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Determining cancer risk: the evolutionary
multistage model or total stem cell
divisions?

Leonard Nunney and Kevin Thai

Department of Evolution, Ecology and Organismal Biology, University of California, Riverside, CA 92521, USA

LN, 0000-0002-4315-3694

A recent hypothesis proposed that the total number of stem cell divisions in
a tissue (TSCD model) determine its intrinsic cancer risk; however, a differ-
ent model—the multistage model—has long been used to understand how
cancer originates. Identifying the correct model has important implications
for interpreting the frequency of cancers. Using worldwide cancer incidence
data, we applied three tests to the TSCD model and an evolutionary
multistage model of carcinogenesis (EMMC), a model in which cancer
suppression is recognized as an evolving trait, with natural selection
acting to suppress cancers causing a significant mean loss of Darwinian
fitness. Each test supported the EMMC but contradicted the TSCD model.
This outcome undermines results based on the TSCD model quantifying
the relative importance of ‘bad luck’ (the random accumulation of somatic
mutations) versus environmental and genetic factors in determining cancer
incidence. Our testing supported the EMMC prediction that cancers of
large rapidly dividing tissues predominate late in life. Another important
prediction is that an indicator of recent oncogenic environmental change is
an unusually high mean fitness loss due to cancer, rather than a high lifetime
incidence. The evolutionary model also predicts that large and/or long-lived
animals have evolved mechanisms of cancer suppression that may be of
value in preventing or controlling human cancers.
1. Introduction
It has been argued that the total number of stem cell divisions occurring in a
tissue is a critical indicator of cancer risk [1,2]. This total stem cell division
(TSCD) model is supported by the strong log–log correlation between lifetime
cancer risk (CR) and the lifetime number of stem cell divisions (LSCD) occur-
ring in a tissue (the CR/LSCD correlation) evaluated across a number of
cancers within the US (r = 0.805) [1] and worldwide (median r = 0.80) [2].
From this correlation, the TSCD model was used to suggest that about 65%
of the differences in risk among cancers is due to the intrinsic effect of randomly
occurring somatic mutations resulting from tissue-specific differences in LSCD.
However, a different interpretation of the relationship using the same data indi-
cated that the intrinsic effect of LSCD accounted for only 10–30% of cancer risk
[3]. Regardless of this substantial difference in interpretation, a more fundamen-
tal question revolves around the validity of the TSCD model itself. Here we
show that the high CR/LSCD regression/correlation is not robust and depends
strongly on the types of cancers included. Additional tests using the same data-
set used in the original research [1,2] fail to support the TSCD model; however,
all tests support an alternative, the evolutionary model of multistage carcino-
genesis (EMMC), a model that incorporates simple evolutionary principles
into the traditional multistage model [4,5]. This model is based on the assump-
tion that cancer suppression is an evolving trait and that the fitness loss due to
the incidence of cancer in any given tissue in any given species is minimized by
natural selection. As a result, the level (and hence genetics) of suppression
potentially varies among tissues of the same species and potentially varies in
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the same tissue among different species. The EMMC resolves
a serious problem with the traditional multistage model,
which predicts that large long-lived animals (e.g. humans)
should have a much higher incidence of cancer than small
short-lived ones (e.g. mice) [6], yet they do not [7], a contra-
diction named Peto’s paradox [4]. The support for the EMMC
reinforces its value as an important tool in understanding
patterns in the incidence of cancer across different tissues
and different species.

