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Abstract

Numerical and analytic calculations of the per cell probability of undergoing malignant transformation utilising realistic estimates of mutation frequencies are shown
to be consistent with the proposal that the initiating event of carcinogenesis is the result of mutations causing defective vertical transmission of epigenetic gene
silencing and that carcinogenic progression embodies multiple genetic derangements resulting from this, suggesting that the Epigenetic Theory of Cancer Progression

provides a satisfactory explanation for the observed hypermutability of malignant tumours.

Introduction

Among the major factors that determine the incidence of cancer
are the size of the cell population at risk, the number of genes involved
in generating the characteristics of malignant transformation, and the
relevant mutation rate. Generally the recorded cancer incidence rates
in humans accord with an approximately sixth power of age suggesting
that six independent mutational events are necessary to bring about
malignancy, i.e. six genes need to be affected. This poses a problem
because estimates of the average mutation rate in humans is in the
range 10 per gene per year which underestimates by several orders of
magnitude the probability of a normal cell undergoing transformation
to a malignant cell, a difficulty that has been appreciated for a long time
[1]. Clearly a solution to the dilemma is to postulate that carcinogenesis
involves a raised mutation rate, and hypermutability has been suggested
by a number of authors [2-6].

Two-stage carcinogenesis

The basic idea is consistent with the accepted pathological division
of carcinogenesis into two phases respectively known as initiation
and progression [7], in which the initiating events occur against a
background of normal mutation probability and the progression
involves an enhanced mutation rate. This Two-Stage Model of
carcinogenesis is eminently compatible with the recent proposal that
the second (progression) phase is due to epigenetic failure to retain
the pattern of gene silencing when a differentiated cell divides [8]. In
this scenario, initiation involves the mutation of genes instrumental in
accurately duplicating the epigenetic gene silencing patterns. Damage
to these genes results in the failure of fidelity of vertical inheritance of
gene silencing with the development of progressive clonal aberration.

This proposal is entirely consistent with what is currently known
about the gene silencing mechanism which involves DNA methylation
and chromosomal structure [9]. As anticipated if the initiation process
causes derangement of the gene silencing pattern, DNA methylation
defects have been reported in most (if not in all) cancers [10,11].
Moreover, progression is associated with chromosomal instability and
abnormal gene expression [12], and these facets are crucial anomalies
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that comprise cytologically diagnostic features of malignancy.
Furthermore, if the abnormal characteristics of cancer cells are the
result of the anomalous expression of normal gene products the
affected cells will not present novel antigenic markers and hence fail to
elicit an immune response. Another advantage of the epigenetic theory
of progression is that, since it relies on the vertical transmission of
genetic information, this phase will not take place in non-dividing cells,
thus accounting for the absence of primary cancers in non-proliferative
tissues like the central nervous system.

The model

The basis of the model is that carcinogenesis is viewed as taking
place in two stages: (1) Initiation due to mutation of genes involved
in the fidelity of vertical transmission of epigenetic pattern; and (2)
Progression due to defective epigenetic inheritance by the affected
clone with resultant chromatin abnormalities and inappropriate gene
expression.

In the second phase it is not clear what genes have to be affected
or which factors are necessary and sufficient for the expression of the
malignant phenotype (such as invasion and metastasis) but, since
defective epigenetic transmission will generate divergent clones
exhibiting a variety of properties, it is reasonable to assume that the
‘effective’ mutation rate will be 2 to 3 orders of magnitude greater than
that of the initiating mutations.

Numerical model

To model this two-stage carcinogenic process we may envisage
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successive transfers (pI and p2) between three compartments: normal
(N), initiated pre-malignant (P), and malignant (M) cells:

5] o [7] ]

We can write the expression for the transfer probabilities in terms
to take account of the number of genes involved at each stage (gI and
g2), the respective mutation rates (¢, and y,), and the successive periods
of time involved (tl and tz), where the total time is t = t +1t,as follows:

pl= [l—exp(—y]z‘l )]gl
p2= [1 —exp(—y2t2 )]gz

The incidence of malignancy can be inferred from the probability
of transfer to the malignant compartment. Solving the successive
transfer equations numerically using a computer program utilizing
nested loops gives the resulting transfer from normal to malignant (N
> M) compartments comparable with the recorded cancer incidence
data (assuming a susceptible cell population per person of 10*°) if the
constants are set at values: y, = 10% u, = 10 g1 = 2; g2 = 6 (Figure 1).

