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A mutational theory of leukaemogenesis
J A MORR I S Department of Pathology, Lancaster Moor Hospital, Lancaster

Recent advances in molecular biology have clarified
the understanding ofthe process ofcarcinogenesis.' 2 It
is now thought that quantitative or qualitative
anomalies of expression of proto-oncogenes may lead
to uncontrolled cell proliferation. This-could arise
from one or more mutations in the oncogenes or in the
genes controlling their expression.3 These mutations
might be caused by chemical carcinogens, viruses, or
radiation. Even in the absence of known mutagens,
however, there is a spontaneous mutation rate of the
order of 1 x IO' per gene for each cell generation
which could, theoretically, lead to neoplasia.45

Greaves and Chan recently suggested that spontan-
eous mutation might be the cause of most cases of
childhood acute lymphoblastic leukaemia (ALL).6
They argued that measured spontaneous mutation
rates are sufficient to account for the observed
incidence of ALL because there is a very high rate of
lymphocyte division in early childhood. The pronoun-
ced variation in the recorded incidence ofALL among
different countries,7 different socioeconomic groups,8
and different time periods9 seems to contradict this
idea. But Greaves and Chan suggest that much of this
variation is a consequence of selective underreporting
and premature death in places where socioeconomic
conditions are poor.6"0 Furthermore, Greaves has
recently pointed out that the lymphocyte proliferation
rate in early childhood will be influenced by the
pattern of exposure to micro-organisms which will
vary with social, environmental, and geographical
factors. "
The idea that spontaneous mutations might be

important in cancer is not new. Indeed, Den Otter et al
attempted to calculate the incidence of so-called
endogenous malignancy and the number of mutations
required for carcinogenesis using measured mutant
frequencies.45 Unfortunately, their mathematical
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treatment contains errors, which the authors
appreciate, as they regard the formula used as a first
approximation. An improved mathematical formula
is presented for application specifically to the
incidence of lymphoid malignancy.

The model

Successive divisions of a cell and its progeny through x
generations, without cell loss, will produce a total of
2(2X) cells after 2x cell divisions with 2x cells in the final
generation. The probability that any one of the cells in
the final generation has avoided a specific mutation is
(1-m)x where m is the mutation rate per gene for each
cell generation. Conversely, the probability that a
specific mutation has occurred is 1 l-(m)x which
simplifies to mx when m is far less than 1. The value mx
specifies the mutant frequency after x generations.
Thus if m = I x 10', the mutant frequency after 20
generations is 2 x 10-, and after 40 generations it is 4
x 10-5. The probability that a cell has undergone n
specific mutations after x generations is (mx)', assum-
ing that the genes mutate independently. Thus if n
specific mutations are required for carcinogenesis the
number of neoplasms arising at the xth generation is:

[(mx)'-[m(x-1 )]']2x
and the total number of neoplasms (N) is obtained by
summing over x generations:

x =x

N = E [(mx)n - [m(x - 1)]]2x
x 1

In practice the total number ofneoplasms is a little less
than double the number produced in the final genera-
tion.
If there is extensive cell loss during the process the
number of cells in the final generation is 2(6-b, or

N x [(mx)n -[m(x- I )]n]2(x - b)
x =b
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Lymphocyte kinetics

Several cell generations obviously occur before the
lymphocyte stem cell differentiates from other
embryonic cells. The stem cell then undergoes succes-

sive divisions to produce a large pool of precursor

lymphocytes. During this process germ line genes are

randomly rearranged to specify a wide range of
lymphocyte receptors.'2 It is thought that many of the
genetic rearrangements will code for receptors which
cannot be assembled and that these lymphocytes will
be lost. Lymphocytes with receptors for self antigens
might also be destroyed or suppressed. After birth
lymphocytes with functional receptors will divide in
response to antigen so that the repertoire of mature
lymphocytes is appropriate to the antigenic experience
of the host. Exposure to common antigens obviously
occurs early in life and the period of rapid cell division
is concentrated in the first few years of life.

Unfortunately, although the general features of the
above scheme are widely accepted, there is a paucity of
precise kinetic data in man and only broad estimates
can be used for the model. There are roughly 7 x 10'5
cell divisions in a lifetime," and in this paper it is

assumed that between 1% and 10% of these are

lymphocytic. This is a reasonable approximation
because it does not seem likely that lymphocytes
comprise more than 10% of all cells, and yet Greaves
and Chan have estimated that 1-8 x 10" lymphocytes
are produced in the first year of life.6 It takes 46
generations without cell loss to produce 7 x 10" cells
from a single stem cell and approximately 49 genera-
tions to produce 7 x 1014 cells. The number of cell
generations from the zygote to the lymphocyte stem
cell will be about seven if lymphocytes comprise 1% of
all cells and three or four if they comprise 10% of all
cells. Thus the minimum number of cell generations to
produce a lymphocyte complement of 1% to 10% is
53. It is thought that the number of cell generations in
a lifetime is between 55 and 60,'4 and this would fit with
the above analysis because there is extensive cell loss
during lymphocyte development. Finally it is assumed
that half of the lymphocytes are produced in the first
few years of childhood and the rest throughout the
remaining years of life.

