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ABSTRACT

Previousiy, in vitro studies of chemica]lcarcinogens have been
focussed on determining the effects of single, high doses; however,
cells in vivo are exposed to varying low doses of numerous chemicals
at varying intervals. Consequently, this study was initiated to inves-
tigate the effects of separated, low doses of a chemical carcinogen
in vitro. Monolayer cultures of human skin fibroblasts were exposed
to 4-Nitroquinoline 1-Oxide (4NQO) and were challenged at varying in-
tervals (1 1/2, 2, 3, 5, 9 and 13 hours) with a second 4NQO treatment.
To evaluate the effects, three end points were employed: DNA repair
capacity, cell survival, and chromosome aberrations.

Following exposure to an initial, single dose of 4NQO, the time

3HTdR incorporation)

| course of DNA repair syhthesis (as measured by
was detefmined. The peak of repair synthesis was evident in the second
and third hour after addition of the carcinogen. DNA repair synthesis
was virtually complete at 12 hours post-treatment.

When cells received a second 4NQO freatment within 3 hours of
the first, the level of repair synthesis induced by this second dose
was far below an expécted value. With 9 hours incubation between treat-
ments, repair synthesis after the second dose was at the expected level.

Replacement of the first 4NQO treatment with a UV treatment
produced analogous results.

The clone forming capacity of cells exposed to split 4NQO treat-

ments was investigated. A potentiation of effects was evident when
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the two treatments were spaced less than 2 hours apart. With a 9 hour
interval between treatments the cloning capacity was again at the
expected value.

A direct proportionality between an increase in the frequency
of chromosome aberrations and a reduction in the interval between treat-
ments was observed. As the interval between treatments increased (up
to 9 hours) thé frequency of chromosome aberrations decreased.

The data indicate that when a}second 4NQO treatment is applied
close to the first, complete repair of the resultant damage does not
occur. This absence of DNA repair may increase the carcinogenic poten-

tial of the chemical carcinogen.
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INTRODUCTION

Both autoradiographic and biochemical data indicate that most

carcinogens interact with nuclear DNA in such a manner that the DNA

is a]tered48. This altered DNA then becomes a substrate upon which

53,67. In spite of the abundance of research

repair enzymes can act
focussed on the problem, the question of how these interactions are
related to carcinogenesis still remains unso]ved, An undekstanding
of these interactions may well provide an insight as tb the mechanism§
of chemical carcinogenesis.

Repair of DNA damage certainly plays a major ro]e in restoring

28,33,36,53

a cell to its normal functional state However, when one

attempts to account for carcinogenesis, the amounts of residual, un-
repaired DNA damage may be of even greater 1mportance]2.
Treatment of human fibroblasts in culture with a highly carcino-

genic compound will induce high levels of DNA repair synthesis74

> yet
this does not necessarily prove that the normal activity of the cell
will be restored. When large amounts of DNA damage are present, there
1s an increased possibility that unrepaired segments will remain or that
imperfect repair will occur. If a cell enters into DNA replication

with damaged and/or unrepaired DNA molecules and survives, it could
become genetically altered and in turn acquire the potential to undergo'

neoplastic tran;formation]2’33.



Direct proof of this particular hypothesis has not yet been
obtained, however an almost complete lack of DNA repair capacity has

8’9. Patients with Xeroderma Pig-

been correlated with tumorigenesis
mentosum, have an increased sensitivity to sunlight, resulting in
numerous skin tumors in the exposed afeas. The cells of these patients
show a decreased capacity for repairing certain types of DNA damage

8’]2’73’75, and it has been shown that the lack of an endonuclease

activity is responsible for this effect9’68.

Returning to normal human cells, if high levels of DNA damage
(and concomitant DNA repair synthesis), imply increased carcinogenic
potential, then one should be able to demonstrate a correlation between
these two factors. This has proven to be the case33. Highly carcino-
genic chemicals (as indicated by in vivo studies), elicit high levels

34TdR),

of DNA repair synthesis (as shown by the unscheduled uptake of
DNA breaks (as measured by alkaline sucrose gradients), decreased cell
survival, and increased chromosome damage. On the other hand, chemicals
with Tow carcinogenicity elicit Tittle or no DNA repair synthesis,

few DNA breaks, ﬁbrma] levels of cell survival (as compared to that

of untreated controls), and few to none chromosome aberrations.

When screening for the carcinogenic potential of a chemical
compound in vitro, these correlations are usually exploited. However,
the major drawback of all such studies is that they have been employed
to investigate only the effects of exposure to a single dose of one

carcinogen. Furthermore, the doses used were so high that cell survival

was negligible. Yet cells in vivo are usually exposed to varyihg low
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doses of numerous chemicals at different intervals. The effect of such
exposures on the cell and on the DNA repair mechanisms has not been
investigated. Perhaps many of these chemicals act synergistically

with the net result of increasing their carcinogenic potential. Since
it has already been demonstrated in vivo that certain chemicals (named
co-carcinogens), do bossess the capacity to enhance the tumorigenic

potential of a carcinogen79

, and since the ultimate goal in screening
carcinogens in vitro is the determination of the total carcinogenic
potential of a chemical compound; it is obvious that an in vitro assay
system must be developed such that the effects of more than one carcino-
gen treatment can be carefully examined. The main objective of this
study then, was to make an attempt at developing such a system.

Rather than examining the effects of various combinations of
chemicals it was decided to investigate multiple dosages of one chemical.
The system was designed to answer one major question: in what manner
does a cell fhat is already in the process of repairing DNA damage
respond to further damage, i.e. as the interval between treatments
increases, whét happens to the repair capacity: is there a period in
which it is reduced and/or enhanced?

The chemical chosen for this study was 4-Nitroquinoline 1-Oxide
(4NQO). This choice was made for two reasons. Firstly, its biological
effects have been extensively studied; previous investigations have

chown 4NQO to be highly oncogenic in vivo35’5], mutagenic in vitr022’50,

and cell-transforming in vitr064; 4NQO also binds to DNA39’4]’44’47’77,

74 72

elicits DNA repair synthesis’', and produces chromosome aberrations’™.
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Secondly, it is highly soluble in water, does not precipitate nor degrade
readily when placed in medium45.

To achieve the desired end point, cell cultures were exposed
to a single 4NQO treatment, and were then challenged at varying intérva]s

to a second dose of 4NQO. Levels of repair synthesis were determined

as well as the effect on cellsurvival and chromosome aberrations.



MATERIALS AND METHODS

'I. Cell Cultures

a) Media. For these studies the cells were maintained in two types
of media; Eagles Minimal Essential Medium (MEM) (Grand Island Biological
Co.) and MEM deficient in arginine (arginine deficient medium, ADM).
Both ADM and MEM were routinely supplemented with the following:

1) Antibiotics: streptomycin sulfate, 29.6 ug/ml (General
Biochemicals)

penicillin G, 204 units/ml (General Biochemicals)
kanamycin, 100 ug/ml ("GIBCO")
fungizone, 2.5 ug/ml ("GIBCO")
2) 1.8% sodium bicarbonate: 16 mls per 800 ml media
3) fetal calf serum ("GIBCO"): for stock cultures 15% fetal
calf serum was added to MEM (15% MEM).

b) Cells. A skin punch biopsy was taken from a normal Caucasian
female (23). Monolayer fibroblast cultures were derived from this
biopsy and first to fifth transfer passages were used throughout these
studies. Stock cultures were maintained in 15% MEM in 100 mm petri
dishes (Falcon Plastics), and kept in a water saturated Co2 incubator

at 37°C.



