
.—

UCRL-JC-128583
PREPRINT

A Multi-Mutational Model for Cancer Based on
Age-Time Patterns of Radiation Effects:

2. Biological Aspects

Mortirner L. Mendelssohn
Donald A. Pierce

This paper was prepared for submittal to the
IAEA International Conference on Low Doses of Ionizing Radiation

Biological Effects and Regulatory Control
Seville, Spain

November 17-21,1997

September 4,1997



DISCLAIMER

This document was prepared as an account of work sponsored by an agency of
the United States Government.  Neither the United States Government nor the
University of California nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or the University of California.  The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or the University of California, and shall not be used for advertising
or product endorsement purposes.



A MULTI-MUTATIONAL MODEL FOR CANCER BASED ON
AGE-TIhlE PATTERNS OF RADIATION EFFECTS:

2. BIOLOGICAL ASPECTS

Mortimer L. Mendelssohn
Lawrence Livermore National Laboratory, Livermore, CA, USA

Donald A. Pierce
Radiation Effects Research Foundation, Hiroshima, Japan

4 September 1997

Keynote for Forum 111

Multistage processes of radiation induced malignancies: mechanisms of
initiation promotion and progression

International Atomic Energy Agency
International Conference on Low Doses of Ionizing Radiation:

Biological Effects and Regulatory Control
Seville, Spain, 17-21 November 1997

..—



.-

1. ABSTRACT

Biological properties of relevance when modeling cancers induced in the atom bomb
survivors include the wide distribution of the induced cancers across all organs, their
biological indistinguishability from background cancers, their rates being proportional to
background cancer rates, their rates steadily increasing over at least 50 years as the
survivors age, and their radiation dose response being linear. We have successfully
described this array of properties with a modified Armitage-Doll model using 5 to 6 somatic
mutations, no intermediate growth, and the dose-related replacement of any one of these
time-driven mutations by a radiation-induced mutation. Such a model is contrasted to
prevailing models that use fewer mutations combined with intervening growth. While the
rationale and effectiveness of our model is compelling for carcinogenesis in the atom bomb
stivors, the lack of a promotional component may limit the generality of the model for
other types of human carcinogenesis.

2. THE ROLE OF SOMATIC MUTATION IN Carcinogen’ESIS

Somatic mutation has been given a principal role in carcinogenic mechanism for most of
this century. The first evidence was chromosome instability in cancer cells, followed by the
greatly increased cancer susceptibility of people with deficiency in DhTA repair, and later
the finding that almost all mutagens are carcinogens. With the discovery of oncogenes,
there has been an enormous outpouring of molecular genetic detail about the abnormalities
in human and animal cancer cells. Each type of human cancer now has at the chromosome
level, a catalogue of prefemed macroscopic losses and gains, and at the gene level, its own
series of mutant oncogenes and suppressor genes, including details down to the sequence
level. The net result of this genetic damage is interference with a handful of important
cellular systems, such as fidelity of DNA, control of cell division, control of gene
amplification, and the normal processes of apoptosis, telomere shortening and senescence.
The details vary from one type of cancer to another, and within types there are sub-patterns
that increasingly are being associated with metastasis, prognosis and choice of therapy. A
similar spectrum of changes is also found in animal cancers. While this new infon-nation
strongly reinforces the role of somatic mutation in carcinogenesis, we still lack a good
understanding of the beginnings and minimal scale of the mutational process, and we
struggle, as before, with the Boven dilemma as to which changes cause cancer and which
are secondary manifestations of cancer.

Promotion is an important adjunct in the relationship between mutagenesis and
carcinogenesis. In the classic experiments of Shubik and Berenblum (l), the initiation event
has all the earmarks of mutation, including being caused by mutagenic agents, being first in
the sequence, all or nothing behavior and irreversibility. The promotional event has none
of these properties, since it is always secondary, is reversible, and typically is caused by
chronically administered irritants rather than mutagens. Such mechanistic data are strongly
supported by the finding that non-mutagens make up almost half of the chemicals found to
be carcinogenic in contemporary rodent cancer bioassays. The general belief is that in
addition to background and induced mutations, carcinogenesis also involves 1) growth
inducers which are capable of enhancing premalignant cell populations, and 2) any increase
in proliferative activity which renders cells more vulnerable to the fixation of premutational
lesions.

