds) at the initial irradia-

ted group (500 R), and KB do not show any difference.

The different labelling index in different strain

may represent different time span of the cell cycle and

different metabolic activity of cells responding to the

X-irradiation. From the data, it cannot be ruled out that

the responsibility for different culturing methods. One

hundred percent labelling indices were not obtained even

in 10 kR irradiated groups in cell strains. The lower

rate of labelling index may be due to the lower dose rate, J j

low total dose, less concentration of ^H-thymidine or

short exposuring time of autoradiography.

(2). Determination of unscheduled DNA synthesis

Unscheduled DNA synthesis occurred in all strains

studied. The data shows that X-ray stimulated DNA syn-

thesis in these cell strains is dose dependent and is

inversely proportional to toal frequencies of X-stage

cells. The highest value of unscheduled DNA synthesis

at 10 kR irradiated group in HeLa S3 and KB shows 30.86

and 25.95 respectively. The value represent almost

1/4-2/5 of all DNA synthesized cells. The relative

amounts of unscheduled DNA synthesis found to be 22.8

29
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and 18.3 HeLa S3 and KB, respectively. The overall range

of unscheduled DNA synthesis is not so with in two diffe-

rent strains.

(3). Dose response of unscheduled DNA synthesis

Dose response of unscheduled DNA synthesis seems to

be dose-dependent and strain-specific. Only HeLa S3 shows

a saturation after 4,000 R irradiation at the level of 30&.

Other strain increase the rate of unscheduled DNA syntheiis

as dose increase until 10 kR irradiation.

Thus, the amounts of repair processes is directly

proportional to dose irradiated.

3). Chromosome aberration

(1). Frequencies of chromosome aberration

As shown in talbeeó, frequencies of chromosome

aberration is increased as dose increase. Aberration

per cell in HeLa S3 and KB is 1.500 and 2.293 at 23 R,

and 2.290 and 4.370 at 46 R, respectively. Thus, the

relative radiosensitivity is higher in KB, followed by

HeLa cell strains. These data indicate that radiosensi-

tivity is out of accord with the rate of spontaneous

chromosome aberration.

(2). Rate of chromosome exchange

As shown in table 7, exchange rate of HeLa S3 and

KB were 0.800 and 1.384 at 23 Ef and .1.066 and 2.444 at

46 R irradiated group, respectively. The higher exchange

30
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Table 6. Frequencies of chromosome aberrations in two cell lines after

irradiation of varying doses of X-rays.

Cell

lines

1

2

1

2

1

2

Dose

(R)

0

23

46

Cells
analy-
zed

94

100

100

130

107

54

T.D.

1

6

31

110

75

44

Type

CD.

1

3

30

56

46

22

of aberration

I.D.

4.

-

18

34

19

20

CE. D. R.

-

_

40

89 1 -

54 2 1

60 4 2

Total
aberra-
tions

6

9

150

380

245

218

Aberra^
ti on/
cell

0.060

01081

1.500

2.923

2.290

4.370

Aberra-
tion/
cell/R

-

-

0.0652

0.1271

0.0498

0.0198

T.D. : Terminal deletion C.P1.: Chromosome exchange

CD.: Chromatid deletion D. : Dicentric

I.D.: Isochromatid deletion R.: Ring
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Table 7. The rate of chromosome exchanges in two established

human cell strains.

Cell strains Dose irradiated Rate of chromosome exchange Cells analyzed

1

2

1

2

1

2

23

46

0.800

1.384

1.066

2.444

111

100

100

130

107

154
CM
CO



2. Sensitization Effects of ThymMine Analogs on UV-

induced Unscheduled DNA Synthesis and Chromosome

Aberrations in Rabbit Lymphocytes.

1). Chromosome Aberrations

UV-induced chromosome aberrations in BUdR or IUdR

treated rabbit lymphocytes fixed at 24 hours after irra-

diations are shown in Table 9. As expected, both chrome-

tid and chromosome type aberrations were scored, since

the designed time for chromosome preparation was elapsed

almost one generation time after irradiation.

- L

rate is shown in KBt folloved bv HeLa S3.

These data are in good agreement with that of

spontaneous chromosome aberration. Thus, the exchange

rate and the relative radiosensitivity are different

in different cell strains, and are directly proportional

to the doses irradiated.

4). Relations between unscheduled DNA synthesis, modal

chromosome number and chromosome exchanges.

Table 8 shows summary of these experiments. From

the table, it can be concluded that unscheduled DNA syn-

thesis is not directly related to modal chromosome number

and total exchange rate. I I

33



Table 8. Relationship between unscheduled DNA synthesis, modal chromosome

number and chromosome exchange

Cell strains
unscheduled
DNA synthesis

Modal chromosome
number

Total exchange
rate

1

2

159.70

127.88

64

77

1.866

3.828

CO
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In the control, 95.7% of the cells showed normal

metaphases and the rate of spontaneous aberration (breaks/

cell) was 0.033 in which relatively same frequencies of

chromatid deletion, chromosome deletion and exchanges were

included.

In 25 ergs - irradiated groups, net UV-irradiated

group showed 0.569 breaks/cell, whereas in BUdR • UV and

in IUdR + DV groups the rates were 0.840 and 1.090 respec-

tively. These break rates were increased in each of 50

ergs-irradiated groups as a function of about 0.3-0.4.

Percentage of normal metaphase were decreased as dose

increases. This was prominent in BUdR or IUdR treated

group.

As indicated in the table, both BUdR and IUdR were

shown to be potent sensitizing agents on chromosome aberra-

tion production in UV-irradiated lymphocytes, but IUaR

was found to be more effective sensitizer than BUdR.