II1. Chemical Treatment

4-Nitroquinoline 1-Oxide (4NQO) was obtained from Daiichi Pure
Chemical Co., Tokyo. Immediately prior to use 1.9 mg of 4NQO was dis-
solved in 0.4 ml ethanol, this was warmed slightly to ensure that the
chemical was completely dissolved. To give a 10—3M solution, 9.6 mls
of ADM or MEM was added; serial dilutions were then made to obtain the
desired concentrations. For the survival studies, cells were treated
with 3 mls of the appropriate 4NQO solution in 2 1/2% MEM. For chromo-
some and DNA repair studies, the ce]ls were treated with 1 ml of the
chemical solution in 5% MEM or ADM. Al1l treatments were for 1 hour
unless otherwise stated. The chemical was removed by a sterile pipette
attached to a suction device. After removal of the chemical the cells
were washed twice with 2 mls of MEM or ADM (without fetal calf serum).
Medium supplemented with fetal calf serum was added and the petri dishes

returned to the CO2 incubator.

III. UV Treatment

One aspect of the DNA repair studies involved treating the_
cells with UV irradiation. In this case a Sylvania germicidal lamp
(G15T8) was used as the UV light source. At 20" it emitted a dose
of 8 ergs/mmz/sec as measured by a UV light meter (Ultraviolet Products,
Inc.). |

Cover slips containing cells for irradiation were dipped twice

in sterile phosphate .buffer saline (PBS) containing no phenol red, to
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ensure complete removal of any UV absorbing material. For irradiation,
cover slips were placed in an empty petri dish, and upon completion of

irradiation were returned to a petri dish containing medium.

IV.. Cell Survival Studies

1,600-2,000 cells were seeded into 60 mm petri dishes, and
covered with 4 mls of 2 1/2% MEM and allowed to settle down as single
cells for 16-20 hours. This low concentration of fetal calf serum
was chosen in order to slow down the metabolic rate of the cells such
that cell divisions would not occur during the course of the experiments.
(The effect of 2 1/2% MEM on cell survival will be discussed more fully
in the results.) The chemical treatments were in 2 1/2% MEM and the
recovery period was also in 2 1/2% MEM. ane the chemical treatments
were complete 15% MEM was added and the cells were allowed to divide
and form colonies. When the clones had reached the 50-60 cell stage
(approximately 7 days post-treatment) fhe preparations were fixed with
Carnby's solution (3:1 alcohol acetic acid); washed in 70% ethanol,
and distilled water; air dried, and stained with a 2% aqueous solution
of Toluidine Blue (Fischer Scientific Co.). The colonies were counted

under a regular dissecting scope.

V.  Chromosome Studies

Cells were seeded onto 20 mm sq coverslips (Corning) in 35 mm

petri dishes and covered with 2 mls of 15% MEM. In order to obtain
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well spread metaphase plates, the cells were used before they reached
80% confluency. The cells were treatéd twice with 4NQO in 5% MEM and
allowed to recover between doses in 15% MEM. Once cell divisions were
- detected (by observation under an inverted microscope) 0.2 mis of a
0.01% solution of colchicine (BDH Chemicals, England) was added for 5
hours. The coverslips were then transferred to petri dishes containing
1% sodium citrate solution for 20 minutes. This hypotonic treatment
causes the cells to‘swe11, producing chromosomes that are well spread
out and separated. The cells were then fixed with Carnoy's and air-
dried. Once dry, they were stained for 5 minutes with 2% aceto-orcein,
dehydrated through alcohol, butanol, butanol-xylol, xylol, and mounted

on glass slides with Permount (Fischer Scientific Co.).

VI. Autoradiography

In order to distinguish between DNA repair replication and
semiconservative DNA replication, only nuclei undergoing repair synthesis
should become labelled. To achieve this, cells must be prevented from
entering S-phase. This was accomplished by placing the cultures in
ADM for 2 1/2 days, at which time approximately 90% of the cells are
arrested at G].

Cells were seeded onto 20 mm sq coverslips in 35 mm petri dishes,
and covered with 15% MEM. Upon reaching 80% confluency, the cells were
put into 5% ADM. This was done by dipping the coverslips into two

beakers of ADM (no serum), with subsequent transferral to new petrf
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dishes containing 2 mls of 5% ADM. The experiment was conducted 2 1/2-
3 days later.

Tritiated thymidine (3HTdR) was obtained from New England Nuclear
(Chicago) and was diluted to a concentration of 10 uCi/ml in either 5%
MEM or 5% ADM. The cells were pulsed with 1 ml of this solution for
2 hours, at which time the coverslips were moved from the petri dish
and dipped in 3 changes of Hanks balanced salt solution to remove any
excess 3HTdR. They were then immersed in 1% sodium citrate for 15
minutes, fixéd in Carnoy's, rinsed in 100% ethanol and air dried.

To facilitate handling,the coverslips {(cell side up) were mounted
on glass slides with melted paraffin. Excess Carnoy's was removed by
passing the slides through a graded alcohol series, 95% EtOH, 70% EtOH,
20% EtOH (10 minutes each), 2 changes of distilled water, one change
of PBS, two more changes distilled water (10 minutes each) and were
then 1ef; to air dry.

The slides were coated with NTB3 emulsion (Kodak) (at 43°C),
allowed to dry for 1 hour and then stored at 4°C in light-tight boxes
for 2 weeks.

The autoradiograms were processed in Kodak D19 developer (3
minutes), Kodak fixer (10 minutes) and rinsed in running water for 1
hour. The cells were then stained with 2% orcein for 5 minutes, dehy-
drated through successive immersion in ethanol, butanol, butanol/xylol,
xylol (2 minutes each) and mounted in Permount (by placing another

coverslip over the exposed cells).



RESULTS

I. The Repair of 4NQO-induced DNA Damage

Prior to attempting any experiments with double 4NQO treat-
ments, it was necessary to determine the time course of DNA repair syn-
thesis after a single 4NQO treatment and to choose appropriate 4NQO
concentrations and lengths of treatment for use in such experiments.

A high 4NQO concentration may not be very toxic to cells when given

in a single treatment but when given twice could become extremely toxic,
and would most likely éffect the levels of repair synthesis. Therefore
it was important to select a concentration of 4NQO that would elicit

a moderate, or even low level of DNA repair after a single treatment
(thus implying moderate or low levels of DNA damage). Choosing an
exposure time was of equal importance as it was essential to have very
little repair synthesis taking place during the first chemical treatment
in order that the second chemical treatment could be app]ied-while
repair of the initial damage was still proceeding.'

An experiment was designed to investigate the repair of 4NQO-
induced DNA damage, and the effect of different concentrations and dif-

7

ferent treatment times. Two concentrations of 4NQO were chosen; 5 x 107 'M

72 to

and 1 x 10_7M- These had already been shown by Stich and San
induce moderate and low levels of DNA repair synthesis respectively,
after a 90 minute treatment time. The level of 3HTdR incorporation

10



11

(seen as grains per nucleus) was used as the measure of DNA repair
synthesis. The cells were maintained in ADM prior to and throughout
the entire experiment.

Figure 1 outlines the protocol that was employed. Illustrated

7

is a 60 minute 4NQO treatment (10 'M or 5 x 1077 ), the other treatment

times were 30 and 90 minutes; all underwent subsequent incubation in
3HTdR, 0, 2, 4, 8, 12 and 24 hours after removal of the carcinogen.
A11 of the chemical solutions were applied at the same time, and this
was designated as zero hour (for graphical purposes). To determine
the amount of repair synthesis that was initiated during the chemical

3HTdR was added simultaneously with 4NQO for 30, 60 or 90

treatment,
minutes. A two hour 3HTdR pulse was chosen for the remaining incubation
periods and was later adopted for all subsequent repair experiments.
This choice was made because the 4NQO concentrations that were employed

3HTdR pulse of

did not elicit high levels of repair synthesis and an
1 or 1 1/2 hours would have produced low grain counts, making the results
difficult to interpret.