The TSCD model has been widely criticized [8–12], and
one of the recurring issues is that interpreting the CR/LSCD
correlation in a causal fashion to infer intrinsic versus extrinsic
causation is not consistent with the multistage model of car-
cinogenesis, a model that has formed the basis of our
understanding of cancer risk since the 1950s [13,14]. At first
sight, it might appear that the TSCD model is a simplification
of themultistagemodel since, in bothmodels, cancer initiation
requires the accumulation of a cancer-specific set of driver
mutations. However, there is a fundamental difference that
makes the two models behave in profoundly different ways,
as we will demonstrate. Under the multistage model, the set
of necessary mutations must accumulate in a single cell, a pat-
tern supported by detailed genomic sequencing [15,16],
whereas we will show that the TSCD model implies that
cancer initiation only requires that the necessary mutations
accumulate across different cells anywhere within the tissue.
In general, this would mean that no single-cell carries all of
the necessary mutations, contrary to our well-established
understanding of cancer initiation. In terms of modelling,
this critical difference can be expressed in how the two
models incorporate two of their major components: the
number of stem cells in a tissue, C, and the total number of
times each stem cell divides, K (= kt, where k is the probability
of a cell dividing per unit time and t defines age).

In the multistage model, C and K have different effects on
cancer risk. A change in C (cell number) has a linear (i.e. pro-
portional) effect on cancer risk, since the chance of one cell in
the tissue accumulating a specific set of mutations increases
in proportion to the number of cells. On the other hand, the
effect of a change in K, the total number of divisions per
cell, is amplified by the number of driver mutations required
(M, noting that M > 1), i.e. the chance of any single mutation
occurring increases with K so the chance of all M indepen-
dent mutations occurring within a specific cell lineage
increases as KM. Thus, given the most basic form of the multi-
stage model, the risk of cancer ( p) up to a given age (and
given p is small) can be defined by

p ¼ CðKuÞM, ð1:1Þ

where u is the somatic mutation rate [4]. This basic model
assumes that when any cell in the tissue has acquired the
M driver mutations it initiates cancer. The model can also
approximate stepwise clonal expansion by assuming that
the somatic mutation rate increases as driver mutations
accumulate (since if the mutated cell expands by a factor x,
then the probability of a mutation in any one of the clone
also increases by x), so that the value of u in equation (1.1)
is the geometric mean of these sequential values [4].

By contrast, under the TSCD model, the total number of
stem cell divisions accumulated by any time t (=TSCD(t)
where LSCD is evaluated at t = T, the total lifespan) is CK,
which in turn, it is suggested, predicts the incidence of
cancer [1]. From equation (1.1), it can be seen that only in
the unrealistic case of a single driver mutation initiating
cancer (M = 1) does LSCD (= CK) incorporate the effect of C
and K as defined in the multistage model. In general, the
TSCD model can be expressed as

p ¼ A(TSCD(t))B ¼ A(CK)B ¼ A(Ckt)B ð1:2Þ

where A and B are constants (and recalling that k is the rate of
cell division per cell). The slope of the CR/LSCD regression
(=B) for the US data (calculated from data used in ref. [1])
is 0.53.

In the TSCD model, C and K are assumed to act equiva-
lently on the accumulation of driver mutations, and
therefore, we can identify two extremes that have the same
outcome under the TSCD model. It should not matter if a
given set of oncogenic mutations arises within a single-cell
lineage (C = 1) by increasing K (which becomes increasingly
probable under the multistage model) or across a tissue that
only divides once (K = 1) by increasing C (which remains
very unlikely under themultistagemodel). This example illus-
trates our conclusion that the TSCD model does not
incorporate the critical assumption of the multistage model
that cancer is initiated when a set of M driver mutations
have accumulated in a single cell. Instead, it assumes that
cancer is initiated once these driver mutations are present in
any combination of 1 to M cells anywhere within the tissue.

There is strong evidence for the role of cell number in
driving an increased cancer risk across breeds of domestic
dogs [17,18], and within humans the data are consistent
with a linear relationship, i.e. p∝C [19]. This pattern sup-
ports the multistage model and may be consistent with the
TSCD model, although the estimated value of B = 0.53 ( p∝
C0.53) defines a somewhat nonlinear effect (equation (1.2)).
In any event, the predicted influence of K, i.e. the number
of times a cell divides, is very different in the two models
(KM versus KB), given that typically M > 2 [15,16] while B < 1.

