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SUMMARY

The fertilized egg may influence the yield of dominant-lethal

mutations produced from chemical treatment of male postmeiotic germ

cells to a small or large extent depending upon the mutagen used and

the competence of the egg tc epair the premutational lesions induced.

The strain of females has small influence on the yield of dominant-

lethal mutations induced by TEM or EMS in spermatids and spermatozoa.

On the contrary, it has large influence in the case of IMS. In addition

to this difference, TEM and EMS induce high levels of heritable trans-

locations at these germ cell stages while IMS is practically ineffective

even though doses of these chemicals used produced comparable levels of

dominant-lethal mutations. These differences between EMS and TEM or ^ne

hand and IMS on the other, were explained as a function of the types of

chromosotoal lesions present at the time of repair activity and whether or

not chromosomal aberrations are already fixed at the time of postfertilization

pronuclear DNA synthesis.



I. INTRODUCTION

Repair has long been recognized as an important factor in mutagenesis

studies with eukaryotic organisms. Evidence is accumulating which clearly

demonstrates that increased sensitivity to induction of point mutations and

chromosomal aberrations is correlated with reduced capacities to repair DNA

damage. A similar situation is, of course, generally known to be true with

regard to the susceptibility to cancer of humans that are homozygous for

mutations causing various definite or presumed repair deficiency syndromes.

But more importantly from the standpoint of genetic risk, there is also good

evidence which indicates that human heterozygotes for certain repair deficiency

syndromes also have increased risk of dying from cancer (12). Although, at

present, there are only nine proven or presumed repair deficiency syndromes

in humans, it is almost certain that the total number of loci that are related

to DMA repair processes is considerably more. This statement was based upon

what we already know in Drosophila and fungi. At the moment, there rre about

30 and 100 loci in Drosophila and yeast, respectively that are known or

presumed to be involved with DNA repair processes (7, 11). These numbers are

expected to increase as there is now considerable interest in this area of

research. Whrt the present data in these lower eukaryotes suggest is that

it is likely that in the human genome there are also numerous loci where

mutations that lead to reduction in repair capacity can occur.

From the point of view of hazard evluation the two points mentioned above —

large number of repair-related loci and possible expression of the mutations

in these loci in the heterozygote state — add considerable significance to

mutations induced in the germ line. There is a tendency for us to worry

about cancer as a consequence of mutations in somatic cells a great deal more

than we worry about cancer being the consequence of germinal mutations.

Cancer as a direct effect of environmental chemicals is, of course, a very
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important health problem, but the impact of induced germinal mutations

on the etiology of human cancer has been generally ignored. The presumably

large number of repair-related loci where mutation can potentially occur

and the possible expression of these nutations in the heterozygous state

obviously suggest that there may be an important association between

mutation induction in germ cells and human carcinogenesis. Furthermore,

if, indeed, the increased susceptibility of the said heterozygotes to

cancer is attributable to their reduced ability to repair DNA damage, then

it is possible that their germ cells might also be at higher risk with

respect to mutation induction,

From the foregoing, the usefulness of repair-deficient laboratory

mammal in fundamental as well as practical research is obvious. There is

a breakthrough in this regard as described below.

That certain repair processes exist in specific germ cell stages in

male and female mice has been demonstrated in various studies (see separate

reviews by W. L. Russell (9), R, Pedersen (8), and G. Sega (10), this

symposium). However, the relationship between repair processes and induction

of mutations in mammalian germ cells has not been studied to any significant

extent until recently when we discovered the existence of a genetically

controlled repair system in the fertilized egg of mice (41). This repair

system is described in the present report as it is related to the formation

of dominant—lethal mutations and heritable translocations following treatment

of postmeiotic male germ cells.

II. EVIDENCE FOR REPAIR IN FERTILIZED EGGS

Although the subject of this paper is repair in fertilized eggs, it is

appropriate to describe a dominant-lethal study we did several years ago on

maturing dictyate oocytes (51). In this study, (SEC x C57BL)F , T-stock, and

(101 x C3H)F1 females were tireated with IMS and mated to untreated



(SEC x C57BL)F1 males. It was found that the frequencies of presumed

dominant-lethal mutations induced in T-stock and (SEC x C573L)F. females

were considerably higher than that induced in (101 x C3H)F females.