Three general observations can be made from these results
(Figure 2); the peak of repair replication for all chemical treatments
occurs in the first 4 hours following addition of the chemical, and
then proceeds at a slightly lowered level for the next 6 hours; at 12
hours a low but significant uptake of 3HTdR éan be detected, and is
still evident at 24 hours.

Upon examining the results more closely it is noticeable that

during the 30 minute and 60 minute 4NQO treatments, the cells exhibit

a very low level of ongoing repair synthesis, whereas in the next two
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Figure 2:

Repair of 4NQO-induced DNA damage. Effect of concentration
and duration of exposure. Each point denotes the time when
the sample was taken and the uptake of 3HTdR over a two hour
period prior to sampling (represented by grains per nucleus).
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hour 3

HTdR pulse that follows, a high level of repair synthesis is
obtained. In fact this is the peak of repair synthesis. However, in
the cells exposed to a 90 minute 4NQO dose this is not the case, for
the peak of repair is reached during the chemical treatment, only to

drop slightly in the subsequent two hour 3

HTdR pulse. This seems to
indicate that the peak of repair occurs in the second or third hour
following addition of 4NQO. |
Since both the 60 minute and the 90 minute 4NQO treatments
elicited the same maximum level of repair synthesis, and since the peak
of repair occurred after rather than during the 60 minute 4NQO treat-

7

ment, it was decided to utilize a 60 minute 4NQO treatment (1 x 107'M

and 5 x 10'7M) for all subsequent experiments.

II. The Effect of Split 4NQO Treatments on DNA Repair Synthesis

Using the previous results as a gdide, an attempt was made to
ascertain the level of repair synthesis attained by cells exposed to
a second 4NQO treatment whilst still recovering from a first treatment.
Basically two problems were of interest here; first how does a cell at
the peak of repair respond to a second treatment, and secondly how does
a cell that has virtually completed repair synthesis respond.

In designing the experiment, an appropriate endpoint for com-
paring the data had to be chosen. Since it was known that the peak of
repair occurred during the two hours immediately following removal of
a single 60 minute 4NQO treatment, it was decided to measure the Tevel

of repair synthesis obtained in the two hours immediately following
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removal of the second treatment and then compare these values. The
experimental protocol outlined in Figure 3 was adopted. Cells were
maintained in ADM throughout the experiment, treated initially with

7M or 5 x 10-7

10° M 4NQO for 60 minutes, and then treated again 1 1/2,
2, 3, 5, 9 or 13 hours later. The two hour 3HTdR pulse immediately
followed removal of the second treatment. In order to determine the
amount of repair synthesis induced by first treatment alone, controls
were run for each recovery period. They were exposed to the initial
4ANQO treatment only, allowed to recover whilst the remainder received
a second treatment, and then pulsed with 3HTdR at the same time as the
"doubly-treated" sample.

The results, which are summarized in Figure 4, depict the actual
Tevels of repair following recovery from a single treatment and after
exposure to two treatments; and the total expected level of repair following
two treatments. This expected value was determined by making the assump-
tion that a cell should theoretically be able to repair a second chemical
treatment as effectively as if it were the first, no matter when it is
app]fed. In practise, the total expected level of repair synthesis
obtained following the second treatment should be equal to the sum of
the repair synthesis still proceeding after recovery from the first
treatment plus the level of repair that is obtained immediately after
removal of a single 4NQO treatment. In the histograms (Figure 4) the
first column depicts the level of DNA repair immediately following removal
of a single 4NQO treatment; this value is then added to the control

(clear column in each set) to give the expected value (black column in

each set). It should be clarified at this point that the control value
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"~ 4NQO treatments; effect on DNA repair synthesis.

Ll



18

Figure 4: Histogram illustrating the actual grains per nuclei
immediately following the first 4NQO treatment only
[], and after double 4NQO treatments[ =], and total
expected grains per nuclei following double treatments
. Cells were maintained in 5% ADM.

7

(a) 5 x 107"M 4NQO

7

(b) 1 x 107"M 4NQO
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does not indicate how much repéir synthesis was actually taking place
during the second 4NQO treatment‘(this can be ‘obtained from Figure 2),
it merely represents the DNA repair synthesis still proceeding after
recovery from the first treatment. The purpose of the control was to
serve as an aid in obtaining the expected value.

As illustrated in the résults (Figure 4),if a second treatment
is applied during the three hours immediately following addition of the
first, the total 1eye1 of repair is significantly lower than the expected.
In fact there appears to be very little repair synthesis taking place
on or above that for the first treatment. At the lower 4NQO concen-
tration (Figure 4b), this effect is not as marked, and is only signi-
ficantly below the expected for two hours post-treatment. After this
period, the level of repair begins to approach the expected, and at the
lower dosage reaches the expected at 5 hours post-treatment. However,
at the higher concentration, the expected level is never attained;
in fact at 13 hours the level is even further below the expected than
it was at 5 hours. Such was the case for the lower concentration also.

| This peculiar decrease in repair capacity was not predicted,
since it seemed logical to assume that once the cells had regained the
potential to repair the DNA damage inflicted by the second treatment,
they would continue to do so.

To determine whether this drop in repair capacity may have been
due to the arginine-deficient culture medium, an identical experiment,
with a few modifications was designed. The cells were blocked as before

in 5% ADM for 2 1/2 days, but 3 hours prior to the first 4NQO treatment,
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the cells were returned to 5% MEM.* This 3 hour time period was chosen
arbitrarily, to provide the cells with a chance to equilibrate. The
rest‘of the experiment was then carried out in 5% MEM.
Comparison of the histograms for cells in ADM, with those in
MEM reveal some differences (Figure 5). When the ADM blocked cells are
placed in MEM briefly (3 hours) prior to 4NQO treatment, the two hour
period is again noticeable during which the DNA repair level falls below
expected values. However, this reduction in DNA repair synthesis is
not as pronounced as in the case when the cells were maintained in ADM
throughout the experiment. Furthermore, the second drop in repair capacity
is not apparent in the MEM-maintained cells; at 12 hours the level of
DNA repair‘following the second 4NQO treatment is identical to the expected.
There was no reason to suspect that this increase in repair
capacity was the result of a concommitant rise in semiconservative DNA |
synthesis associated with cell division. The corresponding controls
(single treatment) were carefully examined and did not contain any nuclei
with high grain counts (indicative of DNA synthesis at S-phase). Further-

25 have shown that after removal of a block such

more Freed and Schatz
as ADM the cells do not enter S-phase until 16 to 20 hours iater. This
is without a 4NQO treatment which tends to further slow down entry of
cells into S-phase44.

For comparative pufposes, an experiment was run simultaneously
to determine the course of repair after a single 4NQO treatment for

cells in ADM and MEM. The protocol previously outlined in Figure 1

*
such cells will be referred to as MEM-maintained cells.
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Figure 5:

Histogram illustrating fhe actual
following a single 4NQO treatment

grains per nucleus
[ ], and double

4NQO treatments [ =] ; and eercted grains per nuclei

following double treatments

The entire experi-

ment was carried out in 5% MEM, after previously being

blocked in 5% ADM.

(a) 5 x 1077M 4NQO

7

(b) 1 x 107"M 4NQO



23

v v
a
3 iy i y D) ER
o
L] o
T
Z
3 TS CE AR LT e K A0 I AR % e Y W
0 k-
q
, | I w
[id
T
y Tey G RANIEI I % 4
w
_ Ty
T
w
0
5 o g (A L PRSI SR RN
3 g ] i o o
T
| el
o]
I
™7 RRINAISE ARG LR 7 lhc
— T T ™ Y | T
o] o] 0 0 0 0 (o]
] [} [is] < (] 61} <
SN3T1DNN H3d SNIYHES sN 39NN

20 4

HY3d SNIveD

HOURS BETWEEN TREATMENTS



24

Figure 6:

Time course of DNA repair synthesis following a single
4NQO treatment in either 5% ADM or 5% MEM. Each point
denotes the time when the sample was taken; and the uptake
of 3HTdR over a two hour period prior to sampling (rep-
resented by grains per nucleus).