3. PRIOR MODELS OF MUTATION AND CANCER
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While there is an enormous literature on the modeling of mutation and cancer, two
landmarks stand out in relation to our model. The first is the 40-year-old model for
multistage carcinogenesis by Armitage and Doll (2). Amlitage and Doll were led to this
model by earlier data showing a striking linearity of human organ-specific and age-specific
cancer rates when plotted against age on a log-log scale. They argued that these responses
are consistent with a sequence of rare, critical, statistically driven events in the cancer
process. They developed the mathematics for a compound Poisson process, showing that it
fits the data well in predicting a log-log linear rate with slope one less than the number of
stages. Mutation was considered as one possible mechanism. In later publications, Doll (3)
and Pitot (4) emphasized the limitations of the model, but it has continued to capture the
imagination of many workers due to its fundamental and elegant explanation of the log-log
linearity of most cancer rates.

The second landmark, the Moolgavkar and Knudson models, combining mutation and
promotion, originated from the pioneering work of Knudson on the genetics of
retinoblastoma (5). Knudson was the first to grasp the essential genetic simplicity of the
heritable versus sporadic form of the disease. In the heritable version, the child’s genome
contains one normal and one defective Rb gene, while the cancer cells have lost the
function of both copies. The cancer occurs within the first few years of life in 90-99% of
the children born with the mutant genotype. Multiple independent tumors occur in each eye,
and roughly 2/3 of these children have bdateral tumors. Thus, the second mutation, the
somatic one, is sufficiently frequent to occur multiply, and in the target cells in each eye. In
contrast, the sporadic cases start with two normal Rb genes and cumulate their doubie
somatic mutation by chance. They are roughly two-thirds of the cases, and they only occur
in one eye. The heritable cases have a simple one-hit exponential age distribution, while the
sporadic cases fit a 2-hit model and thus occur a few years later than the heritable ones (5).
In both situations, the process of retinal development turns off in childhood, and the risk of
subsequent retinoblastoma goes to zero shortly thereafter. Knudson estimated the number
of retinal stem cells at 2 x 10b per eye, and the somatic mutation rate common to both forms
of the disease to be 2 x 107 per year in these cells.

In thinking of cancer in general, Knudson recognized early that retinoblastoma was unusual
in its simple 2-allele inactivation. He thought in terms of higher numbers of mutations for
the later occurring adult cancers, but recently commented that “the number of critical
events ....is still up in the air” (6). In a seminal parallel development, he began a
collaboration with Moolgavkar in which they took the retinoblastoma reqwrement for two
mutations and added an intervening growth phase such that the probability of the second
mutation would rise in proportion to the integrated growth of the cells carrying the first
mutation (7). This approach to modeling combined mutation and promotion, providing
both the mathematical and biological flexibility to make it widely applicable to human and
animal cancer.

4. THE ORIGIN OF OUR MODEL

The original thinking leading to our model was rnggered by the dose response of solid
cancer in the atom bomb survivors, and particularly by its linearity and similarity of slope
to the response of somatic mutation (8). Data from the survivors were available for two
biomarkers of radiation response, chromosome aberrations and somatic gene mutations,
and for the corresponding dose responses for leukemia and solid cancer. When these four
endpoints were compared using a common scale of relative risk, it was seen that
chromosome aberrations and gene mutations behaved very differently from each other, and
leukemia and solid cancers did likewise. Surprisingly, however, there was agreement
between the dose responses of aberrations and leukemias, and between gene mutations and
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solid cancers. The fomler responses were relatively steep and upwardly curvilinear, while
the latter were less responsive and linear. The aberration and leukemia relationship was
ascribed to the likelihood that chromosomal transIocation was the primary mediator of
leukemia. It was not studied further. The corresponding speculation for the relationship
between solid cancer and somatic gene mutation was that the distinction between a radiation
induced cancer and a background cancer must be one critical radiation-induced somatic
mutation in the stem cell line that eventually gives rise to the radiation-induced cancer (8).