However, because the females themselves received the treatment, the

basis for the large differences observed between these stocks was not

clear at that time although differences in the repair of genefcic damage

was offered as one of the possible explanations. Today, evidence is

strong indicating that the differences between stocks are attributable

to differences in the ability of the oocytes to carry out repair of IMS-

induced premutational lesions. What is the evidence for repair?

In order to demonstrate the existence and magnitude of repair in

fertilized eggs and to separate the effects of this process from other

factors, a simple procedure was used whereby males from one stock,

(101 x C3H)F , were treated with IMS and then mated to females from four

stocks Irandom-bred T-stock, (C3H x C57BL)F.,, (C3H x 101)F , and (SEC x C57BL)F1]

at selected periods after treatment (4). In' all cases the times after

treatment when males were mated correspond to postmeiotic germ cell stages.

Afterwards, the yield of dominant-lethal mutations in each of the four

stocks of females was determined.

The initial study was performed using the dose of 65 mg/kg to maturing

spermatozoa (matings that occurred within the first few days after treatment).

Dominant-lethal data are summarized in Figure 1. A marginal effect of 9%

dominant-lethal mutations was observed for (C3H x C57BL)F, females and a

effsct
low, but clear-cut, dominant-lethal of 18% was observed for (C3H x 101)F..

females. In marked contrast to these two stocks, much higher dominant-

lethal frequencies were observed for (SEC x C57CL)F., and T-stock females:

50 and 81%, respectively. Thus,the.maximum difference between stocks is

about one order of magnitude.
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The large maximum difference between stocks of females in their

yield of dominant-lethal mutations induced by IMS in sperm is truly

remarkable. Because only one stock of males was exposed to IMS and

because the different stocks of females were not treated, the large

differences observed between stocks of females strongly suggest that

there are differences in the capabilities of the egg to repair the

premutational lesions that were induced in the male genome. However,

it was essential to rule out one other possible explanation — i.e.,

that there might be differential survival of affected embryos

in different maternal environments.

To rule out this possibility, a cytological study of first cleavage

metaphases was carried out (4). It was found that the relative incidence

of chromosome aberrations clearly paralleled that of dominant-lethal

mutations, thus confirming the repair capability hypothesis-

How do other mutagens compare with IMS with respect to the magnitude

of differences between stocks of females? Experiments similar to that done

for IMS were also performed with the alkylating compounds EMS and TEM

and with X-rays (4). Dominant-lethal data are also shown in Figure 1.

It was concluded that differences in the yields of dominant-lethal mutations

between (C3H x 101)F stock on one hand and T-stock, (SEC x C57BL)Fj, and

(C3H x C57BL)F stocks on the other exist for EMS or TEM treatments. However,
JL

it is important to emphasize that these differences are markedly smaller

than the maximum difference found for IMS. No significant differences

between stocks were observed in the case of X-rays.

The differences by which the four stocks of females responded to the

four mutagens described above appear consistent with the concept that a

number of different repair systems exist. For example, in cases where

repair differences were demonstrable, T-stock responded in the same relative
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order for each of the chemicals studied while the other stocks did not.

These results suggest that these mutagens differ in the types of lesions

produced, each type requiring a corresponding repair process.

III. RELATIONSHIP BETWEEN REPAIR IN FERTILIZED EGGS AND ABERRATION FORMATION

IN TREATED MALE POSTMEIOTIC GERM CELLS

The series of events that takes place from the time the premutational

lesion occurs in the chromosome of male postmeiotic germ cells until the

resulting aberration is transmitted to progeny is still not well understood.

What happens to this premutational lesion during postmeiotic germ cell
entered

maturation and after the sperm has the egg? To what extent does the egg

A

influence the conversion of the premutational lesion into aberrations?

These are complicated questions that will not be easy to answer for at

least two reasons. First, it is expected that the processes differ to a

small or large extent depending upon the mutagens involved. Even within

the class of alkylating chemicals, certain of these processes should be

expected to vary depending upon the nature of the important premutational

lesion produced. And second, most of these processes are not subject

to direct study. Thus, in order to develop concepts regarding basic

mechanisms, we need to rely upon indirect evidence that seems to explain

the observation. In this context, formulation of a concept for the formation

of chromosomal aberrations induced by alkylating chemicals in male post-

meiotic germ cells was attempted (6). This concept was based upon the

dominant-lethal and heritable translocation data for IMS, EMS, TEM and

X-rays as well as the data on repair in fertilized eggs involving these

mutagens.