The mutation rate

The mutation rate per locus per human generation has
been calculated for a large number of inherited
diseases and lies between x I 0 and I x 10 withan
average of 2 x 10 .` As there are 50 to 60 cell
generations a generation this gives a mutation rate per
gene for each cell generation of the order of 4 x 10-'.
Obviously this is only an approximation as mutations
can occur at times other than cell division, certain

Morris

mutations can confer a selective disadvantage on the
cell, and factors such as the size of the gene will be
important. The estimate is of the correct order because
measured mutation rates of cells in culture give similar
values, usually around I x 10-6.4 Most mutations
lead to loss of gene function rather than enhanced or
new function. Thus if this rate is relevant to carcino-
genesis it presumably acts by deleting regulatory genes
and allowing suppressed growth control genes to
function. The best example of this is retinoblastoma in
which loss of a pair of anti-oncogenes leads to
neoplasia.'

Cancer could also arise by mutations which directly
activate growth control genes. In this case, however,
only a subset of mutations would be relevant and the
mutation rate would be less than 4 x 10-7.

Predictions of the model

CUMULATIVE INCIDENCE OF ALL
In the table the predicted cumulative incidence of
childhood ALL is shown for varying values of m, n,
and x. The incidence is calculated by assuming that at
the xth generation 3 5 x 10'" or 3-5 x 10'4 lym-
phocytes are produced. The model is relatively robust
in that varying the value of x from 53 to 58 makes only
a small difference to the predicted incidence. Equally
the rate is linearly related to the nunmber of cells
produced but is more affected by variation in m or n.
For instance, ifm is doubled when n = 4 the predicted
incidence rises sixteen-fold. The actual cumulative
incidence of ALL in developed countries is 30 to 45/
100 000 by age 15 years and the closest fit is with n = 4
and m between 9 x l0' and l 7 x I0 , or with n = 2
and m between 6 x 10-"and 24 x 10'.
The condition n = 4 can be regarded as the loss of

four regulatory genes controlling two pairs of growth
control genes. The predicted mutation rate between 9
x 10-7 and 17 x 104 is reasonably close to the

Table Cumulative incidence ofALL using theformula

=xN E [(mx), - [m(x - l)]nl]2(x b)
x b

Cumulative incidence ofALL

m n x ' 3.5 x 10" 2' -35 x0140

1 x 10 4 58 5 05 x 10 505 x 10
I x 10' 4 53 383 x 105 383 x 104
1 x 10' 5 58 1I1 x 10 "' 1.1 x 10 9

I x 10 3 58 8 34 x 10 834 x 10'
9 x 1o 7 4 58 *3.3 x 10 4

17 x 10' 4 58 *4.2 x 104
6 x 10i 2 58 *2.9 xil'
24x 10In 2 58 *4.5x 10 4

*Closest fit to the observed cumulative incidence of 3 x 10 4to 4 5 x

10 4by age 15 years.
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A mutational theory ofleukaemogenesis
assumed spontaneous mutation rate of 4 x 10-7,
particularly as it has been argued that the mutation
rate in precursor lymphocytes might be higher than in
other cells because of breaks in DNA induced by
enzymes occurring naturally during germ line gene
rearrangement.6
The condition n = 2 can be regarded as the direct

activation oftwo growth control genes. In this case the
spontaneous mutation rate per gene is between
3 x 10-" and 1-2 x 10`' because each gene will be
represented twice (maternal and paternal copies)
unless it is sex linked. Unfortunately, there is no
independent, experimental, or observational support
for mutation rates of such rarity.

INCIDENCE OF LYMPHOID MALIGNANCY
If lymphoid malignancy in adults was also a con-
sequence of spontaneous mutation occurring at
mitosis then according to this model the total
incidence would equal that ofALL in childhood. This
is because it is assumed that half of all lymphocytes are
produced in childhood. In fact, the incidence of non-
Hodgkin's lymphoma alone is 9/100 000/year'6 (the
incidence of ALL is 2-3/100 000/year) and therefore
there must be additional environmental agents
increasing the chance of genetic damage.