(2). Rate of Chromosome Exchange

Table 10 is shown the rate of chromosome exchange

induced by UV-light in BUdR or IUdR substituted rabbit

lymphocytes. The rate of chromosome exchanges is included

exchange, dicentric and ring which are not duplicated rate

of their frequencies. As shown in the table, the exchange

rate in the net 50 erg-irradiated group was almost twice

35



Table 9. Freauencies of UV induced chromosome aberrations in BUdR
and IUdR substituted rabbit lymphocytes'a

Treat- Incident Total Normal
UV dose cell meta-

mentb (ergm/ scor- phase
ms2) ed (%)

Types of aberration0

Chromatid Chromo- Exchanges Dicen- Rings

some
deletions deletions tries

Breaks^

per

cell

Control
UV
BUdR+UV
IUdR+UV
UV
BUdR+UV
IUdR+UV

25
25
25
50
50
50

120
102
100
100
100
120
120

97.5
73.5
63.0
61.0
59.0
48.3
43.3

0.8+0.9 0.8+0.9 0.8+0.9

3.9+1.9
8.0+2.8
17.0+4.1
14.0+3.7

Q.R+Ó.1
14.0+3.7
20.0+4.5
11.0+3.3

11.7+3.4
15.0¿5.5
20.0+4.5
17.0+4.1

0.033
7.8+2.8 2.0+1.4 0.569

12.0+3.5 4.0+2.0 0.840
13.0+3.6 3.0+_1.7 1.090
13.0+3.6 1.0+, r, o.870

13.3+3.6 18.3+4.5 24.2+4.9 15.0+3.9 5.8+214 1Í216
17.5+4.1 23.3+4.8 26.6+5.1 16.6+4.0 8.3+2.8 1.442

a. Chromosome preparations were made at 24 hours after UV-irradiations
following treatmeßt with BUdR and IUdR.

b. 5UdR=5-bromo-2'deoxyuridine for 24 hours.
IUdR=5-iodo-2'deoxyuridine for 24 hours.

c. Aberration yields are represented as percentage of aberration with
their standard error.

d. Breaks/cell^deletions+twicp of exchanges, dicentrics and rings.

ro



_ J

Table 10. Rate °f UV-induced chromosome exchanges
in BUdR and lUdR substituted rabbit
lymphocytes

Treatment

Control

UV

BUdR+UV

IUdR+UV

UV

BUdR+UV

IUdR+UV

Incident

UV dose

(ergs/mm2)

-

25

25

25

50

50

50

Rate of

exchanges (%)

± S.E.

0.83 + 0.9

21.6 + 4.6

31.2 + 5.6

36.5 ¿ 6.0

41.7 + 6.4

45.0 +_ 6.7

51.7 + 7.2

CO
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u 20,

UV dose ¡ergs/mm1 i

Fig, I. Histogram represented the rate of

chromosome exchanges.

L
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rate than in the net 25 ergs group. In BUdR + UV or

IUdR + UV groups, however, the exchange rates were not

proportional as dose increases, although the rates were

much higher than in the net UV-group.

Figure 1 represents the histogram which shows the

comparison of exchange rates in three experimental groups.

The figure is clearly shown that the increased tendency

of chromosome exchanges affected by these halogenated

thyœidine analogs, and that the potent sensitizing action

of IUdR on the induction of chromosome exchange than BUdR.

The effective sensitizing action of IUdR is represented

approximately 5% more than of BUdR in the exchange rate.

2). Unscheduled DNA Synthesis

(1). Labelling Index a n ä Labelling Pattern

Table 11 shows the labelling index and the label-

ling pattern of UV-stimulated DNA synthesis in BUdR or

IUf?R substituted rabbit lymphocytes.

In the control, 25% of cells were labelled in which

the majority of labelled cells were normal DNA synthesized

cells (heavily labelled).

In the net UV-irradiated groups, the labelling

index was sharply increased at 250 ergs and then showed

a plateau thereafter. The labelling pattern was shown

that unlabelled and heavily labelled cells were decreased

I I
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Table 11. Effects of UV-irradiation on 3H-thymidine incorporation in

BUdR and IUdR substituted rabbit lymphocytes.

Treatment

UV dose

(ergs/nun2)

Control

250

500

1,000

BUÄR+250

BUdR+500

BUdR+1,000

IUdR+250

IUdR+500

IUdR+1,000

Labelling ;

Unlabelled

75.8+7.0

62.3+7.5

60.6+7.7

58.9+7.6

55.4+7.4

39.6+6.2

19.3+4.4

42.4+6.5

33.3+5.7

26.5+5.1

pattern
Lightly

labelled

(UDS)

0.2+0

28.5+5

31.8+5

33.8+5

38.5^+6

56.9+7

77.5+8

58.7+7

63.8+7

73.3+8

.4

.3

.6

.7

.1

.4

.8

.6

.9

.5

Heavily
labelled

(s)

24.3+2.0

10.7+3.9

9.1+3.0

77.2+2.6

5.3+2.2

5.1+2.2

4.2+2.0

2.0+1.4

4.1+2.0

1.9+1.0

Average grain

counts '• per

cell

7.8+0.4

14.2+8.2

16.6+11.6

17.0+9.6

37.3+19.5

42.9+7.3

54.5+21.7

23.3+9.7

36.0+20.7

49.2+17.9

a. BUdR or IUdR (0.2mM/ral) for 24 hours

Ví'T
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as dose increases, whereas lightly labelled cells showed

the initial sharp increase at 250 ergs and then saturation

thereafter. This tendency was markedly different in BUdR

or IUdR treated group.

