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Cell biology

Developmental
predisposition to cancer

any human cancers occur in renew-
I\/l ing epithelial tissues, in which cellu-

lar lineages typically go through two
distinct phases: early in life, cell populations
expand exponentially to form the tissue,
and for the remainder of life, the tissue is
renewed by stem cells dividing to create an
almost linear cellular history*. Here we use a
simple mathematical model to show that
mutations that arise during the exponential
phase probably seed tissues with stem cells
carrying mutations that may predispose to
cancer. Susceptibility to late-life cancers,
such as those of the skin and colon, may
therefore be influenced by somatic muta-
tions that occur during early development.

Mutations accumulate during exponen-
tial cellular growth according to the
Luria-Delbriick distribution® Let u, be the
mutation probability per cell division during
exponential growth, and N the number of
stem cells produced during development to
seed the tissue. Starting with one cell, the
number of cell divisions required to produce
N cells is N—1, and the total number of
mutation events during the cellular history is
M =u,(N — 1) =u,N. (The phases of cellular
growth are shown in Fig. 1a.)

Figure 1b shows the probability distribu-
tion for the number of stem cells that carry
mutations. These are the mutations that arise
during exponential growth, before further
division of the stem lineages to renew the
local tissue. The average frequency of stem
cells with mutations is X = u,In(N) (ref. 2).

Although the frequency of stem cells that
initially contain a mutation may be small,
those mutations can contribute substantially
to the total risk, Ry, of cancer. Suppose that
k rate-limiting mutations are needed for
cancer to develop*, then the total risk is
Rr=N(1—x)R,+NxR,_;, where x is the
frequency of stem cells that start with one
mutation, and R, is the risk that a particular
stem-cell lineage acquires k mutations during
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the phase of linear division and tissue renew-
al. The risk, R,, is given roughly by the
gamma distribution, which describes the
probability of the occurrence of the kth event
over a particular time interval. From the
gamma distribution, R, =~ (u.7)*/k !, where u, is
the mutation rate per stem-cell division, and
7is the total number of stem-cell divisions.

The expected fractional increase in can-
cer risk arising from stem cells that begin
with one mutation can be calculated as
F=X R,_/Ry=uIn(N)k/usr. The next step
is to assign approximate magnitudes to
these quantities. We can take k=5 for the
number of rate-limiting mutations required
to cause epithelial cancer in humans®,
In(N) =20, and 7 to range from 100-1,000.
This gives the fractional increase in cancer
risk, F, ranging from u./10u; to u./u..

If mutations accumulate with the same
probability per cell division during expo-
nential growth and linear stem-cell division
(u.=uy), then the increase in risk from
mutations arising in development ranges
from 10-100%. If, as has been claimed®,
mutation rates in stem cells are much lower
than those during exponential growth,
(u;<<u,), then almost all cancer arises
from predisposed stem-cell lineages that
were mutated during development.

The risk of cancer from somatic muta-
tions during development could be quanti-
fied by studying inbred rodents. The
number of predisposing mutations per
individual will vary according to the
Luria-Delbriick distribution (Fig. 1b). Indi-
viduals with many predisposing mutations
are likely to develop multiple independent
tumours relatively early in life, whereas
those with few predisposing mutations
should develop few tumours relatively late
in life. Controlled experiments have shown
variability in cancer susceptibility among
inbred rodents®, but the causes of this vari-
ability have not been determined.

Mutations during development seed a
young individual with a small fraction of
mutated stem cells. Those relatively few
mutated lineages may therefore be respon-
sible for a substantial proportion of the
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Figure 1 The role of tissue architecture in the accumulation of
mutations during development. a, The phases of cellular growth in
epithelial tissues. Cell populations increase exponentially during
development, shown by a branching phase of division; at the end of
development, stem cells differentiate in each tissue compartment
(circles); stem cells renew each compartment by dividing to form a
nearly linear cellular history (dashed lines) — each stem-cell divi-
sion gives rise to one daughter stem cell that continues to renew the
tissue and to one daughter transit cell that divides rapidly to produce
a short-lived lineage that fills the tissue. b, The cumulative probabil-
ity, p, for the number of stem cells mutated during development. By
plotting log[p/(1 — p)], the zero line gives the median of the distrib-
ution. N, number of stem cells produced during exponential growth.
The number above each line is v, the mutation probability per cell
added to the population during exponential growth. For a single
gene, v, is probably of the order of 1077; thus, if there are 100
genes for which initial mutations can influence the progression to
cancer, then v, is roughly of the order of 10~°. The Luria-Delbriick
distribution plotted here was calculated using equation (8) of ref. 7.

cancers that develop later in life.
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