SEEEEEEaES -.-'in 5% ADM
in 5% MEM
(a) 5x107/M4NQ0 e o
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GRAINS PER NUCLEUS

HOURS

POST-TREATMENT

\\”’Nﬁ
\3\\ N""“\-..__
\2
v L4 Lg 1 4 ) §
=] 12 8 20 24

25



26
was used with the exception that only 1 hour treatments were employed,
and that the experiment was run in 5% MEM as well as 5% ADM. The same
chemical solution was used for both kinds of medium, with the final
dilution being made in either 5% MEM or 5% ADM.

The results are summarized in Figure 6, and from this graph
it can be concluded that repair of a single 4NQO treatment is not affected
by the type of medium employed.

Returning to Figures 4 through 6 it is apparent then that cells
in ADM are not able to repair a second set of DNA damage to the expected
level, whereas cells in MEM can, even though both are capable of re-
pairing the first treatment. Furthermore cells maintained in either
hedium possess a "sensitive" two hour period following chemically in-
duced DNA damage, the sensitivity being more pronounced when cells are

maintained in ADM.

III. The Repair of 4NQO-induced DNA Damage Following UV Irradiation

The question now arises as to whether DNA repair synthesis in-
duced by other agents can produce the same results. For this purpose
it was decided to replace the first 4NQO treatment with a UV treatment.
Prior to running such an experiment, it was necessary to characterize
the time-course of repair following a single UV exposure. The protocol
used was basically identical to that used for a single 4NQO treatment
(Figure 1) except that the cells were exposed to UV (designated as zero

hour) and the experiment was run in both 5% ADM and 5% MEM.
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Two dosages were used: 40 ergs/mm2 and 20 ergs/mm2 followed
by two hour 3HTdR pulses at 0, 2, 4, 8, 12 and 22 hours post-treatment.

The peak of repair was found to occur during the two hours imme-
diately following UV treatment (Figure 7); this concurs with the time
course of DNA repair synthesis after a single 4NQO treatment (Figure 2).
After this initial peak of DNA repair synthesis, the level decreases
markedly such that at 8 hours only a low but significant amount of repair
synthesis is detectable, again in concordance with the time course of
repair of 4NQO-induced DNA damage.

Both UV doses produced levels of repair synthesis that would
serve as suitable replacements for the first 4NQO treatments (40 ergs/

mm2 for 5 x 10'7

M and 20 ergs/mm2 for 10-7M), and were therefore used
for this set of experiments.

The experiment was run acéording to the protocol outlined in
FiQure 8, and was divided into two parts; half of the cells were main-
tained in 5% ADM for the entire experiment; the other half were placed
in 5% MEM 3 hours prior to UV treatment, and remained in 5% MEM throughout
the experiment. Corresponding controls were run as before and were
exposed to the UV treatment only or the 4NQO treatment only.

The results are summarized in the histograms of Figures 9 and 10.
Note that the first column in each graph represents the level of repair

Ty

obtained immediately following a single one hour 4NQO treatment (5 x 10~
'or 10'7M). This value was used to calculate the expected level of repair
(last column in each set). Theoretically all UV-treated cells should be
capable of repairing the damage induced by a subsequent 4NQO dose (no
matter when it is applied) to a level similar to that after a single

4NQO dose.
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Figure 7: Time course of repair synthesis following UV-induced DNA
damage. Fach point denotes the time when the sample is
taken; and the uptake of 3HTdR over a two hour period
prior to sampling (represented by grains per nucleus).

exsssem=ena-in 5% ADM
in 5% MEM

(a) oe 40 er‘gs/mm2

(b) ow 20 ergs /mm?
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U.V. irradiation
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
3
. 4NQO | HTdR R
, SHTdR
3
L 4NQ0 | “HTdR .
, . 3HTdR .
3
. 4NQO |, HTdR \
. -~ Sutar ,
3
. L4NQO ,  “HTdR ;
- _ SHTdr ,
R 4NQO , “HTdR .
. . ___HTdR .
3
L . 4NQo , HTdR \
3HTdR
Figure 8: Experimental design. Variation of the intervals between UV irradiation
and a subsequent 4NQO treatment; effect on DNA repair synthesis.
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Figure 9:

Histogram depicting actual grains per nucleus immediately
following 4NQO treatment , at varying periods of
time after UV treatment[ ] , and after UV treatment
plus 4NQO treatment ; expected grains per nucleus

after treatment EBa@ . Experiment run in 5% ADM.
(a) 5 x 10™7m 4NQO and 40 ergs/mm2
(b) 1 x 1077m 4NQO and 20 ergs/mm2
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Figure 10:

Histogram depicting actual grains per nucleus immediately
following 4NQO treatment &2 , at varying periods of

time after UV treatment [::] , and after UV treatment

plus 4NQO treatment E2 5 ex ted grains per nucleus
after UV plus 4NQO treatment . Experiment was carried
out in 5% MEM after previously being blocked in 5% ADM.

(a) 5 x 1077
() 1 x 10”7

M 4NQO and 40 ergs/mm’
M 4NQO and 20 ergs/mm2
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It is interesting that the results are very similar to those of
the previous experiments. When the cells are maintained in ADM, DNA
repair synthesis following the second dose (at either concentration)
again fell below expected, and in this case (UV-4NQO combination)
the decrease is even more pronounced than in split-dose 4NQO experiments.
In fact at half an hour post-treatment repair of the UV damage appears
to be slightly inhibited. Likewise, the ADM-maintained cells never
totally regain the ability to repair the second 4NQO treatment (at both
concentrations).

| The pattern of repair for MEM-maintained cells does not change
appreciably from before except that at both concentrations a slight
inhibition occurs during the first hour. Again the cells in MEM are
capable of repairing the second treatment to the expected level after
an 8.hour recovery period. In fact the repair synthesis at this point
is higher than expected.

These results imply then that the two hour "sensitive" period
previously characterized is not peculiar to 4NQO treated cells and that
the repair cycle induced by UV also has a similar temporal sequence.

This observation indicates that repair of UV-induced damage may be affected
to a greater extent by a subsequent 4NQO treatment than is repair of

4NQO-induced damage.
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IV. Time Course of DNA Repair after a Second 4NQO Treatment

Interpretation of the aforementioned results is complicated
by the fact that the choice of end point may not have been entirely
appropriate (i.e. comparison of repair levels obtained in the two hour
period immediately following removal of the second treatment). It is
conceivab]é that the addition of a second 4NQO treatment close to the
first, may inftia]]y produce a slight toxicity in the cells and thus
delay the onset‘of repair synthesis. Consequently the peék level of
repair would not be detected during the two hour 3HTdR pulse. If this
is the case, then the below expected DNA repair levels would merely re-
flect a lag in repair synthesis;

To clarify this point, periods of repair 1ncubatioq following
removal of the second dose were employed. In this manner, it would be
possible to determine when the peak of repair was occurring.

Furthermore, since it has been shown that at 9 hours post-treatment,
cells in MEM respond to a second treatment with a peak level of repair
synthesis similar to that following a single treatment, it seemed logical
to determine if the time course of repair after a second dose at 9 hours,
also resembled that of a single dose.

In order to achieve both objectives it was necessary to run the
experiment in 5% MEM. This decision was made because cells in ADM never
seemed to kegain the capacity for repairing DNA damage inflicted by
the second treatment, and as a result the latter objective could never

be attained.
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For this experiment, cells were exposed to a second 4NQO treat-
ment, 2, 3, 5 or 9 hours after addition of the first, and pulsed with
3HTdR as outlined in Figure 11. One set of cells served as controls
receiving the first treatment only, and were always pulsed simultaneously
with samples given the double dose.