In BUdR + UV groups, the labelling index was propor-

tional as dose increases. The labelling pattern also

showed that the lightly labelled cells were increased as

dose increases, In IUdR + UV groups, the labelling index

and the lightly labelled cells were more increased at

IUdR + 250 ergs eomparing to the corresponding BUdR group,

but at IUdR + 1000 ergs the lightly labelled cells were

much less than the corresponding BUdR group. Accordingly

the proportionality of labelling index and lightly labelled

cells in IUdR + UV groups is slightly decreased than in

BUdR + UV groups.

Figure 2 respresents the labelling pattern and label-

ling index in each experimental group.

As shown in the figure, lightly labelled cells in

BUdR + UV and IUdR + UV groups are shown to be increased

as dose increases comparing to the corresponding net UV

groups. Thus BUdR and IUdR are both potent sensitizer

inducing the unscheduled DNA synthesis. But the sensiti-

zing effect is different in different dose levels in BUdR

and IUdR treated groups.

I I
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Fig. 2. Effects of BUdR and IUdR on the labelling

pattern in UV-irradiated rabbit lymphocytes.
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2). Average Grains in Unscheduled DNA Synthesis

Table 12 represents the average grains of lightly

labelled cells in each experimental group. This table is

shown a quantitative analysis of UV-induced unscheduled

synthesis in BUdR or IUdR treated lymphocytes. Grain

counts were involved all lightly labelled cells in each

experimental group (140 - 350 cells).

In the control, average grains per cell were only

8. In net UV-irradiated groups, average grains per cell

at 250 ergs were increased twice of those of control and

then showed a plateau thereafter.

In BUdR + UV groups, however, the grains at BUdR +

250 ergs were increased more than twice than the corre-

sponding net UV group and then slightly increased there-

after. In IUdR + UV groups showed a similar tendency.

But thp average grains of IUdR + UV groups were much less

than BUdR + UV group, especially in the initial dose

level.

Fj p u r P 3 is the diagrammatic representation of

unscheduled DNA synthesis in each experimental group.

the figure clearly indicates that dose response

of unscheduled DNA synthesis of net UV groups is diffe-

rent from that in BUdR + UV or IUdR + UV groups. COn~

tratily to the chromosome exchange, BUdR is shown to be

I I

43



Table 12. Relationship between chromosome exchange and unscheduled

DNA synthesis induced by UV-light in BUdR and IUdR

substituted rabbit lymphocytes.

Treatment
Chromosome
exchanges3

Unscheduledb

DNA synthesis

UV

BUdR H

IUdR H

l- UV

H UV

31

38

43

.3

.0

.9

± 4

+ 7

+ 7

.9

.0

.5

15.9 + 4.9

44.9 + 7.1

37.2 + 10.5

a. Average exchange rate {% £ S#R.) including 25 and 50 ergs/mnruv

b. Average grain counts/cell (% + S.V..) including 250, 500 and

1,000 ergs/mm2UV
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Fig. 3. Effects of BUdR and IUdR on the incor-
poration of 3H-thymidine in UV-irradiated
rabbit lymphocytes
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3. Sensitization Effects of Thymidine Analogs on MMS-

induced Chromosome Aberrations in Human Lymphocytes

MMS-induced c hromosome aberrations in human lym-

phocytes is shown in Table 13. Chromosome preparations

- L

more effective sensitizer inducing unscheduled DNA synthe-

sis rather than IUdR.

3). Relationship between Unscheduled DNA Synthesis and

Chromosome Exchange

Table 12 shows a summary of the present experiments.

As shown in the table, the average exchange rate

was the highest in IUdR + UV group, followed by BUdR + UV

and the net UV group showed the lowest, whereas the average

grains per cell was the highest in BUdR ••• UV, followed by

IUdR + UV and the net UV group showed the lowest.

This relationship is clearly shown in Figure 4.

From the table and figure, it may be concluded that

(1) BUdR and IUdR are both potent radiosensitizer on

chromosome exchange and unscheduled DNA synthesis induced

by UV-light, but the sensitizing action is different in

different repair processes. And (2) UV-induced chromosome

exchange is not directly related to the unscheduled DNA

synthesis induced by UV-light.

I I
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Fig. 4. Relationship between chromosome exchange
and unscheduled DNA synthesis induced by
UV-irradiation in BUdR and IUdR substituted
rabbit lymphocytes
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were made at 24 hours after treatment with MUS in order

to obtain chromosome type aberrations. Type of aberra-

tions, in metaphases were divided into two groups, i.e.,

chromatid- and chromosome type aberrations, and deletions

and exchanges were scored in each type of aberrations.

As stated, chromât*d deletions include gap, break and

isochromstid break and chromatid exchanges contain in-

terarii symmetric- and asymmetric exchanges, and dicentric

and ring chromosomes are included in chromosome exchanges.

In the control, 97% of the cells showed normal

metaphases and the rate of spontaneous aberration {breaks/

cell) was 0.03 in which only chromatid deletions were

observed. In MMS treated group, the percentage of normal

raetaphases was decreased with dose increased and the

majority of aberrations were of chromatid type. However,

chromosome type aberrations were also scored in a propor-

tion of about 1/7 of total aberrations in all dose levels.

In 0.5 mM MMS group, chromatid deletions and exchanges

were found to be predominant aberration type with equal

frequencies. However, in 1.0 mM group, chromatid exchanges

were remarkably increased and the aberration rate was about

2 folds than that of 0.5 mM group. The increased aberra-

tion Hate wa-s mainly due to the increased frequency of

chromatid exchanges. In 2.0 mM, deletions of both types

48



I

Table 13. Frequency of MMS-induced chromosome aberrations in human

lymphocytes fixed at 24 hours after treatment.

