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There is still a lively controversy over whether somatic mutation

plays an important role in the initiation of cancer (Rubin 1976, Ames

1976). Some investigators feel that the weight of the evidence is against

a mutational origin of malignant transformation. Others believe that most

human cancer is initiated by somatic mutation resulting from DNA damage

by radiations and chemicals. Still others avoid taking a polarized

position. Thus, even though Mintz and Illmensee (1975) have provided

strong evidence of an animal malignancy of nonmutational origin, Mintz

(1978) proposes "that the critical initiating events in some cancers

are nonmutational, whereas in some other cancers, they are mutational

genetic or chromosomal changes."

The usefulness of the suggestions tn?Je in the present paper depends

on the possibility that some radiation-induced cancers are, in fact, a

result of mutational changes. What is proposed is that tumor induction

by radiation be reexamined in the light of the extensive knowledge now

available on mutation induction in mammals. Radiation-induced mutation

in mice has turned out to be a far more complex process than was anti-

cipated from work on lower organisms. Mutation frequency is markedly

affected by physical factors, such as radiation dose rate, and by

biological factors, such as sex and cell stage. The question is, there-

fore, posed as to whether tumor induction that is potentially mutational

in origin might show similar responses to these factors. If some paral-

lelisms are found, then the mutation data may be of use in predicting

what to expect for tumor induction, for example, at low doses and low

dose rates.
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FACTORS AFFECTING MUTATION INDUCTION BY RADIATION IN THE MOUSE

The most extensive set of information on the factors affecting muta-

tion induction by radiation in mammals has been obtained by the use of

the specific-locus method in mice (Russell 1951). The method can detect

a variety of mutational lesions ranging from small intralocus changes

to deletions involving a few loci. The suggestions advanced here are

based on the results of investigations with this method (Russell 1963,

1972, 1977, Searle 1974).

The effect of dose rate on mutation frequency in the male depends

on germ-cell stage. In spermatozoa, no statistically significant effect

of dose rate has been detected. In the stem-cell spermatogonia, however,

a marked effect of dose rate has been repeatedly demonstrated. At low

radiation dose rates, the mutation frequency is approximately only 30%

of what it is at high dose rates. The range of dose rates over which

this effect occurs is from 90R/min to 0.8 R/min. A higher dose rate

of 1000 R/min gave no significant increase in mutation frequency, and

dose rates of 0.009 R/min and as low as less than 0.001 R/min showed no

further reduction in mutation frequency over that obtained at 0.8 R/min.

In females, the response to dose rate is quite different from that

in males, but mutation frequency is again dependent on cell stage. In

mature and maturing oocytes, over the range of dose rates tested from

1000 R/min to 0.009 R; ..in, there is a continuous drop in mutation fre-

quency, in contrast to the irreducible level reached in the male at

0.8 R/min. At the lowest dose rate tested, the mutation frequency is

extremely low. In four separate analyses of our data, combined with

some fractionation data of others (Lyon and Phillips 1975), the mutation
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frequency from the low-level radiation ranged from 1/18 to 1/46 of that

obtained with high single-dose acute irradiation (Russell 1977). Fur-

thermore, only in the analysis giving the ratio of 1/18 was the mutation

frequency significantly higher than the spontaneous mutation rate. For

oocytes in the immature, resting stage we made a surprising discovery.

(Oocytes irradiated in this stage provide the offspring that are con-

ceived more than six weeks after irradiation). We found that mutation

frequency seen in these offspring is not increased by irradiation of the

mother. This is true not only for high doses of low-dose-rate gamma

irradiation, but also for as high a dose of acute X-rays as can be given,

50 R, without seriously affecting fertility. Neutron irradiation also

was ineffective.

In both males and females, large total doses of high-dose-rate

irradiation given in small fractions at appropriate intervals have a

reduced effect, compared to that from single doses, which approaches

the magnitude of reduction obtained with low-dose-rate irradiation.

It is clear that mutational response to irradiation in mammalian

germ cells is far from being a simple process. Depending on sex and cell

stage, the result of lowering the dose rate can range from no effect

at all, as in spermatozoa, through a moderate effect, as in spermatogonia,

to an overwhelming effect, namely a reduction to a mutation frequency

that is near the spontaneous level, as in mature and maturing oocytes.

Exposure of immature, resting oocytes, even to acute irradiation,

produces no mutations.
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POSSIBLE BEARING OF THE MUTATION RESULTS ON TUMORIGENESIS

Having outlined this great variety of response to mutation induction

by radiation in mammalian germ cells, we can now turn to its possible

bearing on tumorigenesis. In discussions by committees concerned with

the cancer hazard from low-level radiation, it is sometimes suggested

that, for cancers of presumed mutational origin, the risk from chronic

radiation exposure may be only one-third the risk from acute exposure.

This is based on our results on mutagenesis in spermatogonia. These

results were the first ones reported, in our discovery of a dose-rate

effect on mutation induction in mice, and are, perhaps, the most widely

known. What I wish to emphasize here, however, is that this is only

the response of spermatogonia, and that other cell types now investigated

behave quite differently.