Because of the close medical similarity of radiation related cancers and background cancers,
and because of the fact that organ by organ the radiation related cancer rates in the atom
bomb survivors are roughly proportional to their background rates, we wanted to describe
background cancer with a model that was mutation-based and somehow could be adapted
to a propornonal radiation response. A mutation-driven Arrnitage-Doll formulation was
chosen. With this model, one need only posit the backemound process of solid cancer
induction as a slow, time-based accumulation of somatic mutations occurring among a set
of potential oncog,enes and suppressor genes within the stem cells of the unexposed
individual. It was presumed that in the exposed survivors, the acute whole-body atom
bomb radiation had, with some probability and as a linear function of dose, replaced one of
the time-driven mutations. It was clear that the time shift due to the elimination of one time-
driven mutation would roughly produce a proportional response, but we had little idea
whether the magnitude and overall behavior would fit the actual data. Our fwst formal test
of the model was to see whether the radiation related cancers in the atom bomb survivors
had an Armitage-Doll slope one less than the controls, reflecting the reduction by one of the
time-driven mutations. The fwst consummation of our collaboration was the demonstration
that this was indeed the case (8).

5. CONTRASTING THE TWO MODELS

Figure 1 describes the difference between our model and the basic Moolgavkar-Knudson
model. What happens after the first cancer cell develops is essentially the same in both
models. What happens before is quite different, because our model uses 5 to 6 mutations
and no intervening growth, while the Moolgavkar-Knudson approach uses two mutations
and intewening growth. Both models can fit the age-distribution and rate of human
background cancer, as already discussed above for the Armitage and Doll model, and as
shown by Moolgavkar and Knudson (7) for their model. Does anything we know about
mutation or cancer allow any insight into the relative virtues of these models?

Qualitatively, the weak link in the Moolgavkw-Knudson model is the absence of an Rblike
role in human neoplasia other than in retinoblastoma. No one oncogene or suppressor gene
occurs universally in human solid cancers, nor are any other solid cancers afflicted with a
simple bi-allelic mutational change. A broader version of the model might call for either bi-
allelic or independent gene mutations at any of 10-30 gene locations, but even this degree
of focus on only 2 genetic events seems contrary to the biology.

The little that we know about quantitation in vivo of human somatic-cell mutants is based
on a handful of indicator genes in two cell types, lymphocytes and erythrocytes. For loss
of function of a particular allele in normal young to middle-aged adults, the measurements
indicate that in every million measurable cells there are approximately 30 T lymphocytes
with loss of hla-a, 10 T lymphocytes with loss of hprt, and 7 erythrocytes with loss of
glycophorin A (9). These numbers are influenced by the detection sensitivity of each
system, by gene size, by hot spots and other gene heterogeneities, and by the long-term
survival efficiencies of the mutant cells. The numbers suggest that loss of function
mutations, such as those that take out a cancer suppressor gene, have a per gene cellular
prevalence of 105. Independent loss of both alleles would be the square of this and have a
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prevalence of 1010,
—

or something larger if recombination or some similar mechanism made -
them dependent. If there were 30 such loci at risk, then the proportion of cells with any
one pair of critical alleles knocked out would be 3 x 10-S.Given 1014cells in an adult
human, and 1010or 101] stem cells (as a rough guess), there would be 100 to 1000 of such
damaged stem cells, enough to be present in every organ. Note that these numbers would
be 10 times larger using Knudson’s estimate of 2 x 10-7mutations per year. The sense of
these obviously soft numbers is that even without intervening growth, a two-mutation
mechanism would cause too many cancers. Other adjustments can be made, such as
lowering the number of stem cells or introducing a death rate for cells undergoing
transformation.