Type of aberrations (% + S.E.)Treatment

MMS
(mM)

Control

0.5

1.0

2.0

Total
cells
scored
in mitosis

100

100

100

100

Normal
meta-
phases

(%)

97

75

69

60

Breaks***

Chromatid-type Chromosome-type

Deletions* Exchanges** Deletions Exchanges /cell

3 + 1.7

18 +. 3.3

26 + 4.4

39 + 4.9

17 + 3.3

51 +_ 5.0

50 + 5.0

4 + 2.0

4 + 2.0

8 •• 2.7

0.03

2 +_ 1.4 0.41

9 + 2.9 0.90

6 + 2.4 1.02

* Chromatid deletions include gap, break and isochromatid break.

** Chroraatid exchanges include interarm symmetric and asymmetric exchanges.

*** Total breaks = deletions + 2 (exchanges).
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were increased, whereas exchanges remained unchanged, The

aberration rate of this group was slightly increased but

this value was not marked comparing to the previous dose

ranges.

These results indicate that MMS could cause not

only chromstid type out also chromosome type aberrations,

and that the aberration rates seem not to be dose depen-

dent. These findings are not to be demonstrated in the

previous works.

Table 14 represents the effects of thymidine analogs

on MMS-induced chromosome aberrations in human lymphocytes.

As shown in the table, the single treatment with either of

these base analogs also induces chromosome aberrations

including both chromatid- and chromosome types. IUdR were

found to be more effective chromosome breaking agent. In

the combined treatment with BUdR + MMS, the percentages

of abnormal metaphases were not changed and even the

aberration rates of latter dose levels were lower than

those of corresponding single MMS treated group. However,

the distribution of aberration type was quite different.

In BUdR + MMS treated group, the percentage of abnormal

metaphases and the aberration rate were slightly increased

comparing to BUdR treated group. Chromosome type aberra-

tions in both deletions and exchanges were markedly

I I
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Table 15. Effects of thymidine analogs on MMS-induced chromosome aberrations

in human lymphocytes fixed at 24 hours after MMS treatment.

Treatments

BUdR

IUdR

BUdR

BUdR

BUdR

BUdR

IUdR

IUdR

IUdR

lUdR

or

2:8
2.0

2.0

2.0

2.0

2.0

2,0

2.0

MMS

_

0.5

1.0

2.0

-

0.5

1.0

2.0

Total
—ftoi 1 a

scored
in
mitosis

100

100

100

61

97

98

97

57

Normal

raeta-

phases
(%)

93

75

68

56

86

66

62

54

Type oí1 aberratiom

Chromatid-type

Deletion

3

19

23

25

10

25

21

19

1 1 « 7

+ 3.9

+ 4.2

+ 5.5

+ 3.0

+ 4.4

¿ 4.1

+ 5.2

Exchanges

m

13 H

12 H

8 j

21 H
m

20 ;

12 :

•

y 3.4

H_ 3.3

H 3.5

*

h 4.1

h 4.1

h 4.3

¿ S.I3.)

Chromosome-type

Deletions

4 +

7 +

20 +

23 +

7 +

5 +

14 +

26 +

2.0

2.6

4.0

•5.4

2.6

2.2

3.5

5.8

Exchanges

10 j

8 H

16 j

4 H

10 ;

18 :

>

1 3.0

1 2.7

1 4» 7

•

I 2.2

I 3.0

h 5.1

Breaks i:

/ cell 3

0.07

0.49 •-!

0.63 5

0.72 "» '•;"

0.17

0.55 ;

0.65

0.75
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increased at 2.0 mM group.

Table 16 summarises the effects of thymidine analogs

on MMS-induced chromosome aberrations. The percentage of

abnormal metaphases was the highest in the IUdR + MMS group

followed by BUdR + MMS and single MMS groups, respectively.

These results do not seem to indicate that the single treat-

ment with MMS induces more chromosome aberrations than the

combined treatment, because the percentages of abnormal

metaphases were higher in the combined treated groups.

Rather these may due to the increased occurrence of multi-

chromatid exchanges in the single treatment with 1.0-2.0mM.

MKS treated groups as shown in Fig. 1 and 2. The occurrence

of chromosome aberrations seem to be different in three

experimental groups. C&roraatid type aberrations were much

more occurred in the single treatment with MMS, whereas

both chromatid-and chromosome type aberrations were obser-

ved in the combined treatment with about equal frequencies.

From the results of this investigation it may be

concluded that thymidine analogs, BUdR and IUdR were found

to be sensitizers enhancing MMS-induced chromosome type

aberrations in human cells.

I I
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Table 16. Comparisons of the induction of chromosome aberrations

in three experimental groups.

Treatments
Normal Average
meta- breaks/
phases cell

Type of aberrations (%)

Chromatid-type

MMS
BUdR +

IUdR +

MMS

MMS

68

66

61

0

0

0

.776

.613

.650

85.8

54.3

60.5

Chromosome-type

14.2

45.7

39.5 CO
in
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DISCUSSION

Unscheduled DNA synthesis and repair replication

has ueen repeatedly suggested as simply two different

assay systems for the same basic event. For the detec-

tion, and different concentrations of 3H-TdR and expo-

suring time have been employed by many investigators.

X-ray induced unscheduled DNA synthesis was first

described by Rasmussen and Painter (9166) in HeLa S cells

prown on monoiayer. They irradiated 5,000 rads (300 rads/

min.) to the cultures previously treated with 5-BUdR and

added 10 uCi of %-TdR for 60 minutes after irradiation.

Without presentation of any quantitative data, they simply

noted that all cells were labelled, and unscheduled DNA

synthesis did occur, although normal DNA synthesis was

quite active in this cells.

With regard to repair replication, Painter and

Cleaver 19167) have reported that it occurred in 100 kR

and at doses lower than 50 kR, repair replication was

unable to be demonstrated in the same material. This is

almost ten fold different in dose level.