In considering the possible bearing of the mutation results on

tumorigenesis, a distinction can be made between specific and general

applications.

Specific Applications

A specific question that seems worth raising is whether certain

somatic tissues or groups of tissues might, on the basis of their charac-

teristics, be expected to have a mutagenic response — and, therefore,

perhaps a tumorigenic response — to radiation that is similar to that

in one or other of the germ-cell stages. Unfortunately, we do not know

the basis for the marked differences in response of the various germ-cell
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stages. Plausible working hypotheses can, however, be advanced. It

seems almost certain that the effect of dose rate must involve repair

mechanisms. We have suggested that the failure of spermatozoa to show

a dose-rate effect may be due to their extremely low metabolism and,

therefore, a presumed low capacity for repair.

The apparent capacity for complete, or almost complete, repair at

low dose rates in oocytes, in contrast to the more limited repair in

spermatogonia, may be related to the fact that the spermatogonia are

going through mitotic divisions during irradiation, whereas the oocytes

are not.

With my limited knowledge of tumorigenesis, I hesitate to make

specific suggestions as to which tumors may be of mutational origin

and which somatic tissues might be expected to behave like one or another

of the germ-cell stages. However, from the information now available,

as summarized by Ullrich (1979, see pages to , this volume),

on the effect of dose rate on tumorigenesis, it would seem worth while

to start hunting for parallelisms between the responses of certain

tissues to tumor induction and the responses of particular germ-cell

stages to mutation induction.

For example, among tumors that could be of mutational origin and

which show a dose-rate reduction factor of the order of three, are there

similarities between the tissues involved and stem-cell spermatogonia?

Is the dose-rate effect limited to the same range of dose rates? For

tumors that show a much larger dose-rate effect, is there any similarity

between their tissues of origin and mature or maturing oocytes? Are the
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tissues that are highly resistant to tumor formation, even from high

doses of acute irradiation, similar in any respect to immature, resting

oocytes?

One must, of course, recognize some limitations in a comparison

between mutations induced in somatic cells and mutations scored in the

offspring of animals whose germ cells have been irradiated. Some types

of genetic damage induced in germ cells are not transmitted to descendants,

whereas some of these occurring in somatic tissues could conceivably

initiate a tumor. One comparison has been made between radiation-induced

mutations in somatic and germ cells for the same set of gene loci (Russell

and Major 1957). The mutation frequencies were not significantly differ-

ent, but the point estimate for the somatic cells was, as expected on

the basis of the above consideration, somewhat higher than the frequency

in the germ cells.

Another obvious difficulty in making the comparisons suggested

here is the influence of secondary factors on tumor expression. Ullrich

(1979, see pages to , this volume) has rightly emphasized the

problems inherent in trying to analyze the relative importance of the

various initiating, promoting and modifying mechanisms involved in a

final observed dose-rate effect on tumor incidence.

In spite of the difficulties, an attempt to find specific parallelisms

between mutagenesis and tumorigenesis seems worth making. If it turns

out to be successful, it may prove useful, for example, in predicting

the dose-rate response of a tumor that has not been investigated for

the effect of this factor.
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General Applications

Even if the search for specific applications proves fruitless, one

can still ask what in general might be predicted for tumorigenesis that,

has a mutational initiating event.

In the past it has often been assumed that the frequency of radiation-

induced tumors of mutational origin would be linearly related to dose

over the whole dose range, and would be independent of dose rate. This

assumption was based mainly on Drosophila mutation data. The mouse

results summarized here lead to entirely different predictions, namely,

that the effect of dose rate on tumors of mutational origin might range

all the way from no effect, for some tumors, to an effect, for other

tumors, so great that no tumor incidence occurs below a certain dose

rate. One might speculate further that since the absence of a dose-rato

effect on mutation induction was found only in spermatozoa, and since

spermatozoa are unique, highly specialized cells that have no obvious

counterpart in somatic tissues, perhaps no tumors of mutational origin

will have no dose-rate effect.

A linear response with dose would be predicted to occur only at

low dose rates and only for some tumors. The dose response of other

tumors might, fall more rapidly than linearly even at low dose rates.

These predictions are certainly not in conflict with the summary

by Ullrich (1979, see pages to , this volume) of what has so far

actually been determined for tumorigenesis: "... in nearly every example

the tumorigenic effectiveness per rad of low LET radiation tends to

decrease with decreasing dose rate. For some tumor types the differences
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may be small or may appear only with very low dose rates, while for

others the dose-rate effects may be large."

What I have tried to emphasize here is that the range of variability

of tumor indjction to dose rate is not necessarily dependent on the opera-

tion of secondary factors on tumor expression. The mutation data indicate

that a whole range of effects is possible solely from the variability in

response at the primary initiating mutational event. The secondary

factors, of course, could be equally wide ranging in their effects, and

would thus increase the likelihood that all tumors of mutational origin

will show a dose-rate effect.
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