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The age-specific incidence rates of adult cancer indicate that the carcinogenic process is a power function 
of elapsed time. If the malignant clone arises by a series of mutations, and each mutation is regarded as 
an independent event with a small instantaneous probability of occurrence, then the slope of the age-specific 
incidence gives an indication of the number of genes involved. In most cases, the epidemiological data 
exhibit an age-specific incidence the slope of which is between a fourth and a seventh power of age. 
Assuming that the mutations involved are deletions and must occur in otherwise viable and proliferative 
cells, the mutation rate required to generate enough mutant cells to fit the cancer incidence data must be 
remarkably high in the pre-malignant cell population. The initiation process may thus be an event that 
results in a raised mutation rate in the affected cell and its progeny. It is proposed that the process of 
induction involves one or more mutations that induce a metabolic lesion that has the effect of increasing 
the subsequent mutation rate in the affected clone. A possible mechanism involving free radical generation 
is suggested and some of the biological implications of the proposal examined. 

KEY WORDS: Cancer, carcinogenesis, induction, mutation, pre-malignant, malignant, probability, 
incidence. 

MULTI-STEP CARCINOGENESIS 

There is good evidence that cancer is clonal in origin and it is almost universally 
agreed that the malignant phenotype arises by a series of mutations. From the 
age-specific incidence of the majority of human cancers it can be deduced that at least 
four, and possibly as many as seven mutations are required to transform a normal 
into a malignant cell. This process can be envisaged as a series of transitions between 
compartments, where the transition between compartments is a function of the 
mutation rates. A general description' of the process of carcinogenesis can be devised 
based on such a multicompartmental model which is capable of embracing com- 
plexities such as the effects of proliferation of, and loss from, compartments. How- 
ever, such models are somewhat intractable because of the large number of variables. 
In the treatment outlined below the simplifying assumption is made that the size of 
the cell population at risk is in a steady state. The time-dependent cumulative 
probability of a cell having progressed as far as the final (malignant) compartment is 
calculated on this basis. 

THE PROBLEM O F  THE MUTATION RATE 

When such calculations are made for multicompartmental models with between 5 and 
7 stages it emerges that there is a limited set of mutation rates that will generate 
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age-dependent cumulative probability curves that are compatible with the known 
cancer incidence data. In all cases the average mutation rate for each cell at risk is in 
excess of 

This value is two orders of magnitude higher than the accepted highest estimate of 
the rate of mutation in normal cells which is low6 per gene per annum. 

mutations per gene per year. 

P1 

1 > 2 

i 

TWO STAGE MODEL 

P2 

> 3 

To overcome the problem of the high mutation rate it is proposed here that the initial 
mutation(s) in the series leading to malignant transformation increase the mutation 
rate for subsequent transfers. This sequence may be envisaged in the form of a 
3-compartment model: 

The first transfer is subject to the normal mutation frequency (< but cells 
having undergone the initial transfer to stage 2 (“pre-malignancy”) exhibit a raised 
mutation rate for the remaining independent steps leading to transference to stage 3 
(malignancy). 

CUMULATIVE PROBABILITY 

Calculations have been made on the basis of this 3-compartment model. The cumula- 
tive probability of a cell having reached the malignant state by time t is given by the 
integral of the products of the individual transfer probabilities for successive periods 
of time x and ( t -x )  respectively, the first and second transfer probabilities being 
described by: 

Pl(X> = 1 - exp (- ( P I X g 1 )  

p 2 ( t  - x )  = 1 - exp ( - (,u2(t-x))g2) 

where pl , p 2  and g ,  , g ,  are respectively the mutation rates and the number of genes 
affected for each transfer. Thus, the cumulative probability of becoming malignant by 
time t is: 

Numerical solution of this equation generates curves of the kind shown in Figure 1 
which are isomorphic with those obtained from an equivalent steady-state multi- 
compartmental model (unpublished work). 
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RESULTS 

For the age range 30-80 years the model generates cumulative probabilities of 
malignant transformation in a single cell in the range as illustrated in 
Figure -1. The assumptions generating curve A are: p,  = g ,  = 1;  
p, = 1.5 x g ,  = 4. Curve B illustrates the solution when pl = g, = 2; 