The results are summarized in Figure 12. 1In the graphs for
"doubly-treated"cells the values are expressed as grains per nucleus
resulting from the second treatment only. .In these cases the level
of repair for the "singly-treated'control was subtracted from the total
level of DNA repair detected after the second treatment (for each repair
incubation period).

A general observation can be made from these results; as the
interval between treatments increases, the peak of repair increases
and the overall pattern of repair more closely resembles that of the
initial dose. It is interesting that if the second treatment is given
2 hours after the first, a peak in DNA repair synthesis does not occur
at a later time. This would then rule out the existence of a lag period.
Furthermore the results show that when a second treatment is given 9
hours after the first,the pattern of repair is basically the same as
that elicited by a single treatment.

It seems reasonable to conclude then, that in the period imme-

" diately following induction of DNA damage by 4NQO, the application of a
second 4NQO dose does not produce the expected response. Either this
second dose does not induce further damage or if it does, for some reason

DNA damage does not occur.



Time (hrs.)

0 2 4 6 8 10 12 14 16 18 20
4NQO | ANQO  SHTdR ,
4NQO 34TdR
ANQO 4NQO 34TdR
4NQO 3uTdR .
ANQD . 4NQO | 3HTdR
4NQO . 3uTdR .
ANQO ANQOD . 3uTdR
Q0 | 3TdR .
3
4NQO ANQO ,HTdR ;
4NQO . SuTdR .
Figure 11: Experimental design. Time course of DNA repair synthesis following

a second 4NQO treatment. Illustrated is the sequence of 3HTdR

pulses after removal of the second treatment given 3 hours after
addition of the first. Other treatments were applied 2, 5 or 9 hours
after the first and were followed by the same sequence of 3HTdR pulses.
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Figure 12:

Time course of DNA repair synthesis following a second
ANQO treatment (5 x 1077M).

(a) initial treatment only

(b) 2 treatments 2 hours apart
(c) 2 treatments 3 hours apart
(d) 2 treatments 5 hours apart

(e) 2 treatments 9 hours apart
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V. Cell Survival and Chromosome Studies

In order to thoroughly characterize the carcinogenicity of a
chemical compound, previous studies have employed cell survival and

74’75. Therefore

chromosome studies in addition to repair experiments
it seemed logical that to complete this particular study the effect

of split 4NQO treatments on cell survival and chromosome aberrations
should be determined. If a period does exist in which a second

4NQO treatment does not induce further damage, then one would expect

that in this period there would be no change in cell survival, or chromo-
some aberrations. On the other hand, if the damage does occur, yet is

not being repaired, one would expect this to be reflected by changes

in cell survival and in chromosome aberrations.

a) Cell Survival Studies

An experiment waé designed to ascertain the effect of split
4NQO treatments on cell surviva]l(Figure 13). However, before this
experiment could be carried out, it was necessary to solve one technical
problem. In most survival experiments, the cells are seeded into 15%
MEM, allowed to settle down for 12—16 hours, exposed to a single chemical
treatment, and then left to divide and form colonies. The cells do not
have an opportunity to divide prior to treatment and as a result only
single cells are exposed to the chemical. Each individual cell that
survives will then divide to produce one colony. But as outlined in
the experimental protocol (Figure 13), it was neccssary to leave the

cells for periods of up to 12 hours after exposure to the first dose
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Figure 13. Experimental design. Variation of the intervals between split
4NQO treatments; effect on cell survival.
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prior to application of the second treatment. During such a time period,
cell divisions most likely will occur, and as a result two cells instead
of one would receive the second treatment, invariébly producing false
results as only one cell need survive to form a colony.

It is apparent then that a method was required that would prevent
the cells from dividing before completion of the experiment. Two alter-
natives seemed Tikely; firstly, seed the cells into 5% ADM, run the ex-
periment in 5% ADM, and then return the cells to 15% MEM; or secondly,
seed the cells into 2 1/2% MEM, run the experiment in 2 1/2% MEM, and
then returﬁ the cells to 15% MEM. It was hoped that ADM would totally
arrest the cells, and that 2 1/2% MEM would slow down cellular processes
to a point, such that cell divisions would not occur during the course
of the experiment. The first alternative proved not feasible; when the
cells were seeded into 5% ADM they would not settle down and adhere to
the petri dish. However, cells seeded into 2 1/2% MEM did attach to
the petri dish.

Further experiments were then carried out to investigate the
feasibility of utilizing cells seeded into 2 1/2% MEM for these par-
ticular survival studies. Cells left in 2 1/2% MEM for periods of time
after they had adhered to the petri dish weré not significantly affected
in their ability to form colonies (Table 1). Close examination of the
cells under the inverted microscope after 12 hours in 2 1/2% MEM revealed
no cell divisions. Cells undergoing division can easily be detected

as they become rounded whereas the others remain flat.
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Table 1. Effect of 2 1/2% MEM on cell survival

Hours in 2 1/2% MEM
0 2 4 8 12

Average number of colonies 75 70 71 72 73

Table 2. Effect of a 1 hour 4NQO treatment on
cell survival

4NQO concentration

5x10°M 10% 5x10M 100%™ 5 x 107 1%

% surviving colonies 0 9 68 81 90

Treatment of the cells for 1 hour with a range of 4NQO concen-
trations gave the results outlined in Table 2. Cells were seeded into
2 1/2% MEM, allowed to settle down, treated with chemical in 2 1/2%
MEM and then immediately returned to 15% MEM. The number of surviving
colonies was expressed as a percentage of the control (no 4NQO treatment).
From these results, two concentrations were chosen for use in further
experiments (5 x 107 and 5 x 10']0M). These concentrafions were chosen
because one dose allowed enough cells to survive so that after appli-

cation of a second dose, a reasonable number of cells would still survive.
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Finally cells seeded into 2 1/2% MEM and allowed to adhere to

the petri dish, were assessed for their ability to repair 4NQO-induced
DNA damage following 12 hours in 2 1/2% MEM; and their ability to repair
4NQO-induced DNA-damage whilst maintained in 2 1/2% MEM for 12 hours.
In the first case the cells were left in 2 1/2% MEM (after the initial
settling down peribd) for 0, 2, 4, 8 or 12 hours prior to 4NQO treatment,
treated and then‘placed in 15% MEM (Table 3). In the second case the
cells were exposed to 4NQO (after settling down) and then allowed to
recover in 2 1/2% MEM for 0, 2, 4, 8 or 12 hours, after which time they
were returned to 15% MEM (Table 4). It is apparent from the results
listed in Tables 3 and 4 that repair of 4NQO-induced DNA damage is not
significantly affected by 2 1/2% MEM until 8 hours, at which time there
is a small but significant drop in cell survival. It is interesting
that the effect is the same whether or not the treatment was given befofe
or after incubation in 2 1/2% MEM. This seems to imply that after pro-
longed periods in 2 1/2% MEM, a general toxicity occurs that is slightly
enhanced by exposure to 4NQO. |

The feasibility of employing this technique was then apparent,
and only required inclusion of extra'singly-treated"controls. These
extra controls would receive the first treatment only, were subsequently
incubated in 2 1/2% MEM for 9 or 13 hours and then returned to 15% MEM
along with the "doubly-treated'cultures. Other controls received the
first treatment and were then placed immediately into 15% MEM.