If TSCD is not the driving parameter of cancer risk, then
why is the correlation between LSCD and lifetime cancer
risk so high? Based on the best available estimates of LSCD
for 31 categories of cancer using US data [1] and for 17
cancer types using global data [2], the CR/LSCD regression
yields a correlation centred around r = 0.80. Given the multi-
stage model, some correlation is expected since LSCD can be
substituted into equation (1.1) and thereby eliminate either C
or K, but not both:

ln(p) ¼ ln(LCSD)þ [Mln(u)þ (M� 1)ln(K)]

¼ Mln(LCSD)þ [Mln(u)� (M� 1)ln(C)]: ð1:3Þ

Thus, under this model and considering the conditions under
which the terms within the square brackets are constant, the
slope of the CR/LSCD regression should range from 1
(given a constant M and K, with C varying among tissues)
up to a slope ofM (given a constantM andC, with onlyK vary-
ing among tissues). As noted above, the slope for the US data
is 0.53, a value that is substantially less than that expected
based on the multistage model; however, it is well established
that M varies across cancer types [16,20]. Grouping cancers
based on anatomical site, on the assumption that similar tis-
sues would generally have similar M and K but different C,
gave a within-group slope that was not significantly different
from 1, in agreement with the multistage model [8], i.e.
although the groups were assumed to differ in M and K,
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within each of these groups the results were consistent with
p ∝ C (see equation (1.1)).

This observed variation in M is an important prediction
of the evolutionary model of multistage carcinogenesis
(EMMC). The model proposes that natural selection acts
on the incidence of each cancer to minimize its effect on
Darwinian fitness, so that if cancer causes a high level of
mortality before reproduction is complete, then the loss of
fitness will select for an increase the level of suppression
acting on that cancer. More precisely, if cancer causes an aver-
age fitness loss greater than about 1/(2Ne), where Ne is the
effective population size, then selection will favour genetic
variants with enhanced suppression of that cancer, typically
resulting in an increase in M, the number of driver mutations
required to initiate cancer [4]. When the average fitness loss
across the population is smaller than 1/(2Ne), the selection
is rarely effective [21].
.B
287:20202291
2. Test 1: early-onset cancers and the CR/LSCD
correlation

Most cancers are rare early in life but becomemuch commoner
in old age when their effect on Darwinian fitness is zero or
nearly so. However, a few cancers are primarily pre-reproduc-
tive (e.g. paediatric cancers) and peak at an early age. These
early-life cancers typically originate in tissues with stem cells
that have very limited (or zero) divisions in adult life, plus
these tissues usually have relatively small stem cell popu-
lations (e.g. retinoblastoma [20]), leading to a low LSCD.
These cancers lack the massive late-life increase typical
of most cancers, with the result that they have a relatively
low lifetime incidence despite being more frequent than
other cancers early in life. This raises the possibility that
early life cancers have a disproportionate effect on the CR/
LSCD correlation.

The TSCD model predicts that the magnitude of the
correlation and the slope of the regression should not be
affected by the presence or absence of early life cancers,
since in this model, it does not matter when the cell divisions
making up the lifetime total occur. On the other hand, the
linkage of a low lifetime CR with a low LSCD typical of
early-onset cancers could result in a CR/LSCD correlation
driven in large part by early life cancers. This linkage is con-
sistent with the EMMC, since natural selection is expected to
act to limit (to the extent possible) cancers inexorably linked
to early life events (such as growth) to a narrow time window,
because these cancers have such a direct effect in reducing
fitness. Thus, removing cancers that are primarily pre-
reproductive from the analysis is expected to result in a
much weaker correlation and a shallower slope under the
EMMC but not under the TSCD model.
3. Test 2: early-onset cancers and the CR(t)/
TSCD(t) correlation

A related but more rigorous prediction of the TSCD model
can be examined by expanding the single-point CR/LSCD
correlation (evaluated only using the oldest age class) into
the curve of the CR(t)/TSCD(t) correlations over the whole
lifetime, where the accumulated cancer risk up to any age t
(= CR(t)) is plotted against the total stem cell divisions up
to that age (= TSCD(t)) (again both being on a log scale).
Letting t = T gives lifetime values.