Comparison of the model-derived single-cell probabilities with cumulative cancer 
incidence data calculated by the method of Day’ from age-specific incidence rates 
quoted by Burch3, Mould4, and Doll and Peto’, give (with few exceptions) nearly 
constant ratios which are compatible with the estimated total numbers ( N )  of cells at 
risk. Thus, for total male cancers the factor ( N )  is in the range of 1.6 x 10” which 
is the estimated total number of cells at risk in the body. Similar considerations apply 
to the data for lung cancer ( N  = 5 x lo”), stomach cancer ( N  = 5 x 1013), and 

to 

p, = lo-,; g ,  = 4. 
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FIGURE 1 Comparison of calculated cumulative probability and cancer incidence data. The curves show 
the logarithm of the cumulative probability (or incidence) at ages between 0 and 80 years (abcissa). Two 
theoretical curves (A and B) are shown for comparison with selected incidence data for cancer in males. 
The theoretical curves represent the probability of malignancy arising in a single cell and are derived as 
described in the text using different assumptions for the number of initiation genes (gl = 1 for curve A, 
and g,  = 2 for curve B). In each case the mutation rates involved in the first and second transfers (pl and 
p2 respectively) were chosen to generate curves that fit the incidence data (i.e. for A: pI = 
p, = 1.5 x The incidence data correspond to the product of the 
single cell probability and the number of cells at risk. The number of cells at risk (N) is indicated in two 
cases by vertical lines e.g. N = 5 x 10” cells for the pancreas (follows curve B) and N = 1.6 x IOl5  cells 
for all organs affected (approximates to curve A). The corresponding N values for other organs illustrated 
are given in the text. 

and for B: pI = p2  = 
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bladder cancer (N = 5 x 10") which reflect curve A. The incidence data for car- 
cinoma of the prostate and carcinoma of the pancreas (N = 5 x 10") resemble more 
closely curve B (see Figure 1). 

DISCUSSION 

It appears that a description of multi-step carcinogenesis in two stages in which the 
initial stage results in an enhanced mutation rate for subsequent steps is consistent 
with human cancer incidence data. Moreover, the mutation rate for the first step(s) 
remains in the accepted normal range. 

Mechanisms which give rise to an enhanced mutation rate could include DNA 
repair deficiencies (c.f. 6) or defective cellular detoxification (e.g. reduced antioxidant 
defences) increasing the vulnerability of affected cells to external mutagenic agents. 
The lack of specific vulnerability to extrinsic mutagens, which might be expected from 
the former (e.g. as in the case of the specific UV-sensitivity of patients with xeroderma 
pigmentosum), and evidence that the antioxidant and detoxifying capacity of malig- 
nant cells is enhanced rather than diminished, tends to favour the alternative hypo- 
thesis - that of a metabolic disturbance resulting in the intrinsic generation of 
mutagenic species. 

Such a process could involve free radical mechanisms. We are currently investigat- 
ing the possibility that an increased intrinsic mutation rate results from an initiating 
event which interferes with cellular electron transport pathways giving rise to in- 
creased generation of potentially mutagenic species such as superoxide. 

Although the process of induction envisaged is one that is brought about by 
somatic mutation, it might be anticipated that similar abnormalities could be in- 
herited through the germ-line, possibly as a heterozygous trait. A possible candidate 
in this category is Bloom's syndrome. This hereditary chromosomal breakage syn- 
drome is associated with a high cancer incidence of early onset (57 malignancies in a 
total of 130 affected infividuals at a mean age of 24.7 years) and is accompanied by 
an increased in vivo mutation Oxygen-derived free radicals seem to be involved, 
since superoxide dismutase has a protective action.'-'' 

The establishment of a population of cells with a raised intrinsic mutation rate will 
result rapid divergent cellular evolution with a raised death rate in cells that have 
acquired deleterious mutations. This implies that cells which have undergone the 
series of mutations necessary for the expression of the malignant phenotype will 
comprise a small proportion of the initial premalignant population consisting of cells 
which have evolved biochemical mechanisms that aid survival. Clearly, this subsumes 
a wide category of secondary phenotypic characteristics and the implications for early 
diagnosis and treatment of a metabolically distinguishable pre-malignant sub-popu- 
lation of cells are very wide-ranging. 

This evolutionary approach to the development of malignancy outlined above for 
pre-malignant cell populations is entirely consistent with the widely accepted ideas of 
tumor progression in established malignancies.".12 
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