As in the previous DNA repair experiments it was necessary to

select a suitable end point for evaluating the results. Again an expected



Table 3. The effect on cell survival of incubation in
2 1/2% MEM, prior to a single 4NQO treatment

% surviving colonies
at concentrations

Hours in 2 1/2% MEM

prior to treatment 5 x 1077M 5 x 1071 Oy
0 71 86
2 65 79
4 70 88
8 60 76
12 ’ . 55 68
Table 4. The effect on cell survival of incubation ih
2 1/2% MEM, following treatment with 4NQO
% surviving colonies
at concentrations
Hours in 2 1/2% MEM 9 -10
after treatment 5 x 107 7M 5 x 10 "M
0 | 76 Y
2 67 78
4 70 _ 83
8 58 72

12 53 64
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value was defined: if a single 4NQO treatment enables a certain per-
centage of cells to survive, then theoretically when a second treatment
is applied to these surviving cells, the same percentage of these'cells
would be expected to survive. In other words if 68% of the cells sur-
vive the first dose, then 68% of these 68% should be expected to survive
the second dose (i.e. 46%). In calculating the expected values at 9
and 13 hours, the controls for those time periods were employed in order
to account for any loss of cells due to toxicity in 2 1/2% MEM.

The results outlined fn Table 5 indicate a period in which
there is a potentiation of the effects of the second dose. This occurs
in the three hours immediately following addition of the first treatment,
and correlates very closely with the results of the DNA repair experi-
ments, in which the below expected repair levels are obtained in the
same 3 hours.

C]oser_examination of the results reveal that after this period
of decreased cell survival, the levels rise and reach a plateau at 9
hours. For both concentrations, the value attained is above the expected,
though not the same; cells exposed to two doses of the lower concen-
tration rise to a higher point above the expected value. The fact
that cell survival does rise above the expected may simply reflect an
incorrect choice of end point, br a capacity for increased survival
in the cells that survive the first dose. |

Nevertheless, it is obvious that as the repair of the first
treatment nears completion, the cells regain their capacity for survival.
It is also apparent that if two 4NQO treatments are given close together,
DNA damage is induced by the secoﬁd treatment, and furthefmore that

some of it is not being repaired.



48

Table 5. Effect of split 4NQO treatments on cell survival

Time after first % surviving

dose when second colonies Expected
dose applied after second value Difference
[4NQO] (hours) dose (%) (%)
5 x 10™M 1 1/2 hrs. 8 50 -42
2 6 50 -44
3 34 50 -16
5 30 50 -20
9 40 30 +10
13 ' 37 32 +5
5 x 107100 1/2 hrs. 55 79 -24

1

2 51 79 -28
3 80 79 +1
5 92 79 +13
9 ’ 58 44 +14
3 61 38 +23
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b) Chromosome Studies

Since in the previous experiments, a drop in cell survival was
ob£ained when the two treatments were given close together, it would
be interesting to ascertain if a simultaneous increase in chromosome
aberrations also occurs. The experimental protoco] outlined in Figure
14 was designed to investigate this. A 13 hour split treatment was
not done for 2 reasons; firstly, the cells have more or less totally
recovered in their ability to répair the second dose at 9 hours, and
secondly the main interest of the experiment involved the 3 hours imme-
diately following the first dose.

The cells were treated in 5% MEM, and allowed to recover in 15%
MEM. Colchicine was added at 20 and 25 hours post-treatment (second
dose).

The results are outlined in Table 6. A marked increase in chromo-
some aberrations is evident if the second treatment is given in the two
hours following addition of the first. The effect is not as dramatic
at the lower concentrations but is still evident. After five hours,
the values approach normal levels. Again a correlation with the DNA
repair experiments is obtained, and provides-further evidence that DNA

damage is not being repaired.
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Table 6. Effect of split 4NQO treatments on chromosome
aberrations

. Frequency of metaphase plates with
Time after first chromosome aberrations at concen-

dose when second trations

dose applied -7 -7

(hours) 5x 10 'M 10 'M
1 1/2 hrs. [ 15
2 ' 48 o . 21
3 23 11
5 17
9 9

Single dose only 11 3




DISCUSSION

I. The DNA Repair Process

Before embarkihg on any discussion or interpretation of the
results obtained in this study, it is essential that the underlying
mechanisms of the DNA repair process be defined. The enzymes involved
in excision-repair (also called dark repair, replication repair, un-
scheduled repair synthesis) have been well characterized in bacterial

6,32,36,57

systems and it is believed that a similar enzymatic process

13,56,58  1pe essential features of excision-

exists in mammalian cells
repair in bacteria are outlined in Figure 15. Basically, the mechanism
can be described as a cycle involving at least 4 enzymes and 5 defined
activities:

a) UV irradiation results in the formation of pyrimidine dimers;
each producing a localized structural distortion in the DNA helix.

b) These distortions serve as.recognition sites for attack by an
endonuclease; and a nick is established in the DNA close to the dimer
on the 5' side.

c) DNA polymerase binds to the DNA at_the nicked site and begins
to synthesize new DNA using the opposite side of the DNA as a temp]ate30.

d) An exonuclease cleaves the 3' side of the dimer releasing the
damaged portion of the DNA; it is believed that the polymerase itself
3,4,42

may have such an exonuclease activity

52
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Figure 15. A model for DNA repair.
(From Molecular and Cellular Repair Processes.
Baltimore: John Hopkins, 1972, p. 15).
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e) Simultaneous synthesis and degradation continues in the 5' to
3' direction until the ligase displaces theAp01ymerase and seals the
last bond.
The net result of this process is restoration of the functional integ-
rity of the DNA. _
The repair of both UV and 4NQO-induced DNA damage is postulated
. to be basically similar; this fact was further substantiated by the
data obtained in the present study. However, the induction of damage
is not identfca]. The structure of 4NQO is illustrated in Figure 16,

67’77. As a

and probably binds covalently to a purine base in the DNA
result depurination of the DNA occurs fo]]owed‘by distortion of the
sugar phosphate backbone. This distortion is the recognition site
for the endonuclease. Removal of this distortion proceeds in the same

manner as removal of pyrimidine dimers.

N

3
12
¥
0

Figure 16. 4-Nitroquinoline 1-Oxide (4NQO).

II. Interpretation of 3

HTdR Incorporation Studies

The results of the DNA repair experiments can be summarized

as follows:
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1) DNA repair synthesis is below the expected levels when a second
treatment is given within 3 hours of the first,
2) DNA repair synthesis reached the expected Tevels if the sechd
treatment is applied as repair of the first approaches completion, and
3) analogous results when the first 4NQO treatment is replaced
with UV irradiation.

Interpretation of this data was somewhat simplified by employing
cell survival and chromosome studies. The results of these were:

1) a drop in cell survival and an increase in chromosome aberrations
when the interval between doses is less than 3 hours;

2) a rise in cell survival and a drop in chromosome aberrations
approaching the expected when the interval between doses is more than
3 hours. _

Five interpretations of this data warrant consideration and
will be discussed indiv{dua11y in the subsequent paragraphs.

The most logical explanation for the below-expected repair
levels is that further damage did not ensue when the second dose was
applied close to the first. fhis cou]d'have originated from any one
of three conditions: the enzyme pools necessary for activation of the
chemical were depleted, the DNA was already overloaded with damage,
or the 4NQO was somehow prevented from entering the cell. Yet the
data does not suppdrt any of these suggestions. The resuits of the
chromosome studies indicate that damage is not being repaired, conse-
quently if the second dose does not induce further damage, one would

expect the.level of repair synthesis following the second treatment
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to be below the controi Tevel (single dose). But it is not; therefore,
further damage must occur, though all of it is not necessarily repaired.

The next possibility is that thé enzymes necessary for the
repair process are being inhibited by the 4NQO, which in turn would be
reflected by low repair levels. This does not seem very plausible
because one would expect such an inhibition to occur after each 4NQO
treatment. But it does not; low repair levels are only obtained
following the second treatment and only when it is applied close to the
first.

