
with widely different environments. This strong-
ly supports the idea that R mutations make major
contributions to cancer (see also fig. S1). How-
ever, the actual contribution of R mutations to
any particular cancer type cannot be reliably es-
timated from such correlations. The approaches
described here—a combination of cancer se-
quencing data and conservative analyses of envi-
ronmental and hereditary risk factors—provide
such estimates. They indicated that even in lung
adenocarcinomas, R contributes a third of the
total mutations, with tobacco smoke (includ-
ing secondhand smoke), diet, radiation, and oc-
cupational exposures contributing the remainder.
In cancers that are less strongly associated with
environmental factors, such as those of the pan-
creas, brain, bone, or prostate, the majority of the
mutations are attributable to R.
These data and analyses should help clarify

prior confusion about the relationship between
replicative mutations and cancer (23–28). First,
the data demonstrate that the correlation between
cancer incidence and the number of stem cell
divisions in various tissues cannot be explained
by peculiarities of the U.S. population or its en-
vironment. This correlation is observed worldwide,
as would be expected for a fundamental biolog-
ical process such as stem cell divisions. Second,
these results explicitly and quantitatively address
the difference between cancer etiology and can-
cer preventability. As illustrated in Figs. 2 and 3,
these concepts are not equivalent. A cancer in

which 50% of the mutations are due to R can
still be preventable. The reason for this is that
it generally requires more than one mutation
to develop the disease. A cancer that required
two mutations is still preventable if one of the
mutations was due to R and the other due to an
avoidable environmental factor.
Our results are fully consistent with epide-

miological evidence on the fraction of cancers in
developed countries that are potentially prevent-
able through improvements in environment and
lifestyle. Cancer Research UK estimates that 42%
of cancer cases are preventable (17); the U.S. Cen-
ters for Disease Control and Prevention estimates
that 21% of annual cancer deaths in individ-
uals <80 years old could be prevented (29).
Of equal importance, these studies provide

a well-defined, molecular explanation for the
large and apparently unpreventable component
of cancer risk that has long puzzled epidemiol-
ogists. It is, of course, possible that virtually all
mutations in all cancers are due to environ-
mental factors, most of which have simply not
yet been discovered. However, such a possibility
seems inconsistent with the exhaustively docu-
mented fact that about three mutations occur
every time a normal cell divides and that nor-
mal stem cells often divide throughout life.
Our studies complement, rather than oppose,

those of classic epidemiology. For example, the
recognition of a third, major factor (R) underlying
cancer risk can inform epidemiologic studies by

pointing to cancers that cannot yet be explained
by R (i.e., those with too few stem cell divisions to
account for cancer incidence). Such cancer types
seem particularly well suited for further epide-
miologic investigation. Additionally, R mutations
appear unavoidable now, but it is conceivable that
they will become avoidable in the future. There
are at least four sources of R mutations in normal
cells: quantum effects on base pairing (30), mistakes
made by polymerases (31), hydrolytic deamina-
tion of bases (32), and damage by endogenously
produced reactive oxygen species or other metab-
olites (33). The last of these could theoretically
be reduced by the administration of antioxi-
dant drugs (34). The effects of all four could, in
principle, be reduced by introducing more effi-
cient repair genes into the nuclei of somatic cells
or through other creative means.
As a result of the aging of the human pop-

ulation, cancer is today the most common cause
of death in the world (12). Primary prevention is
the best way to reduce cancer deaths. Recognition
of a third contributor to cancer—R mutations—
does not diminish the importance of primary
prevention but emphasizes that not all cancers
can be prevented by avoiding environmental risk
factors (Figs. 2 and 3). Fortunately, primary pre-
vention is not the only type of prevention that
exists or can be improved in the future. Sec-
ondary prevention, i.e., early detection and inter-
vention, can also be lifesaving. For cancers in
which all mutations are the result of R, secondary
prevention is the only option.
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Fig. 3. Etiology of driver gene mutations in women with cancer. For each of 18 representative
cancer types, the schematic depicts the proportion of mutations that are inherited, due to environmental
factors, or due to errors in DNA replication (i.e., not attributable to either heredity or environment).The sum
of these three proportions is 100%. The color codes for hereditary, replicative, and environmental factors
are identical and span white (0%) to brightest red (100%). The numerical values used to construct this
figure, as well as the values for 14 other cancer types not shown in the figure, are provided in table S6. B,
brain; Bl, bladder; Br, breast; C, cervical; CR, colorectal; E, esophagus; HN, head and neck; K, kidney; Li, liver;
Lk, leukemia; Lu, lung; M, melanoma; NHL, non-Hodgkin lymphoma; O, ovarian; P, pancreas; S, stomach;
Th, thyroid; U, uterus. [Image: The Johns Hopkins University]
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