The TSCD model predicts that the CR(t)/TSCD(t) corre-
lation should be independent of t, since the accumulation of
stem cell divisions is hypothesized to drive cancer risk directly
and therefore the age at which TSCD is evaluated should be
irrelevant (see equation (1.2)), and hence the strong positive
correlation estimated from lifetime data should be age-
independent. On the other hand, the EMMC predicts that
early-onset cancers will cause the correlation to decline and
become negative as age is reduced. This pattern is expected
because of a combination of two effects. First, typical late-life
cancers are extremely rare early in life since at that time the
probability of a single cell accumulating a complete set of
driver mutations is very small. This is especially true in tissues
with large rapidly dividing stem cell populations (e.g. the
colon) which are expected to have the highest M. Thus, at
early ages, their high TSCD is linked to a low CR. By contrast,
at young ages, early-onset cancers are expected to have a low
TSCD (due to a low division rate and small tissue size) but
high CR (relative to cancers occurring primarily at older
ages) associated with a low M (e.g. retinoblastoma where
M = 2 [20]). This logic is the basis of our test 2 and predicts a
negative CR(t)/TSCD(t) correlation for low vales of t that
becomes positive as age (=t) increases. Second, there is a
predicted evolutionary effect that is the basis of our test 3.
4. Test 3: late-onset cancers and the CR(t)/
TSCD(t) correlation

If the potentially confounding effect of early-life cancers is
removed, then it remains the case that the TSCDmodel predicts
that the CR(t)/TSCD(t) correlation should be constant inde-
pendent of age (= t). This is not the case under the EMMC
model, since there is an additional evolutionary factor that is
predicted to reduce the CR(t)/TSCD(t) correlation at young
ages. Natural selection, acting to maintain the average fitness
loss at no more than about 1/(2Ne), will tend to equalize the
incidence of different cancers up to the end of the reproductive
period. Thus, among the typical late-onset cancers, it is
expected that when reproduction is more-or-less complete
those cancers originating in large rapidly dividing tissues (i.e.
thosewith high TSCD)will generally have a similar cumulative
incidence to those originating in smaller, more slowly dividing
tissues (i.e. those with low TSCD). However, cancer incidence
in high TSCD tissues is predicted to increase relatively more
rapidly during post-reproductive life, because in old age
(when the equalizing effect of natural selection is absent), the
more rapid accumulation of somatic mutations in high TSCD
tissues will result in cancer rates that increase faster than
those in low TSCD tissues [5]. By way of illustration, consider
a tissue that has avoided cancer initiation at the onset of
the post-reproductive age, but some fraction of its cells has
M− 1 driver mutations. The rapidity with which cancer
subsequently arises increases with the rate of cell division
(which increases the somatic mutation rate per unit time) and
the number of cells (which increases the probability of one
cell becoming cancerous). This phenomenon predicts that,
under EMMC, the CR(t)/TSCD(t) correlation will increase
from around the end of reproduction and be strongest at the
oldest ages, independent of the effect of juvenile cancers.
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Amore rigorous way of testing this expectation is to exam-
ine the change with age in the slope of the regression of
log(cancer risk at t) versus log(stem cell divisions at t), evalu-
ated across the adult cancers during a period Δt ending at t. We
used 5-year intervals ending at 20, 25, 30 years, etc. and since
the data are not cumulative, all time periods are independent.

Given the TSCD model, the slope of this regression is
expected to be the same regardless of the age at which it is
evaluated, since differentiating equation (1.2) with respect
to t gives