Hill (1967) has subsequently reported in mouse

L cells that unscheduled DNA synthesis was increased up

to 94% after 4,000 R (200 R/min.) but after 8,000 R the

rate was decreased, and that proportion of normal DNA
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synthesis was not significantly influences by various

doses of X-rays. Wolff and Scott (9169) have found that

Chinese hamster DON and human leucocyte performed unsche-

duled DNA synthesis at 100 kR (9256 labelled), but plant

Vicia faba, Chinese hamster B14FAF.and skin fibroblast

from xeroderma pigmentosum patient did not show it at

the same level of irradiated dose. Cleaver (iQ69)» how-

ever, has shown that skin fibroblast from xeroderma

pigmentosum patient can also perform normal amounts of

unscheduled DNA synthesis. Spiegler and Norman (1969,

1970), using human lymphocyte, have reported that un-

scheduled DNA synthesis was dose-dependent rate in 600 -

2,400 rads and 12-25 uCi of 3H-TdH/ml (150 rads/min.).

Fox et al. (1970) have found that though repair repli-

cation was induced after 300 rads (200 rads/min.) in

mouse P388F lymphoma cells unscheduled DNA synthesis,

however, could not be observed in the range of 150 -

1,000 rads. Thus, they concluded that the two phenomena

can not be correlated over the dose range studied. This

result is quite different from that of HeLa S3 cells

(Rasmussen and Painter, 1966; Painter and Cleaver, 1967).

Horikawa et al., (1970) have ¡shown that unscheduled

DNA synthesis occurred almost the same degree in mouse L,

porcine kidney PS and Ehlrich ascites tumor cells 5 (5.0 -
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8.7) and 10 kR (10.7 - 13.7%) and 5 uCi/ml of 3H-TdR

exposed for 2 weeks, and that even 10 kR did not inter-

fere with normal DNA synthesis and 56.5 - 73.4^ remained

still unlabelled. Thus, he concluded that the low rate

of unscheduled DNA synthesis might be due to the low

concentration of H-TdR treated. Brent and Wheatley

(1971), working with synchronized Ĝ  cells of HeLa, have

reported that repair replication could be detected doses

less than 1,000 rads (2,000 rads/min.), and that dose

response was linearly proportional up to 5,000 rads and

above this dose to 10,000 rads the extent of repair did

not increase, and appeared to be less. Shaeffer and Merz

(1971, 1972) have recently reported that quantitatively

different dose response for unscheduled DNA synthesis

was found in eight different mammalian cells irradiated

from 0 - 10 kR (2,000 R/min.). That is, the most highest

response was shown in mouse mammary adenocarcinoma (MAC),

followed by HeLa and human laryngeal tumor (HLT), modera-

tely high response in mouse L-9299, low response in human

lymphocyte and rat kangaroo liver (RKL), and rat kangaroo

kidney exhibit no apparent unscheduled DNA synthesis..

Painter and Young (1972) and Painter (1972) have recently

found that almost identical results of repair replication

after X-irradiation (104-5 x 10 rads, 2,000 rads/min.)

I I
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in human (HeLa and Wl-38) and Chinese hamster (DON and

BÏ4FAF) amd mouse (L and P388F) cells.

As discussed, investigators have employed varying

doses (0 - 10 kR) and dose rates (150 rads - 2,000 R/min.),

different concentrations of 3H-TdR (5-25 uCi/ml) and

varying exposing time (1 week - 3 months) for the detec-

tion of unscheduled DNA synthesis in various mammalian

cell lines. Although unscheduled DNA synthesis has been

equated with repair replication, the dose and dose rate

administered are quite different in two different methods.

This should be elucidated in the future. As suggested by

Horikawa et al. (1970), total labelling index is greatly

influenced by the concentration of ^H-TdR. Also, we cannot

rule out the responsibility for exposing times (Cleaver,

1969). Relatively low rate of the labelling index in our

data may be due to these factors. Under the same experi-

mental condition, the dose response of unscheduled DNA

synthesis is dose-dependent in all materials studied.

Our results are quite consistent with other data published

in this respect.

The rate of unscheduled DNA synthesis of our results

is strain specific and is linearly proportional to dose

increases. These results are also in good agreement with

those of previous investigators (Hill, 1967; Spiegler and

I I
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Norman, 1969, 1970; Shaeffer and Merz, 1971, 1972). 1$

is assumed that the dose rate is one of the most important

factors for the induction of unscheduled DNA synthesis,

because under our experimental conditions we were unable

to get a saturation curve except HeLa S- cells. This

results are consistent with those, of Brent and Wheatley

(1971).

The role of repair mechanism in damaged DNA by

ionizing radiation is much more poorly understood. The

enzymes involved in repair of damaged DNA induced by UV

have only been isolated from some bacteria, notably from

M. luteus in recent work by Kaplan et al. (1969). In

this organism five different enzymes are involved in

repair processes; (1) an endonuclease which cleaves DNA

chain near a dimer produced by UV to leave 3' phosphoryl

and 5' hydroxyl termini, the latter adjacent to the pyri-

midine dimer, (2) a 3' phosphomonoesterase to remove

the terminal phosphate, (3) an exonuclease to degrade

the dimer-containing sequence, (4) DNA polymerase to lay

down a new strand to replace the excised region, and

(5) DNA ligase to make a final link to complete the

repair patch.

It has been known that ionizing radiation induces

DNA strand breaks. Cleaver (1971) has postulated that
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ionizing radiation and alkylation agents may produce non-

enzymatic breakage of DNA strands, and repair of the breaks

presumably bypasses the initial enzymatic steps required

for repair of UV-induced pyrimidine dimer. Kapp and Smith

(1968, 1970) have proposed that 3'-4» group in deoxyribose

is the main points of attack by ionizing radiation, and

the single strand break cannot consist of a simple rupture

of the 3'0H-5'F04 position. Recently, Painter (1972) has

suggested that a single strand breakage of DNA is usually

accompanied by base loss from the DNA, and single strand

rejoining must be accompanied by base insertion, which is

synonymous with repair replication.