INTRAUTERINE AND EXTRAUTERINE MUTATIONS
Consider a simplified scheme in which the lymphocyte
stem cell differentiates after seven generations and
then divides through 45 generations to produce in the
last generation the childhood lymphocyte complement
of 3-5 x 10'3 cells. It is possible, using the model, to
determine the effect of changing the mutation rate at
different periods. If the mutation rate is doubled
throughout the 52 generations then, with n = 4, the
incidence of ALL would rise sixteen-fold. If the
mutation rate is doubled for the first 49 generations
and then returned to normal for the final three
generations the incidence ofALL would rise ten-fold.
If the mutation rate is constant for 49 generations and
then doubled for the final three generations the
incidence of ALL would double. As 87 5% of lym-
phocyte divisions occur in the final three generations it
follows that the number of generations over which the
increased mutation rate acts is more important than
the number of cell divisions affected by the increased
rate. This is obviously relevant to consideration of the
differential effect of carcinogens or mutagens during
intrauterine and extrauterine life. It is also of par-
ticular interest in view of the recent evidence that the
increased risk of ALL in Seascale is confined to
children who are born there.'7 8 This implies exposure
in the uterus or early in extrauterine life. If the
spontaneous mutation rate is doubled throughout the
period of lymphocyte development the incidence of
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ALL would rise sixteen-fold. This is the order of
increase seen in Seascale.

It must be emphasised that the above analysis is a
simplification. It does not allow for cell loss, and the
situation is complicated by the likelihood that cell
generations are not necessarily in synchrony. Thus
some late cell generations will occur in the uterus and
some earlier cell generations after birth.

This simplified scheme equating 49 generations with
intrauterine life, three generations with early child-
hood, and one final generation with adult life, is,
however, of some value. It predicts that about 10% of
ALL clones will arise in the uterus. Thus the concor-
dance rate of ALL in identical twins who share an
intrauterine circulation should be about 20% which is
the observed rate.'9

THE AGE INCIDENCE OF ALL
The two hit (n = 2) and four hit (n = 4) models both
predict that the incidence of clonal origin ofALL will
be roughly proportional to the number of lymphocyte
divisions a year. This is because most lymphocytes are
produced as a result of the final few generations,
during which the probability of neoplasia only
changes slightly. The a priori expectation is that
lymphocyte division will be maximal in the first year of
life, when most common antigens are met, and
decrease thereafter. The acutal incidence of ALL,
however, rises sharply from birth to a peak in the
fourth year of life after which there is a rapid fall.7
Thus there is possibly a three year latent interval
between clonal origin and disease presentation. The
median age of onset in identical twins who are
concordant for ALL is less than 12 months,20 however,
indicating that the median latent interval from clonal
origin to presentation is less than 21 months and is
probably around 12 months.
The model could be adapted by assuming that either

the spontaneous mutation rate rises and then falls in
childhood or that the number of lymphocyte divisions
rises and then falls, but it is difficult to substantiate
either assumption. Delayed exposure to micro-organ-
isms in certain socioeconomic groups will affect lym-
phocyte proliferation rates in childhood as implied by
Greaves." The age incidence of first contact with
common antigens, however, must be a falling curve,
and the effect of delayed exposure will be to decrease
the rate of fall not to reverse it. It is unlikely, therefore,
that this will translate into an increasing rate of cell
division.
The discussion so far, however, is based on the

assumption that malignant clones arise as a result of
multiple hits in a single cell and this determines the age
incidence. But it is possible that there are mechanisms
for eliminating malignant clones, although if so, that
value of n would be reduced in relation to the efficiency
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of those mechanisms. It has been argued elsewhere
that the efficiency of biological detection systems will
deteriorate with time.2' Thus the age distribution of
ALL will be a function of the rate of lymphocyte
division, the latent period from clonal origin to disease
presentation, and the efficiency of clonal elimination.
In this way the age incidence of ALL can be
explained.'

Conclusion

Epidemiological and kinetic data are consistent with
the concept that childhood ALL is a consequence of
spontaneous mutation. This could occur by the activa-
tion oftwo growth control genes either directly (n = 2)
or by the loss of two pairs of regulatory genes (n = 4).
Measured mutation rates fit best with the latter
possibility. The mathematical model shows that if an
increased mutation rate affects a subset of cell div-
isions then the number of cell generations affected is
more important than the absolute number of cell
divisions affected. The model, however, fails to explain
the age distribution of ALL without the additional
assumption of a fallible mechanism which normally
eliminates malignant clones in which case, the
activation of one growth control gene by the loss of
two regulatory genes would be sufficient for neoplasia.
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