cancer risk at t ¼ dp
dt

¼ AB(SCD)BtB�1, ð4:1Þ

where SCD (= Ck) is the number of stem cell divisions occur-
ring in the tissue at t. Thus, across a group of tissues, the
expectation is a linear relationship with a slope of B between
the log of cancer risk (log(dp/dt)) in a given tissue during
the interval Δt and the log of the number of SCD in that
tissue during the same time period, regardless of age. On the
other hand, given the EMMC, the slope of this regression is
expected to increasewith age, most notably once the reproduc-
tive period comes to an end. This increase in slope is expected
because, as outlined above, the cancer risk of high TSCD tis-
sues accelerates relative to low TSCD tissues in older ages as
reproduction, and hence fitness constraints, decline.
5. Material and methods
Following [2], the CI5-X (Cancer Incidence in Five Continents
Volume X) ‘detailed database’, as provided by IARC at http://ci5.
iarc.fr/CI5-X/Pages/download.aspx, was used for geographical
age-specific cancer incidence, and using these data (for 2003–
2007), we repeated their analysis of LSCD versus lifetime cancer
risk of 17 cancers across 5 continents (Oceania, North America,
Latin America/Caribbean, Asia and Europe), adopting their
assumption that the oldest data (greater than 85 years) were well
approximated by 90 years. As in [2], we also analysed the data
fromAfrica, which ended at amaximumage of 80 years. Our analy-
sis differed in that (i) the sexes were separated, which reduced the
number of cancers from 17 overall to 15 per sex (since two were
specific to each sex), and (ii) since therewere two groupings of thyr-
oid cancer and two of leukaemia originating from exactly the same
tissue, to avoid potential bias due to subdividing the products of the
same stem cells, these pairs were combined, giving 13 cancers per
sex. The cancers (with the corresponding World Health Organiz-
ation’s ICD-10 code in parentheses) were head and neck (3 and
75), oesophageal squamous (24), colorectal carcinoma (42 and 49),
hepatocellularcarcinoma (59), pancreatic (70), lungadenocarcinoma
(79), osteosarcoma (90), melanoma (100), breast (113, female only),
ovarian germ cell (142, female only), prostate (151, male only), testi-
cular (152, male only), medulloblastoma (189), thyroid (follicular
201 andpapillary 202 combinedwithmedullary 203) and leukaemia
(chronic lymphocytic 229 combined with acute myeloid 233).

The total stem cell divisions at age t (TSCD(t)) were calcu-
lated from estimates of the number of stem cells (C ) and of cell
division cycles after growth (K ) provided in [1], except that the
prostate and oesophageal estimates were from [2], which also
provided the estimate we used for the number of female breast
stem cells; however, for the division rate of the breast stem
cells we used cell turnover times from [22]: 22 days for age
groups 15–25, 70 days for 30–35, 147 days for 40–90.

The CI5-X data includes 423 cancer registries spanning 68
different countries. The registries were pooled into the continents
defined above. For countries with incidence data covering
both the entire population and smaller regions, only the larger-
scale cancer registry was used (e.g. Canada 2003–2007). For
countries where incidence data did not include one for the entire
population, the incidence rate was calculated by pooling the avail-
able regional registries (e.g. Argentina, Tierra del Fuego 2003–2007;
Argentina,Mendoza 2003–2007; etc.) by summing the cases and the
total person-years within each age group for each cancer type. The
Hawaii datawere removed from theUSAdataset thatwas included
in North America to prevent double representation since Hawaii
was grouped in Oceania. Following [2], the data for Algeria
(Setif), Malawi (Blantyre), South Africa (PROMEC), Iceland and
Sweden were excluded as incidence data for the tissues they con-
sidered were unavailable. Furthermore, we removed all regions
with incomplete person-year data (due to some regions listing the
number of recorded cases but not listing the associated person-
years in one or more of the older age classes). This resulted in 24
regions removed from Asia, 2 removed from Europe and 9
removed from Latin America. For a complete list of regions used
for each continent, see electronic supplementary material, table S1.