Swada and Okada (1970), however, have reported that

in L5178Y cells, rejoining process of single stranded DNA

breaks induced by X-rays is not directly related to the

unscheduled DNA synthesis and repair replication. Moss

et al. (1970, 1971) have subsequently shown that X-ray

induced single stranded DNA breaks are characterized by

5'P04-3'0H termini and are rejoined by DNA ligase. Thus,

the molecular bases of X-ray induced DNA damage and its

repair processes are still obscure at this time. Bu£ it

is generally accepted that DNA strand breaks is produced

by direct hits of the ionizing particle or indirectly by

theattack of peroxides and radicals formed from water or

! i
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organic compounds as a results of irradiation, and that

single-strand breaks are repairable and double-strand

breaks are regarded to be lethal (Kihlman, 1971; Smetes

and Cornells; 1971).

Ever since the unscheduled DNA synthesis was first report-

ed by Rasmussen and Painter (1966) and this phenomenon

has been suggested as a repair processof damaged DNA, a

number of investigators have been attempting to shed some

light on the possible relationship between X-ray-induced

unscheduled DNA synthesis and other recovery processes

from X-ray damage, i.e., Elkind recovery, colony forming

ability and restitution of chromosome aberration.

W-jt>, VP(rsvl^ fn vnsch°r*-nleñ ^
NA synthesis and re-

stitution of chromosome aberration, Evans (1966) has first

postulated that X-ray induced chromosome aberrations are

formed as a result of analogous processes occurring in the

DNA of chromosomes, that is there would be an excision

of damaged DNA from two different chromosomal regions

followed by an interaction and resynthesis. Kihlman and

Hartley (1967, 1968) Dubin (1969), and Dubin and Soyfer

(1969) have later expressed a similar idea. Furthermore,

they proposed that the rejoining of chromosome breaks is

equivalent of rejoining of single stranded breaks in DNA.

Spiegler and Norman (1969) have represented that the same

I I
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processes are involved in the repair of DNA strand breaks

and in the formation of chromosome exchange aberration.

Their conclusion was based on the finding that two proce-

sses of unscheduled DNA synthesis occurred in X-irradiated

human lymphocytes likewise split dose experiments on the

yield of chromosome aberration (Evans, 1966; Norman, 1968).

There are several reasons why this hypothesis does

not seem likely. Among these may be listed:

(1) Mitotic chromosomes appear to be multistranded struc-

tures formed by coiling and folding of fiber consisting

of long single DNA molecule associated with large component

of protein (Wolff and Scott, 1969; Kihlman, 1971). So,

it cannot simply compare with DNA structure for the radia-

tion action.

(2) Rejoining of chromosome breaks is affected by inhibitors

of protein synthesis (chloramphenicol and aureomycin), but

not affected by inhibitors of DNA synthesis (Wolff and

Scott, 1969).

(3) Hydroxyuria and FUdR, which produce chromosome damage

by preventing repair, do not inhibit unschedulec T".;

synthesis and repair replication (Cleaver, 1969; Sawada

and Okada, 1970).

(4) X-ray produces the same relative frequencies of

exchange type aberration in DON and B14FAF of Chinese
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hamster cells which differ markedly in their ability to

perform unscheduled DNA synthesis (Wolff and Scott, 1969).

(5) Root tip of Vicia faba and rat kangaroo kidney (ptK¿)

which are deficient in unscheduled DNA synthesis, have

shown to represent functional chromosome rejoining proce-

sses (Wolff and Scott, 1969; Shaeffer et al., 1971).

Besides, Spiepler and Norman (1970), using X-irra-

diated human lymphocyte, have reported that though the

repair of radiation damage at the levels of DNA, the

chromosome and the cells seems to be related, the direct

connection of unscheduled DNA synthesis to chromosome

aberration and to single-and double-strand break is still

obscure. Sawada and Okada (1970) have also reported that

rejoining of single stranded DNA breaks is not directly

related to unscheduled DNA synthesis, repair replication

and chromosome restitution. Shaeffer and Merz (1971, 1972)

have recently reported that there is no apparent correlation

between unscheduled DNA synthesis and radiosensitivity or

cell recovery, but relationship between chromosome number

and unscheduled DNA synthesis does exit.

So far discussed on the possible correlation between

unscheduled DNA synthesis and chromosome aberration, there

is no convincing evidence or definite mechanism for this

relationship could be established yet. The present results
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also indicate that unscheduled DTJA synthesis is not nece-

ssarily related to chromosome exchange. In this respect,

our data are in good agreement with those of Wolff and

Scott (1969), Spiegler and Norman (1970) and Shaeffer

et al. (1971).

The effects of radiation on the structural changes

of chromosomes have long been studied mainly in X-irra-

diated mammalian cells in vitro. Two general types of

chromosome aberration i.e., chronatid type (single break

in one of two sister chromatids) and chromosome type

(breaks in both sister chromatids at the same locus) are

known to occur depending on before or after DNA replication

of the irradiated cells. The simple deletions increase

lineatly with dose but do not exhibit a dose fractionation

effect, while a dose fractionation effect exists in the

exchanges. This effect tends to deprease the number of

observable aberrations because of repair of radiation

damage (Evans, 1962; Bender, 1969; Rauth, 1970; Fabrikant,

1971).