The information on repair was discussed in section II. The important

point is that IMS differed markedly from EMS and TEM in the degree to which
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genetic lesions carried in postmeiotic male germ cells are repaired in

the egg. Large repair differences between stocks of females were found

in the case of M S , but much smaller differences were found in the case

of EMS and TEM.

There is another remarkable difference that exists between IMS on

one hand and EMS and TEM on the other. It lies in the relative rates at

which dominant-lethal mutations and heritable translocations are produced.

Over the years a close association between the production of dominant-lethal

mutations and the production of heritable translocations in male postmeiotic

stages has become somewhat of a dogma. This association certainly holds

true for X-rays and for all of the alkylating compounds that were reported

in the literature — for example, EMS, TEM, cyclophosphamide, MMS, nitrogen

mustard, etc. In cases where dose-effect relationships were studied, there

is a good positive correlation between the rates of induction of dominant-

lethal mutations and heritable jranslocations (2, 3). Our recent data on

dominant-lethal mutations and heritable translocations prove that this

dogma is not correct (6). Data on relative inducibility of dominant-lethal

mutations and heritable translocations are shown in Table 1. In the case

of spenaatids and spermatozoa treated before mating, the frequency of heritable

translocations observed at levels of dominant-lethal mutations that are more

than 50% are in the neighborhood of 30% for EMS, TEM and X rays. On the

contrary, the frequencies of heritable translocations produced by IMS in

these germ-cell stages at comparable levels of dominant-lethal mutations

are at least one order of magnitude lower than those produced by EMS, TEM,

or X rays. In the case of inseminated spermatozoa, X rays produced a

clear-cut increase in the frequency of heritable translocations even when

the level of dominant-lethal mutation was marginal. IMS, on the other hand,
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did not produced a single case of heritable translocation in this

germ cell stage even though the level of dominant lethals produced

by the dose used was clearly higher than that in the X-ray study.

The following conclusions may be drawn from the observations. EMS

and TEM, but not IMS, are similar to X rays with respect to the effective

production of heritable tranjslocations relative to the production of

dominant-lethal mutations. IMS porduces mainly dominant-lethal mutations

accompanied by negligible frequency of heritable translocations.

To repeat, two striking differences exist between IMS on one hand

and EMS and TEM on the other. The first difference is in the relative

rates at which dominant-lethal mutations and heritable translocations

are produced. The second difference lies in the degree to which genetic

lesions carried in postmeiotic male germ cells are repaired in the egg.

The obvious question is what do these differences mean in terms of basic

mechanisms? We have explained these differences as a function of the types

of chromosomal lesion present at the time of repair activity and whether

or not chromosomal aberrations are already fixed at the time of post-

fertilization pronuclear DNA synthesis (6).

Because of the large repair differences between stocks of females,

it wa.-- assumed that the unrepaired IMS-induced premutational lesions in

treated spermatozoa and spermatids persisted up to the time of pronuclear

DNA synthesis; whereupon they were converted primarily into chromatid

and isochromatid deletions which eventually led to dominant lethality.

The cytological analysis of first cleavage metaphase has,in fact, yielded

the evidence for the production of the said deletions (4). Consistent with

this explanation is the finding that although IMS effectively induced

dominant-lethal mutations, it induced only a negligible level of heritable

translocations. Thus, it was concluded that the majority of the important

premutational lesions induced by IMS in spermatozoa and spermatids were
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converted into aberrations as a consequence of pronuclear DNA

synthesis.