Tomasetti & Vogelstein [1] estimated TSCD in tissue with C
stem cells and K division cycles after growth as C(2 +K )− 2.
This original formula contains a minor error. The correct formula
is TSCD =C(1 + K) − 1. For example, for a tissue to grow to 8
cells, there must be 7 (i.e. C− 1) cell divisions, not 14 as indicated
by the original formula. However, except when there are very
few post-growth divisions, this change has a negligible effect.
6. Results
The TSCD model and the evolutionary model of multistage
carcinogenesis were subjected to three tests using the same
worldwide cancer risk data, sub-divided into continents, that
was used in [2], except the data were separated by sex and
there was a small correction in how the early-life growth
phase was incorporated (see Material and methods). Of neces-
sity, the same cancers were used due to the need for the
estimates of stem cells and stem cell division rates that were
compiled in [1,2]. Two pairs of cancers used in the original ana-
lyses that originate from the same tissue (two thyroid cancers
and two leukaemias) were combined, resulting in the examin-
ation of 13 cancers per sex. Combining the two pairs of cancers
slightly increased the overall mean correlation between the log
of lifetime cancer risk and the log of the lifetime total number of
stem cell divisions (the CR/LSCD correlation) of the pooled
data (i.e. worldwide), but excluding the African data (since it
does not include the two oldest age classes; see [2]), from an
average across sexes of 0.802 to 0.811 (table 1).
7. Test 1: early-onset cancers and the CR/LSCD
correlation

The dataset included two early-onset cancers seen in both
sexes (medulloblastoma and osteosarcoma) and two sex-
specific ones (ovarian and testicular germ cell cancer). When
these cancers were excluded from the dataset, the overall
mean CR/LSCD correlation (averaged across sexes) dropped
to 0.444 and the slope declined, with the two sexes showing
an almost identical pattern in the pooled data (figure 1).
These changes were consistent across all 5 continent/sex com-
binations used in the pooled data, as well as in the data from
Africa (table 1). The probability of all 12 independent tests
showing the EMMC-predicted decreased correlation (due to
a shallower slope) by chance is p = 0.0002 (sign test). Under
the TSCD model, excluding juvenile cancers should not
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Table 1. Worldwide CR/LSCD correlations with and without early-onset cancers, evaluated at 85+ years. The LSCD data are from [1,2], and, following them,
85+ is approximated as 90 years.

continent

adult and early-onset adult only

15 cancersa 13 cancers 10 cancers

female male female male female male

N. America 0.7970 0.7866 0.8037 0.7903 0.4169 0.4035

Latin America/Caribbean 0.7561 0.7017 0.7679 0.7108 0.3383 0.2306

Europe 0.8337 0.7942 0.8376 0.8007 0.5310 0.4548

Asia 0.6275 0.6367 0.6727 0.6606 0.0540 0.0482

Oceania 0.8201 0.8008 0.8300 0.8081 0.5091 0.4884

Africab 0.7610 0.6649 0.7609 0.6611 0.3753 0.1174

pooled datac 0.8093 0.7940 0.8172 0.8052 0.4505 0.4369

significance of correlationc 0.0003 0.0004 0.0006 0.0009 0.1909 0.2068

regression slopec 0.430 0.520 0.423 0.493 0.219 0.223

interceptc −4.85 −5.53 −4.68 −5.12 −2.34 −2.10
aincludes two pairs of cancers from the same tissue that were combined in all other analyses.
bevaluated up to age 80.
cpooled data (all continents except Africa).

royalsocietypublishing.org/journal/rspb
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materially alter the correlation or slope; instead, in the pooled
data, it resulted in a 70% relative drop in the variance
explained, from 66% to 20%, turning highly a significant
correlation ( p < 0.001) into a non-significant one (p > 0.1)
(table 1). However, this decrease is consistent with the EMMC.
8. Test 2: early-onset cancers and the CR(t)/
TSCD(t) correlation

The CR(t)/TSCD(t) defines the relationship between the log of
cancer risk up to age t and the log of the numberof accumulated
stem cell divisions up to that age. Under the TSCD model, this
relationship should be independent of age, hence the strong
positive correlation seen when the lifetime data (i.e. t = T ) are
used (recalling CR(T )/TSCD(T )≡CR/LSCD) should be main-
tained regardless of age. By contrast, the EMMC predicts that
the inclusion of early-onset cancers will cause the correlation
to decline and become negative as age is reduced.