Humphrey et al. (1963) first attempted to investi-

gate the ability of UV light to produce chromosome abe -

rrations in mammalian cells and found that in Chinese

hamster B14FAF cell line after 100 erg/mm2 of UV exposures,

S-stage cells suffered about ten times more chromosomal

I I
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darsape than the cells in G „„.» Go, In which na.iority of

aberration type vre chroœatid exchanges (70-90% in G|-3f

40% in G2- ), and that dicentrics were not significantly

different from that in control. Chu {196b) subsequently

showed that th« frequency of chromatid aberrations in

early S-stage was significantly nipher than those in the

rest of S or G2 stages, indicating that cells in early

S-stapf were more susceptible to chromosome damage.

Trosko and Brewen (1967) reported that Chinese

hamster cells irradiated with 75 erg/ram involved 12%

of terminal deletion and 62% of chromatid exchange, and

these rates were increased to 33% and 123%, respectively

when irradiated with a dose of 100 erg/ram2. All these

data are quite different from those of X-irradiated

mammalian cells in which Gj is the most sensitive stage

in producing chromosome aberration and chromosome type

aberrations are occurred throughout the cell cycle..

The present results, however, showed that both

chromosome and chromatid type aberrations were scored.

The inconsistency of the present data with other results

may be interpreted due to (1) different UV source, e.g.,

Chu (1965), and Troskc and Brewen (.3.967) employed a long

wavelength (265o8), while Humphrey et al. (1963) used

short warelength (2537Ä), (2) different time of fixation
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after Irradiation e.g., Hunphrey et al. (1963) Included

0-15 hrs, Chu (1965), 0-7 hrs, and Trosko and Brewen (1967),

12 hrs after UV, and (3) different materials studied.

But the occurrence of a large number of exchange type

aberrations are consistent with those other data. Thus,

the quantitative studies of chromosome aberrations induced

by UV light may be provide a precise evaluation in this

respect.

It has been demonstrated that an incorporation of

BUdR or IUdR into DNA of mammalian cells is resulted in

an increase of their sensitivity to X-rays and UV light.

The molecular mechanism for the sensitization action of

these halogenated compounds, however, has not been fully

understood (Szybalski, 1967; Lohman et al., 1972). With

respect to the sensitization effect on chromosome aberra-

tion, Hsu and Somers (1961), Kaback and Saksela (1964),

Djordjevic and Djordjevic (1968), Dewey et al. (1966),

Trosko and Brewen (1967) using BUdR, and Bell and Wolff

(1964), Ockey et al. (1968) using FUdR have found that

these halogenated compounds increased the rate of chro-

mosome aberrations induced by X-rays and UV light.

The present results are in good accord with the

published data. The present research is the first one to

employ IUdR on the sensitization effoct of chromosome
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aberration. The results indicated that IUdR is more

potent UV-sensitizer on chromosome aberration than BUdR.

This is also in good - agreement with the results of Erikson

and Szybalski (1963a) who found that IUdR is the most

effective X-ray sensitizer on cell viability of Chinese

hamster cells.

Two general mechanisms of sensitization on chromo-

some aberration production by BUdR have been postulated:

(1) There are qualitative and quantitative differences in

lesions induced in BU-substituted DNA as compared with

normal DNA (Szybalski and Lorkiewicz, 1962); (2) BU-sub-

stituted DNA prevents normal repair processes (Erikson

and Szybalski, 1963b). Several observations tend to rule

out the latter explanation: (1) Dewey et al. (1966) have

shown that the increase in X-ray induced chromosome abe-

rrations resulting from BU-substitution is localized in

the chromosomal region containing the BU. (2) The fact

that there is an increase in chromosomal rearrangements

in BU-substituted cells indicates that the repair of

chromosome breaks is not inhibited (Trosko and Brewen,

1967).

The present results also suggest that the repair

processes of chromosome aberration induced by UV-light

are not affected in BUdR or IUdR substituted lymphocytes.
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These findings are interpreted to indicate that BUdR or

IUdR sensitization of UV-induced chromosomal damage in

mammalian cells is due to the nature of BU or IU photo-

product and not these photoproduct inhibitor of a repair-

ing processes.

However, it still remains to be explain what

chemical component of the chromosome leads to a chro-

mosome break and how the break is induced. Sensitiza-

tion effect by BUdR on UV-induced unscheduled DNA synthe-

sis was first shown by Rasmussen and Painter (1964).

They found that BtídR-substituted HeLa and Chinese hamster

DFAF-32 cells showed an increase in the percentage of

labelled cells following UV-irradiation. Moreover,

Rasmussen and Painter (1966) subsequently reported that

all cells substituted with BUdR showed UV-stimulated

unscheduled DNA synthesis, while unsubstituted cells

were variable in this regard depending on cell line.

These results were later confirmed by Rasmussen (1968),

and Painter and Cleaver (1969) in other cell lines. Fox

(1973) have recently reported that X-ray induced repair

replication was stimulated two-fold when P388F lymphoma

cells v;ere grown in IUdR before irradiation.

The present data are in good agreement with the

published data which used BUdR as a sensitizer. The

present experiment was first shown that rabbit lymphocyte
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is also exhibited UV-stimulated unscheduled DNA synthesis

in BUdR substituted and unsubstituted cells, and that

IUdR is also effective sensitizer. This result is con-

sistent with that of Fox et al. (1970).

Although unscheduled DNA synthesis and repair

replication always occur together, correlation between

these two phenomena in terms of repair mechanism is still

obscure at this time. Painter and Cleaver (1969) found

that the increased induction of unscheduled DNA synthesis

in BUdR substituted mammalian cell line is not directly

related to that of repair replication. In addition, the

presence of BUdR in the DNA of mammalian cells enhances

repair replication after UV irradiation, but it also

sensitizes the cells to kelling by UV (Erikson and

SzyEaiski, 1963 a.b.; Krishan and Painter, 1973). This

lack of correlation between cell survival and repair

replication emphasizes the unsuitability of the term

the repair replication (Painter and Cleaver, 1969;

Rauth, 1970).