Furthermore, if UV-irradiated cells are treated with a chemical
that is known to inhibit one or more of the enzymes involved in DNA
repair (i.e. iodoacetate), the effect is very pronounced, with an almost

10. This was not evident in the

total inhibition of repair synthesis
present study. Consequently, inhibition of the repair enzymes by 4NQO
can be discounted.

The third interpretation is that the repair enzymes are being
degraded after a single cycle of repair. As a result, when a second
dose of 4NQO is given close to the first, the repair levels would be
below the expected as not enough enzymes would be present. The repair
capacity would be restored when synthesis of new enzymes increases,
and would account for normal repair levels when the interval between
the two treatments increases.

However, many observations disagree with such an interpretation;

in the first place it implies that renewal of the enzyme pool would

result in the damage being repaired at a later time. The results of
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the time course of repair after a second dose do not verify this; if

two doses are given close together the peak of repair occurs immediately
after removal of the second treatment, it is not de]éyed. The results
~of the chromosome and survival studies also do not indicate that the
damage is repaired at a later time.

Secondly, there is very little evidence to substantiate the
concept that the degradation of the repair enzymes occurs after one
cycle of repair. In fact most of the work indicates that the enzymes
for repair afe very stab]e; possess a long half-l1ife and are not in-

duced29’60.

Experiments with puromycin and cycloheximide demonstrated
that protein synthesis was not a prerequisite for DNA repair; the enzymes
were already present in the cell in quantities capable of repairing

most of DNA damage. Treatment of the cells with cycloheximide for up

to 8 hours before exposure to.UV did not alter the repair levels; even
though protein synthesis had been almost tota]iy b]ockeds. Cells left

in cycloheximide for 20 hours prior to UV irradiation showed levels of
repair replication that were still 65%_Qf the untreated, irradiated
cultures. In other studies, puromycin also had no effect on repair

of X-ray induced damage18’65.

In view of these arguments, it seems highly unlikely that the
results of this study can be accounted for by degradation of the repair
énzymes. |

Alternatively, it is possible that the below expected levels
of repair synthesis are artifacts of the technique employed. During.

the initial peak of repair synthesis, there is a 1imit to the number
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of incisions that can occur at one time along the DNA2’14.

This implies
that even though many segments of the DNA are undergoing repair synthesis
during the early stages of recovery, numerous sites will still contain
damaged portions. If the DNA is subjécted to further damage during

this time, an alkylated base could occur close to a previously alkylated
base (but as yet unrepaired). When such a DNA segment is finally repaired,
theoretically more than one base could be removed per 100 nucleotides
(excision repair involves the removal of approximately 100 nucleotides
]]’]7’59’6]). In this manner, a lower than expected grain count could
ensue. If a second dose is given when most of the initial damage has
been repaired, such an overlap would not occur, and consequently the
expected number of grains would be obtained.

The major drawback of this explanation is that even though the
grain counts are not up to the expected, the damage is still repaired;
again this contradicts the results of the chromosome and cell survival
studies. Moreover, current research does not indicate that more than
one dimer is excised per region21’59.

The final explanation concerns the possibility that the repair
process itself is somehow being inhibited by the second 4NQO treatment.
Since direct inhibition of the enzymes themselves has already been
discounted, one of the few remaining solutions is that the ongoing
repair process itself is being affected. This would be especially
apparent when many sites along the DNA are being repaired (for instance,

during the peak of repair). However, if direct inhibition of repair

by the second dose is occurring, the levels obtained after this second
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dose would be far below the controls. As this is not the case, it
seems logical to conclude that induction of damage and inhibition of
repair occur simultaneously upon}app]ication of the second dose.

It is not difficult to envisage how this inhibition would occur,
for as each repair cycle progresses, many susceptible sites would be
exposed. Binding of molecules at this time could easily take place
in such a manner that continuation of the cycle is prevented. The
enzymes themselves would remain unaffected, and would eventually fall
off initiating a new cycle of repair synthesis at some other location.
Implicit in this explanation is that the partially repaired segment of
DNA is never repaired; the binding would have occurred in such a manner
that movement of enzymes along the segment is permanently blocked.

The net resuit when the two treatments are applied close to-
gether would be inhibition of repair of the first set of damage; and
induction and repair of a second set. Possibly the amount of damage
produced by the second dose would be less than usual because some of
the binding would have resulted in inhibition, not induction of damage.
This combined effect would account for the below expected levels of
repair. As repair of the first treatment nears completion, inhibition
by the second dose would not be as evident, and normal levels of damage
and consequently repair synthesis would be obtained.

If this is the case, then it suggests that the carcinogenicity
of 4NQO may be due in part to its ability of slightly inhibiting damage
induced by itself. Such an effect may not be as noticeable during a

single treatment, because most likely a major portion of the binding
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will have taken place before repair synthesis reaches its peak; there-
fore only a slight inhibition would take place. Accordingly, if a
second dose is applied right when the peak of repair is in progress
the effect may be very marked.

Inhibitors of DNA repair have been reborted previous]yTo’]6’27’4o,
and fall into two categories, those that bind to DNA, and those that
show a wide spectrum of effects. The first group includes such compounds

10,27

as acriflavine and chloroquine which do not induce DNA repair

synthesis but considerably inhibit the repair of UV damage. Acriflavine

preferentially kills irradiated bacteria, and enhances UV mutagenesis,

16,66

most likely by inhibiting excision of pyrimidine dimers In vivo,

chloroquine and caffeine have been found to enhance tumorigenesis79.

In the second group are such compounds as progesterone, testos-
terone, and diethylstilbestrol. These compounds do not bind to DNA
and do not illicit DNA repair synthesis, but again they have a signi-

26,28

ficant effect on DNA repair induced by UV Most of these compounds

have been classified as co-carcinogens because they have the ability
to enhance tﬁe tumorigenic action of other carcinogens35. It is be]ieved
that their target is some aspect of the repair process.
In view of such evidence it does not'seem.too unlikely that
4NQO could be inhibiting some aspect of the DNA repair process.

Discussion of the 3

HTdR incorporation studies would be somewhat
incomplete if two additional aspects were not mentioned. The first
concerns the data obtained with cells in 5% ADM. When a second treatment

was given to these cells, the level of repair never reached the expected.
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In fact as the intervals between the two doses increased, the level
of repair following the second dose decreased. Identical experiments
employing cells transferred to 5% MEM did not yield these results,
implying that the effects was due to the lack of arginine in the medium.

Amino acid deprivation causes a fairly rapid cessation of semi-
conservative DNA synthesiss. The mechanism behind this is not clear,
for even though synthesié of new enzymes is blocked, enough enzymes
are present to enable DNA synthesis to take place. It is be]ieved that
accurate DNA replication requires uninterrupted, co-ordinated, de novo

25’29’34. Perhaps the DNA repair process is affected

synthesis of proteins
in the same manner. This seems highly unlikely for one would expect
both treatments to be affected, not just the second.

A more Togical explanation is that after prolonged incubation
in ADM, the cells are not in aﬁ optimal physiological state, and conse-
quently the toxicity of 4NQO is enhanced. Repair of the first treatment
may be normal, but most likely after.8 hours incubafion, the cells
begin to die, and thereforé cannot respond to additional chemically
induced damage. When the two treatments are close together, the response
of cells in ADM and MEM was almost, but not completely similar; for the
cells in ADM showed a larger decline in levels of repair synthesis.
This could reflect either cells in early stages of death or an effect
due to arginine deficient medium. This phenomenon warrants further
investigation. |

The second result that must be mentioned is the slight inhibition
of repair that occurred when UV exposure was closely followed by a 4NQO

treatment. This was not evident'if the first treatment involved ex-

posure to 4NQO.
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This observation may simply reflect the differences in the
manner whereby damage was induced by 4NQO and UV; 4NQO treatment was
for 1 hour, whereas UV treatment was for a few seconds. Even though
the processes that are involved in the repair of these two types of

damage are postulated to be the same31’55’7]’76

» initiation of repair
synthesis probably occurs at different times. As a result the two
sets of data may not be truly comparable.