The negative correlation predicted by the EMMC was
found in both sexes when the age was reduced to 20 years
in the data from all five continents making up the pooled
result (Asia, Europe, North America, Latin America/Carib-
bean and Oceania) and in the data from Africa (which only
goes to age 80 years) (electronic supplementary material,
table S2). In the pooled data, the correlation dropped from
0.818 and 0.805 at age 90 to −0.314 and −0.286 at age 20, in
females and males, respectively (figure 2, solid curve).
9. Test 3: late-onset cancers and the CR(t)/
TSCD(t) correlation

In the absence of the effect of juvenile cancers, the EMMC pre-
dicts that the CR(t)/TSCD(t) correlation will increase from
around the end of reproduction and be strongest at the oldest
ages. The alternative prediction, based on the TSCD model, is
that the correlation will remain constant with age.

Analysis of the same worldwide dataset, with the three
early-acting cancers in each sex removed, showed a clear
reduction in the CR(t)/TSCD(t) correlation with age across
all 6 × 2 continent × sex combinations (electronic supplemen-
tary material, table S2), which is a highly significant
concordance ( p = 0.0002, sign test). This pattern is shown
for the pooled data (excluding Africa) in figure 2 (dashed
line), where the correlation drops from 0.451 and 0.437 at
age 90 to −0.008 and 0.149 at age 20, for females and
males, respectively. This drop, predicted by the EMMC, vio-
lates the expectation of a constant correlation predicted by the
TSCD model.

To get a clearer picture of this effect, it is possible to exam-
ine the change in the ‘instantaneous’ cancer risk (rather than
the accumulated cancer risk) with age. This analysis has the
advantage that each measure of cancer risk is independent
(which is not true when using the accumulated risk). The
TSCD expectation is of a linear relationship between the log
of a given cancer’s risk during a 5-year period and the log
of the tissue’s SCD during that period plotted across the 13
cancers, and that this relationship should be the same regard-
less of age. On the other hand, given the EMMC, the slope of
this regression is expected to increase with age, most notably
once the reproductive period comes to an end.

The pooled data strongly confirmed the EMMC expec-
tation of a progressive increase in the regression slope with
post-reproductive age. Plotting this slope at each age against
age using the pooled data (figure 3) shows in a highly signifi-
cant trend between age 40 and 90 years (r = 0.974 females,
and 0.979 males, both p < 0.00001). This pattern was consist-
ent across all 10 of the continent/sex combinations
represented in the pooled data, with a very high post-repro-
ductive period correlation in all cases (r > 0.95) (electronic
supplementary material, table S3).
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The only exception was the continent of Africa (measured
from age 40 to the maximum age recorded of 80 years).
Neither sex showed the robust pattern seen in all other conti-
nents. To understand this difference, we tested the hypothesis
that the cross-sectional data used for the analysis encom-
passed some environmental changes in Africa that had
relatively recently increased the incidence of some cancers,
an effect that would be shown by a markedly lower cancer
risk late in life relative to the other continents (the pooled
data) not evident at the youngest ages. This pattern would
be consistent with a change that did not affect older individ-
uals, but was affecting younger ones, and it was seen for one
non-reproductive cancer (lung adenocarcinoma) and one
reproductive cancer (breast and prostate) in each sex, with
incidence levels greater than 10 × lower in Africa than the
pooled data at age 80, but with similar or higher incidence
at ages 40 and 20. Removing them (leaving eight adult can-
cers) resulted in the pattern seen in the other continents,
with correlation coefficients increasing from 0.26 to 0.90
(female) and 0.56 to 0.81 (male) (electronic supplementary
material, table S3). Removing the same cancers from the
pooled data maintained the same pattern, increasing the cor-
relation coefficient from 0.974 and 0.979 to 0.997 and 0.998 in
females and males, respectively.
10. Discussion
We used worldwide cancer risk data to test the hypothesis
that cancer risk is driven by the total number of stem cell div-
isions occurring in the at-risk tissue (the TSCD model) [1,2].
In each case, the results were inconsistent with the TSCD
model. By stark contrast, the evolutionary model of multi-
stage carcinogenesis (EMMC) [4,5] was strongly supported.