Fox and Fox (1973), however, have recently reported

that repair replication is correlated with unscheduled

DNA synthesis and cell survival. Sawada and Okada (1972)

have reported that the BUdR-labelling of mammalian cells

resulted in an increase in X-ray induced DNA breakage of
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both single and double strands, slowed down the rejoining

processes for single-strand breaks and inhibited the

rejoining of double strand cuts. Lohraan et a?.. (1972)

have also found that UV produces a large number of strand

cuts. Lehman et al. (1972) have also found that UV pro-

duces a large number of strand breaks and that the increased

UV-induced mortality is not correlated to the increased

number of primary-induced single s trand breaks in the BU-

containing DNA strand. Therefore, further studies will be

necessary to determine the exact mechanism for both repair

processes and cell killing by these radiosensitizer.

As already been extensively discussed, the repair

of radiation-induced chromosome breaks and the rejoining

leading to the lormation of exchanges seem to be indepen-

dent of the ability to repair the damaged DNA induced by

radiation. Wolff (1968) has first expressed this idea

by his independent work on the radiation-induced chro-

mosome aberration. He has demonstrated that the chromo-

some break occurs in the protein component and not the

DNA of chromosome and the repair requires protein syn-

thesis in order for breaks to rejoin. Thus it appears

that the bonds formed in chromosome-break rejoining

might be in protein rather than in DNA. In addition,

he suggested that DNA synthesis and RNA synthesis do
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not seen to be directly involved in the chromosome repair.

Parrington et al. (1971) have also failed to corre-

late chromosome exchange and unscheduled DNA synthesis in

UV-induced cells from Xeroderma pigmentosum. Wolff (1972),

working with X-irradiated human lymphocytes, has reported

that hydroxyurea, a DMA synthesis inhibitor, does not

prevent the rejoining of broken chromosomes, whereas

cyclohexamine, a protein synthesis inhibitor does, and

that neither DNA synthesis nor repair replication seems

to be involved in the chromosome repair. This finding

is recently confirmed Dy Gautschi et al. (1973) working

in HeLa S3 and Chinese hamster CHO cell lines. Krishan

and Painter (1973) have recently reported that pyrimidine

dimers induced by UV-light are one of main substrate for

repair replication. This finding also indicates that

repair replication is not related to chromosome repair,

since pyrirnidine dimers cannot be used as a substrate

for the chromosome repair. The present results also

clearly shows that unscheduled DNA sjçnthesis is not

directly related to chromosome repair.

The induced chromosome aberration is divided into

two groups, chromatid and chromosome aberrations. The

former is characterized by a single break in one of two

sister chromatids when cells are treated with chemical

i I
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mutagen during or after DNA synthesis. The latter is

represented by breakages in both chromatids at the same

locus, which are occurred before DNA synthesis of the

treated cells (Kihlman, 1971).

The present results showed that both chroraatid and

chromosome aberrations were observed although the arrested

metaphases were expected to be in the pre-DNA synthetic

stage when MMS treated. These data are consistent with

those of published data (Nawar et al., 1971; Bochkov and

Kuleshov, 1972; Brooks and Breggar, 1973), which studied

with other chemicals. Scott et al. (1974) recently

suggested that alkylating agents require DNA synthesis

for the formation of chromosome aberrations. Thus it

seems likely that the aberration production induced by

MMS is not direct but rather delayed effect.

Thymidine analogs have been demonstrated to in-

crease the radiosensitivity of mammalian cells by virtue

of their incorporation into DNA in place of thymine

(Sawada and Okada, 1972; Bender et al., 1974). The '

radiosensitization effect by BUdR has been proposed

that the substituted base enhances an increment of single

strand breaks attributed to a random increase in energy

absorption of the BU-containing DNA strand after irra-

diation (Lohman et al., 1972). Park and Uhm (1975)
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reported that BUdR and IUdR were found to be potent

chemical s^nsitizers enhancing MMS-induced single strand

breaks of DNA and its repair. The present results also

indicate that BUdR or IUdR affect to increase the chro-

mosome type aberrations in MMS-treated cells. This may

strongly suggest.that these base analops would enhance

potentiate the delayed effect of MMS to become a direct

effect on chromosomes.
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CONDUSION

Unscheduled DNA synthesis occurred in two established

human cell lines irradiated with 0 - 10,000 R of X-

rays. The rate of unscheduled DNA synthesis is dose-

dependent and cell line specific. Unscheduled DNA

synthesis is not directly related to modal chromosome

number and total exchange rate.

Unscheduled DNA synthesis occurs in UV-irradiated

rabbit lymphocytes. The dose response of unscheduled

DNA synthesis shows a saturation after 250 ergs/mm .

3UdR shows an effective sensitizer in UV-induced

unscheduled DMA synthesis, whereas IUdR exhibits an

potent sensitizar in UV-induced chromosome aberration.

Dose response of UV-stimulated unscheduled DNA synthe-

sis in BUdR or IUdR substituted rabbit lymphocytes

shows different from that of unsubstituted cells.

Unscheduled DNA synthesis induced by UV in rabbit

lymphocytes is not directly related to chromosome

exchange induced bv UV-light.

Chromosome aberration induced by methyl methanesul-

fonate (MMS) and the effects of thymidine analogs

(BUdR or IUdR) on MMS-induced chromosome aberrations

were studied in human lymphocyte cultures. Single

treatment with MMS to lymphocytes induces both

I I
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chromatid and chromosome type aberrations with high

frequency of chromatid type. The combined treatment of

BUdR or IUdR with MMS was found to be more effective in

increasing the rate of chromosome type aberrations.
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