Analytic model
An analytic solution can be derived as follows:

On the basis that for small values of the mutation rate ():

g
[1-exp(-pr) | = ()"
The equivalent analytic solution of the two-stage model is obtained
by the integral:

t

b= .[[/11 (t ) ):|g1 . [/uztz ]gz dt,

0
which has the general solution:
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Figure 1. Comparison of single-stage carcinogenesis (interrupted line) and the two-stage
model (solid line) with incidence data (o). The ordinate shows the probability of malignant
transformation per cell calculated from the clinical data assuming 10% cells at risk per
person. The incidence data were obtained from the average age-specific incidence of all
cancers, excluding non-melanoma skin cancers, per 100,000 population (UK) 2009-2011,
available from the Office for National Statistics (Cancer Statistics: Registrations Series
MBI).

Fractal Geometry and Nonlinear Anal in Med and Biol, 2015

doi: 10.15761/FGNAMB.1000115

S5E-15

y = 1.0004x + 3E-23
RP=1

4E-15

3E-15

numerical solution
[ ]
m
L
(V4]

1E-15

0 1E-15  2E-15 3E-15 4E-15 5E-15

analytic solution

Figure 2. Comparison of results of the numerical and the analytic versions of the two-stage
model. The linear trend line data (shown on the graph) show that the results are identical

except for a small initial discrepancy.

which gives essentially identical results to those calculated by the
numerical model (Figure 2).

Discussion

The Two-stage model is compatible with cancer incidence data
although it slightly underestimates the incidence of malignancies
in the young age cohort. Part of this is due to the complexity of the
disease since different tissues are differentially susceptible and exposed
to different relative risk. It is known that childhood cancers and some
haematological malignancies manifest special patterns. Also, the
model as presented here does not take account of several significant
factors such as the normal proliferation rate of the tissue or the effects
of clonal expansion. Included among the influences not embraced by
the simple treatment advanced here are the effects of variable micro
environmental factors such as hormones, nutrient and oxygen supply,
etc., the effect of cell death such as the loss of abnormal cells, and the
presence of pre-existing mutations in rendering the cells more or less
vulnerable to carcinogenesis. Obviously the results of the model will
be affected by environmental mutagens which will have the effect of
altering the mutation rate influencing initiation, and there are other
matters not explicitly covered by the present exposition, in particular
the distinction between the age-specific incidence patterns found for
different tissues. Examination of incidence data [13] shows that the
rates are influenced by such factors as the population size of the cells at
risk; for example, the incidence of cancer of the breast in men is much
lower than in females which would be accounted for by differences
in susceptible cell population size in the region of N = 10" in males
compared to 5 x 102 in females [14]. This is further complicated in
women by the reduction in the size of the epithelial cell population
at risk of transformation following the withdrawal of hormonal
stimulation at the menopause. Also, there is evidence of susceptible
individuals in which the intrinsic mutation rate may be higher. This
is known to be the case in xeroderma pigmentosum, a condition in
which skin cells are sensitive to ultraviolet light and the mutation rate
in the photosensitive cells is elevated thus raising the incidence of
skin cancer in affected individuals [15]. The question of pre-existing
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crucial mutations has been mentioned and there is striking evidence
of this in the case of retinoblastoma where sporadic incidence requires
two mutational events whereas retinoblastoma trait, where one gene
is already affected, shows a much higher incidence [16]. Nevertheless,
in the human population over 90% of malignancies are carcinomas,
and the overall cancer incidence on a world-wide basis [17] follows the
general pattern subsumed here.

The calculations presented show that the two-stage model
embodying the notion that the enhanced genetic variability of the
progression phase is due to defective epigenetic control resulting from
the initiating mutations, is consistent with the observed age-specific
incidence of human cancer.
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