At the other extreme, one can ask in our model whether somatic mutations are frequent
enough to provide the 6 or so hits needed to cause human cancer. The product of a roughly
estimated number of stem cells rimes a roughly estimated somatic mutant prevalence times
the estimated number of 6 mutations times the stochastic factors for permutations of
mutations, when plugged into our equation equals a cancer rate that tends to be slightly
smaller than the cancer rates seen in human populations. The numbers again are quite soft
and can easily be stretched to fit the cancer data, but of more importance is the likelihood
that the cumulating mutants among the stem cells will increase their mutation rate by
expressing mutator phenotypes based on repair deficiencies or errors in the DNA
replication machinery. In this context, it is impomnt to understand that in our model even
though the stem cell population is not expanding it is going through continual cell renewal
as it provides for the maintenance of differentiated cells.

In our comparison of the models, another phenomenon at issue is the Fearon and
Vogelstein mcdel for progression of human colon cancer (10). This evolving concept
visualizes a half-dozen or so stages, each driven by a mutational event and associated with
a pathological change. From the mutational viewpoint, the number of events is well in
excess of the Moolgavkar and Knudsen model. From the kinetic viewpoint, pathology,
such as polyp formation, indicates cell proliferation which may be inconsistent with our
model. However, human colon cancer is remarkably linear in Armitage-Doll plots, as
shown in Figure 2, making it unlikely that the accretion of cells, as in a polyp, increases the
relevant stem cell number leading to the colon cancer. A related perspective on proliferation
and colon cancer is the cancer rate versus age data collected by Utsunomiya et al. ( 11).
They compared the Armitage-Doll plots for colon cancer in adenomatous polyposis coli
patients versus the general population. The former have inherited a mutation which causes
extensive overpopulation of colonic stem cells and a dramatic increase in risk for colon
cancer. The plots have almost parallel responses separated by 3 orders of magnitude, and
are consistent with a thousand-fold increase in the number of relevant stem cells in the
cancer-vulnerable adenomatous polyposis coli patients. That the response is linear suggests
that the stem cell increase occurred early in life. The slopes are either identical or smaller by
one in the mutant series, suggesting either that the number of mutant events is the same or
that perhaps the inherited event can be counted as one of the series. On the surface, it
would seem that both models are challenged by these views of colon cancer. However, in
defense of the Moolgavkar and Knudson model, one can argue that the cancer is really
caused by the second mutation; and in defense of our model, that the relevant stem cell does
not expand during polyp fom~ation and other stages of the progression.

The requirement for stem cell constancy in some situations limits the application of
Armitage and Do1l’s and our model. An important example is breast cancer, where the
Arrnitage-Doll plots decrease in slope at menopausal age, presumably because of hormonal
stem cell effects on the cancer process. Other hormonal cancers fit poorly because they tend
to occur in young adulthood and lack the accelerating increases into old age. In principle,
our model cannot apply in non-mutagenic carcinogenesis, to whatever extent such
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examples exist in the human. The requirement for constancy also raises questions about the
dynamics at both extremes of the age scale, when one would expect stem cell numbers to
be diminished. However, in spite of these qualifications, the models do seem to work in a
lot of relevant situations, including the bulk of adult epithelial cancer which amounts to at
least 68% of the cancers in our experience with the atom bmb survivors.

The above discussion about mutagenesis and carcinogenesis has so far ignored animal data.
We are aware of many successful applications of Moolgavkar and Knudson type models in
animals, however a reasonable effoti to find Arrnitage and Doll type data in animals has
been unsuccessful. This may be due to the difficulty in getting reliable data on age in the
midst of carcinogenesis experiments, to the poor behavior of the model when cancer
incidence approaches 100%, and perhaps to the pessimistic expectation that the patterns of
cancer type and timing in inbred animals are too deterministic to be modeled by a Poisson
series. This determinism is reinforced by recent evidence of unexpected cancer patterns in
animals trans~enically deficient in suppressor genes or mutant in oncogenes (12). A related
issue is the wide disparity in age of occurrence of rodent and human cancers, in spite of the
similarity of rodent and human somatic mutant and cancer incidence, and the enormously
larger number of stem cells in the human. If Armitage-Doll type models apply in rodents,
then they must involve small slopes and fewer than the human number of mutational
events.