Conversely, since, like X rays, EMS and TEM induced high levels

of heritable translocations relative to dominant-lethal mutations it

was concluded that a significant proportion of the premutational

lesions induced by these chemicals were converted into chromsome-type

aberrations (i. e., the exchanges were already fixed prior to pronuclear

DMA synthesis). In support of this conclusion is the cytological result

of Burki and Sheridan (1) on the first cleavage division in which male

postmeiotic germ cells of mice were treated with TEM. They found only

chromsome-type aberrations — no chromatid fragments or chromatid-type

exchanges were observed. It is not clear at the moment whether the small

repair differences between stocks of females observed for EMS or TEM

treatments mean that the induced prem _ational lesions were already con-

verted into aberrations or to some intermediate form prior to the time

of repair activity in the fertilized eggs.

On the basis of repair, heritable translocation and dominant-lethal

mutation data described above, a hypothesis concerning the mechanisms by

which alkylating chemicals induce dominant-lethal mutations and heritable

translocations was postulated (6) — that the relative rates at which

dominant-lethal mutations and heritable translocations are produced from

treatment of postmeiotic male germ cells depend upon the longevity of

important premutational lesions. Heritable translocations are produced

at a high rate relative to dominant-lethal mutations by alkylating chemicals

that induce primarily premutational lesions which are converted to breaks and

interchanges prior to pronuclear DNA synthesis. Conversely, alkylating

chemicals that induce primarily premutational 7. ons that persist up to

the time of pronuclear DNA synthesis produce at.;. r-,.y the tvpes of aberrations
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which lead to dominant lethality. It was emphasized that this hypothesis

does not state that the production of chromosome - and chromatid-type

aberrations are mutually exclusive. On the contrary, it allows that both

types of aberrations are produced at rates that may differ from one mutagen

to another depending upon the types of premutational lesions produced.

It does require that the production of heritable translocations must result

from exchanges that were already fixed prior to pronuclear chromosome

replication.

CONCLUSION

The usefulness of repair-deficient laboratory mammals in fundamental

as well as practical research in mutagenesis and in carcinogenesis and

teratogenesis should be obvious. The results described in this report

represent a significant advance not only in the study of repair processes

in laboratory mammals but also in understanding the relationship between

these processes and formation of chemically-induced chromosomal aberrations.

These results also demonstrate the effectiveness of the genetic approach

in our efforts to discover repair deficiency in laboratory mammals.

Where do we go from here? One obvious question that needs to be

answered is whether or not the large differences in the capacities of

fertilized eggs of different stocks of female mice to repair IMS-induced

genetic lesions in male germ cells is also present in somatic cells. We

need to obtain information on the genetics of repair processes in the mouse.

It is essential to extend the studies described in this report in order to

determine the repairability of the genetic lesions produced by a wide variety

of chemical mutagens. In addition to dominant-lethal mutations and heritable

translocations it is necessary to determine how other genetic endpoints,

such as point mutations and sex chromosome loss, are affected by the repair

processes. From a practical standpoint, we need to classify existing
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stocks for their competence in repairing genetic lesions produced by

various classes of chemical mutagens and ultimately develop tester

stocks of females for use in practical screening of chemical mutagens.

Finally, it should be obvious that the area of research described in this

report is still in its primordial stage. Considering the fundamental

as well as practical significance of this area of research and the leads

provided by the results presented, obtaining the information described

above appear essential.
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ABBREVIATIONS: IMS - isopropyl methanesulfonate; MMS - methyl

m^thanesulfonate; EMS - ethyl methanesulfonate;

TEM - triethylenemelamine.
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Figure 1. Differences in the capacity of eggs to repair genetic

a/
lesions induced in spermatozoa and sperraatids-r-

The graph was constructed from data in reference 4.
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TABLE 1

Relative inducibility of dominant-lethal mutations and

heritable translocations in male postmeiotic germ cells.'

Mutagen

LilS

TEM

X-ray

IMS

Dose

200 mg/kg

0.2 mg/kg

700 R

100 R

50 mg/kg

75 mg/kg

75 mg/kg

Germ cell
stage

Early
spermatozoa

Middle
spermatids

Maturing
spermatozoa and
specmatids

Inseminated
spermatozoa

Inseminated
spermatozoa

Maturing
spermatozoa

Early
spermatids

Estimated
Dominant-lethal
frequency (%)

70

75

67

9

24

82

58

Heritable
translocation
frequency (%)

32.1

28.9

27.2

2.8

0

2.7

0.4

This table was constructed from data published in references 2, 3 and 6.