Returning to Figure 2, it can be noted that the peak of repair
synthesis may already be in progress half an hour after removal of the
4NQQ, But following UV treatment the peak of repair synthesis may only
Just be initiated half anAhour after treatment. Consequently, the
effect of a 4NQO treatment half an hour after a UV treatment may have
a more profound effect, for it would be present when repair of UV-
induced damage is at a maximum.

In retrospect, it is obvious that there are some limitations
to the 3HTdR incorporation experiments; it was not possible to determine
exactly when, and for how long the peak of repair occurred, nor was it
possible to define the peak of "sensitivity." Nevertheless, a foundation
for further investigation has been established. Characterization of
the two hour "sensitive" period in more detail should be attempted by
spacing the two treatments 15, 30, 45, 60 and 90 minutes apart. Also
addition of 3HTdR simultaneously with the second 4NQO treatment, would

perhaps give a better indication of when and to what extent inhibition may

be occurring during the second treatment.
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III. Split Doses and Cell Survival

Since treatment of cells in vitro with split doses of chemical
carcinogens has not been reported before, many aspects of this study
are unique. Consequently it is difficult to make any direct comparisons
betWeen the results of this work and those of others. Nevertheless,
a few indirect comparisons can be made and are possibly relevant to
this discussion.

The effects of split doses of UV and X—irradiation on cell
survival has been reported and perhaps can be compared to the effects
of split 4NQO treatments on cell survival that have been reported in
this study. | |

Humphrey et a1§7’38

using a line of Chinese hamster cells detected

an apparent increase in cytotokicity (i.e. decrease in ce]i survival)

when double doses of UV wefe separated by 30-120 minutes. However,

the results were not interpreted in terms of pdtentiation but as a lack

of repair in the cell line employed. The concomitant rise in survival

after 2 hours was thought to be caused by selection of a radiation- |

resistant portion of the cell population. Such an interpretation was

not warranted as a simultaneous study of repair synthesis was not attempted.
A more comprehensive study has recently been pub]ished78, in

which the effects of split UV treatments on both survival and mutation

rates was investigated in a differenf line of Chinese hamster ce]is.

A striking increase in the frequency of cytotoxicity and mutations was

obtained when the intervals between doses were 15, 30, and 60 minutes.
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At an interval of 3 hours, the mutation rate returned to the value

expected, as did cytotoxicity at 5 hours. Both values reached a stable

expected level after 9-12 hours. It was concluded that the second

dose was somehow interfering with an aspect of the cell's repair process.
Analogous data was not reported when split doses of X-irradiation

were employed. In these studies, if survival is plotted as a function

of the time between exposures, a sharp rise in cell survival is obtained

in the first two hours, and remains constant for the next 5 hours, to

level off at a higher value after 10 hours]’]g’zo.

No significant
decrease in cell survival was observed. These results are not surprising
though, because they most likely reflect the inherent differences between
the kinds of damage and repair processes induced by UV and X-irradiation.
UV damage produces pyrimidine dimers, induces a repair cycle that involves
incorporation of approximately 100 new nucleotides and which is virtually

13,2467 on the other hand, the major product of

53

complete at 6 hours

» Which induces a rep;ir cycle
23,54,56,70

X-ray damage is single-strand breaks

involving incorporation of 2-3 nucleotides , and that is

43,49,65,69

rapidly completed This repair does not require a rate-

limiting cleavage step, only a small amount of synthesis prior to re-

9’]5’52. It is conceivable that when cells undergoing this parti-

Jjoining
cular repair are exposed to a second treatment, any effect that does‘
occur is probably difficult to detect.

Two observations emerge; firstly, sinée the repair induced by
UV damage is basically similar to the repair of damage induced by 4NQO,

a legitimate correlation can perhaps be made between the results of the

cell survival experiments in this present study and those reported above
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involving split UV doses. In both cases a period of increased sensi-
tivity 1s.evident.

Secondly, since chemicals differ in the type of DNA damage
they produce, eg. some bind to bases, whereas others produce single

strand breaks7’62

; and the types of DNA repair processes induced, it
is very probable that the effects of split treatments on these
two kinds of DNA repair synthesis also differ. Further investigation

of this phehbmenon should be the next step.

IV. Qutlook

It was suggested previously that residual, unrepaired DNA damage
may be of more importance than the levels of repair synthesis that take
place upon treatment with a chemical carcinogen. Continuing on this
assumption, if the repair of DNA damage is then also partially inhibited,
the frequency of neoplastic transformation may be further increased.

In this study, exposure of cells to split treatments of a'carcino-
gen revealed a potentiation of the effects when the doses were given
close together, and was interpreted to reflect a lack of repair synthesis.
If this is the case, then care must be exercised in evaluating experi-
ments that involve only single doses of carcinogens, for the true carcino-
genic potential of the chemical may not be evident.

In designing assay systems to be employed in screening for
carcinogens, it is necessary to incorporate many exceptions in order

that a "true" value can be obtained. Firstly, the existence of cell
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lines that cannot repair certain types of DNA damage cannot be ignored;
the addition of chemica]s-to these cells in some instances can produce
a false negative result. To circumvent this difficulty thorough screening
should employ more than one cell line. Secondly, some chemical compounds
require metabolic activation before they can induce DNA damage48. Con-
sequently, measures must be taken to allow for activation of these
compounds; this usually involves the addition of a liver microsomal
preparation simultaneously with the chemica146.

It is obvious from the evidehce presented in this study, that
a more meaningful evaluation of the carcinogenic potential of a compound
can be obtained by inclusion of the technique designed in this study,
into future screening programs. Many carcinogens that previously have

63, can be assessed

not illustrated any capacity to induce DNA damage
using such techniques. Perhaps their carcinogenicity is due to their
ability to alter the repair of DNA damage. Furthermore, chemicals
that have been previously tested using only single doses, should be
re-evaluated using double doses, for they may in fact have a greater
carcinogenicity than previously imagined.

Additional research in this area should be directed at inves-
tigating the intéractions of various combinations and sequences of
different carcinogens, in vitro. These studies should increase our

understanding of the processes involved in the repair of DNA damage

and its role in chemical carcinogenesis.



SUMMARY

1. The primary objective of this study was to investigate thé
effects of repeated exposure to a chemical carcinogén, 4NQO, in human
skin fibroblasts. Three end points were employed: DNA repair syn-
thesis (as measured by3HTdR incorporation), cell survival and chromo-
some aberrations.

2. Following a single one hour treatment with 4NQO, the peak of
repair synthesis was evident in the second and third hours after addition
of the carcinogen. Repair synthesis was virtually complete at 12 hours
post-treatment.

3. When cells were challenged with a second 4NQO treatment within
3 hours of the first, the level of repair synthesis induced by this
second dose was below a defined expected value. Following 9 hours
incubation between treatments, repair synthesis after the second dose
had returned to the expected value.

4. Replacement of the first 4NQO treatment with a UV treatment
produced analogous results.

5. Cell survival dropped significantly when the second dose was
applied within one hour of the first. An increase in the frequency of
chromosome aberrations was detected when the two treatments were given
less than two hours apart. Both values had returned to expected levels
when treatments were separated by more than 5 hours.

67
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6. Evaluation of all three sets of data indicated that insufficient
DNA repair synthesis was ocurring when the second treatment was applied
whilst repair of the first was still in progress. As repair of the
first treatment neared completion, this effect was no longer evident.

7. Several possible explanations were discussed and it was con-
cluded that the second dose was possibly inhibiting the ongoing repair
process.

8. Interpretation of this conclusion in terms of the increased

carcinogenic potential of a chemical carcinogen was also presented.
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