6. MALES VERSUS FEMALES, UNANSWERED QUESTIONS, AND CONCLUSION

The general perception of somatic mutations is that they are essentially identical in both
genders. This is true for chromosome aberrations, hprt mutations, and glycophorin A
mutations, but may not be true for sister chromatid exchanges. From this, one might expect
that cancer would also be similar in both sexes. However, in the US, cancer in men is
almost twice as frequent as cancer in women. Figure 4 shows this relationship overall and
by cancer type. Observers sensitive to occupational and environmental cancer will notice
that asbestos, tobacco, alcohol and chemical cancer endpoints can be implicated in the
cancers w-it-hthe highest male to female ratio. It seems unlikely that these occupational and
swial factors explain the entire pattern, leaving the suspicion that something in human
biology makes men more susceptible than women to cancer.

The Japanese atom bomb survivors show a similar 2:1 preponderance of cancer in males.
However, the fits of our model to the Japanese indicate that the absolute risk of radiation
related cancer is identical in both genders. Thus, whatever the factor that causes the two-
fold difference in background rates, it does not apply to the radiation increment. Is this an
important clue to the underlying mechanisms causing cancer? Is it possible that some
general effect, like oxygen damage, operates more in males than females? Are some types
of lesions repaired more efficiently in women, or is some form of metabolic activation
operating more efficiently in men? Is radiation the exception because it involves different
mechanisms, such as lacking the need for metabolic activation, and mutating through an
unusual type of deletion? Stem cell numbers are presumably greater in men than in women,
but is this difference enough to explain factors of 2? And if a large part of the difference is
due to occupational exposure, how does this express itself with a model such as ours? Note
that in our model, background is defined by stem cell number and the transition
coefficients for each of the mutational events, while, foreground, the acute radiation event,
replaces one background coefficient and its age-term with a dose-chiven radiation
coefficient. How then would this model deal with chemical or tobacco exposures? Or
anticipating any application of this method to risk assessment, how would the model handle
chronic radiation exposure? These are issues not yet dealt with in the evolution of the
model. They are intriguing and important, but they remain for future study.



We are left with a mutation-based model for solid cancer which fits the acute radiation
experience of the atom bomb survivors remarkably well. The model is biologically and
mathematically simple. It postulates that among the random somatic mutations caused by
radiation, a mutation has damaged an oncogene or suppressor gene in the stem cell line that
will lead to the cancer. It also postulates that background cancer is caused by a time-driven
accumulation of similar mutations. By replacing the need for one of these time-driven
events, the radiation related cancers follow age to a power one less than that of
background. The mutational dose response drives the radiation related cancer response, and
is consistent with solid cancers increasing linearly with radiation dose. The mutations
cumulate over the lifetime of the individual, as do both background and radiation related
cancers. The model also predicts that age at exposure will have no effect on the subsequent
yield of solid cancers at any particular later age, a finding that is consistent with the atom
bomb data but at odds with the usual but soft assumption that young tissues are more
susceptible to carcinogenesis. The model, because of its lack of promotional properties, is
incompatible with non-mutagenic carcinogenesis, and is not expected to work well for
horrnonally related cancers. It remains to be seen whether the model has relevance to a
variety of other mutagenic carcinogens, although it clearly fits so-called background data
for roughly two-thirds of human cancers.

Given such results, we challenge everyone to broaden their perspective by adding to their
cancer concepts the possibility that day in and day out all of us are slowly cumulating the
critical mutations in our stem cells; that such stem cells are available for novel diagnostic
and treatment purposes; that anti-mutational defense mechanisms may be vitally important
to cancer risk; and that whether you die of cancer and when you die of cancer may in reality
be the outcome of a gigantic, slow, Alice-in-Wonderland type of race involving not cards,
but stem cells.
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Figure 1. The essential differences between the Mulgavkar-Knudson model (7) and the
Mendelsohn-Pierce model involve the number of mutations and the role of cell
multiplication leading to the initial cancer cell.
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Figure 2. Colon cancer mortality as a function of age on a log-log scale in US white males
and females for 1981-1985, taken from the 1987 Annual Cancer Statistics Review
[13]. Males and females have almost identical responses. R represents Pearson’s r,
and is a general measure of fit to the regression. The slopes, representing the
exponent of these power functions, are 6.06 for males and 5.81 for females.
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