The TSCD model has been used to attempt to define how
much of our cancer burden is due to ‘bad luck’ (random but
unavoidable somatic mutations), as distinguished from the
effects of heredity and environmental factors (1–3). In the
light of present results, conclusions drawn from the appli-
cation of the TSCD model should be treated with caution.
In any event, the term ‘bad luck’ is fraught with problems
of definition since cancer is not a deterministic disease; in
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most cases, even for individuals experiencing an environ-
mental risk factor (such as smoking), only a minority of
those individuals succumb to relevant cancer and hence
had, in some sense, bad luck [12,23,24]. But even accepting
the intended premise, there is a major problem in partitioning
out the three categories of risk (intrinsic, hereditary and
environmental). Support of the EMMC reinforces the view
that natural selection has acted to suppress early-onset
cancer given the environment that humans experienced in
the past. However, the effect of this selection on different
types of cancer is expected to vary in a complicated fashion
(see fig. 2 in [5]). Some cancers are expected to be rare due
to very effective suppression, with most early-life cases
being in individuals with inherited mutations and very few
due to ‘bad luck’ in individuals with no germline mutation;
however, other cancers are expected to be less suppressed
with a frequency close to the threshold when natural selec-
tion is no longer effective, i.e. when their average fitness
loss is about 1/(2Ne). In this latter case, most early-life cancers
would arguably be due to ‘bad luck’ because the typical indi-
vidual with cancer would have accumulated the initiating
driver mutations somatically despite having the best
available genotype [5].

Recognizing the existence of the 1/(2Ne) fitness threshold
is important because it provides an understanding of why
cancer, even early-onset cancer, is not completely eliminated.
Once cancer is sufficiently rare (i.e. below a level causing the
threshold fitness loss), then natural selection becomes ineffec-
tive at driving it to an even lower frequency [4]. On the other
hand, a recent change in the environment can result in one or
more cancers causing a larger than expected fitness loss
because they are not in evolutionary equilibrium. Despite
the expected variability in the evolutionary equilibrium
level of suppression, cancer incidence should be at or below
the threshold level. This knowledge can help in the search
for conditions found in the modern environment that have
increased the risk of some cancers. In some cases, we can
speculate with some confidence on what such a factor
might be. For example, the incidence of melanoma has stea-
dily increased over the last 50 years in most fair-skinned
populations in young as well as older age groups [25], redu-
cing mean fitness. The movement of individuals from the
more northerly parts of Europe to areas with much more
intense UV radiation combined with behavioural changes
are implicated. Similarly, there are good reasons to believe
that the incidence of breast cancer has increased dramatically
in recent times due to changes in nutrition and reproductive
patterns, with estimates of the long-term increase in risk
running as high as 100× [26].

Natural selection acts to minimize fitness loss, hence the
EMMC makes fewer predictions regarding late-life cancer
risk, since any effect on fitness is minimal. However, our
test 3 strongly supported the EMMC prediction that cancers
occurring in tissues with a large stem cell population and
high division rate would show the highest increase in old
age [5]. This result suggests an explanation for the intriguing
observation of a marked increase in the proportion of
epithelial cancers with age [27].

The importance of natural selection in modifying cancer
risk is being increasingly recognized in the study of non-
model animals, with the goal of revealing potentially useful
mechanisms of cancer suppression that they have evolved
[28–30]. As noted earlier, in the absence of evolution, the tra-
ditional multistage model incorrectly predicts that large and/
or long-lived animals will have a much higher incidence of
cancer (Peto’s paradox). The solution to this paradox lies
with the adaptive evolution built into the EMMC that main-
tains cancer risk at a low level regardless of changes in life
history [4]. This model provides the best-supported expla-
nation of Peto’s paradox [31], and has prompted a focus on
large mammals such as elephants [7,32] and whales [33,34],
and on mammals with unusual life-history strategies, such
as the long-lived naked mole rat [30]. It is very probable
that such studies will ultimately lead to novel approaches
to the cure or control of cancer in humans.
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