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Genetic Instability Is Not a Requirement for Tumor Development
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Introduction: Arguments for a Requirement for
Genomic Instability

Arguments against a Requirement for Genomic
Instability

The idea, originating in the early years of the 20th century, that
each cancer is an independent somatic evolutionary process has
been abundantly confirmed by modern molecular approaches
(1–3). Genetic and epigenetic changes that increase the chance of
outgrowth of the developing tumor are successively selected for.
It has, however, often been argued that normal mutation rates
are not sufficient to explain the number of steps that seem to be
needed for giving rise to a cancer. This has led to the hypothesis
that there is a requirement for genomic instability in the somatic
evolution of sporadic cancers. The instability is assumed to be due
to an increase in gene mutation rates or to an increase in the rate
of production of chromosomal abnormalities (4–6). In apparent
support of this hypothesis is the observation of increased mutation
rates in certain types of sporadic cancers due to the presence of
mutations in genes involved in DNA repair, and the fact that a high
proportion of cancers, especially the common carcinomas, have
grossly deranged karyotypes. The argument for genomic instability,
however, seems to ignore the power of natural selection, which is
so fundamental to any process of Darwinian evolution.

Mismatch repair mutations do not generally occur before
APC changes. The most striking readily observed change in
mutation rate in human cancers is due to the occurrence of
mutations in, or epigenetic silencing of, one of the genes
controlling repair of mismatched (MMR) DNA lesions, primarily
hMLH1 or hMSH2. This was first shown in colorectal cancers
through the discovery that one of the commonest forms of clearly
inherited susceptibility was due to germline mutations in one or
other of these mismatch repair genes. Individuals carrying such a
mutation in the heterozygote state do not show increases in
mutation rates in lymphoblastoid cell lines derived from their
normal lymphocytes compared with noncarriers of mismatch
mutations. Their cancers, however, do show an increased mutation
rate, as expected from the loss of mismatch repair function in their
tumors, resulting from loss of the wild-type version of their
mutated mismatch repair gene. Approximately 10% to 20% of
sporadic colorectal cancers are also mismatch repair deficient,
often due to epigenetic silencing of the hMLH1 gene, sometimes in
association with mutations in this gene. If this change were
selected for because of its effect on the mutation rate, then one
would expect that it occurred early because that is the time when
the mutation rate is necessarily limiting, namely when the
population size of the tumor is smallest. However, it has been
shown that mismatch repair mutations do not occur before APC
mutations in sporadic colorectal cancers (8). Tumors relatively
rapidly reach sizes of f1cm3, which corresponds to f109 cells,
within which there will be mutations in almost every gene, given
reasonable assumptions about the normal mutation rate.
Only a limited range of repair mutations is found in tumors.
Excision repair mutations, which are well-known to give rise to
recessively inherited cancer susceptibility, rarely, if ever, occur in
sporadic cancers. Missense variants in the base excision repair gene
MYH have been shown to be associated with a form of familial
polyposis that is recessive (or due to noncomplementing heterozygotes; ref. 9). However, MYH mutations are not found as somatic
mutations in sporadic cancers. These observations strongly imply
that there is no simple association between increased mutation
rates and tumorigenesis.
If the mutations were there purely because of their effect on
mutation rate, then one would expect to find a much wider range
of types of such mutations in cancers. DNA repair mutations are,
moreover, nearly always recessive. That means that two mutational
events are required before there is any increase in mutation rate.
Only then can any advantage of this increase be expressed through
a higher rate of production of genetic mutations that are directly
selected for. Under the basic assumption that it is only the
increased instability that is selected for and not any direct selective
effect of the mutated repair gene, these have to accumulate in the
incipient tumor by chance, whereas any mutation with a direct
selective effect, for example, on growth rate or independence, will

The Power of Natural Selection
The contrast between the arguments for genetic instability, as
opposed to the power of natural selection, is analogous to the
arguments between De Vries, a rediscoverer of Mendelian
inheritance at the turn of the 19th to 20th century, and the
Darwinians. De Vries argued that evolution was driven by mutation
not selection. He was led to this idea because he saw an apparently
high mutation rate in the plant Oenothera he was working with.
This, however, turned out to be due to recombination between
chromosomes in a highly convoluted karyotype. RA Fisher, on the
other hand, who was my PhD teacher and one of the founders of
population genetics based on Mendelian principles, showed that
quite small selective advantages and very low mutation rates could
readily account for the evolutionary process (7), and I believe that
the same is true for cancers. It seems strange that a lack of
appreciation of the power of natural selection should again turn up
in this modern context in relation to cancer.
I will now review the wide range of arguments against a need for
genomic instability for the development of cancers and provide an
explanation for why, nevertheless, genetic instability of cancers is
often seen.

Requests for reprints: Walter Bodmer, Cancer and Immunogenetics Laboratory,
Cancer Research UK/Weatherall Institute of Molecular Medicine, Oxford OX3 9DS,
United Kingdom. Phone: 44-0-1865-222422; Fax: 011-44-0-1865-222431; E-mail:
walter.bodmer@hertford.ox.ac.uk.
I2008 American Association for Cancer Research.
doi:10.1158/0008-5472.CAN-07-6544

Cancer Res 2008; 68: (10). May 15, 2008

3558

www.aacrjournals.org

Downloaded from cancerres.aacrjournals.org on July 21, 2017. © 2008 American Association for Cancer
Research.

Genetic Instability and Tumor Development

immediately increase because of that selective effect. It can be
shown theoretically, under very reasonable assumptions, that in
that case, selectively advantageous mutations will spread through
the tumor before there has been much of a chance for two repair
mutations that lead to an increased mutation rate to occur (10).
In considering the effects of increased mutation rates on
cancers, it is very important to distinguish somatic from germline
mutations, such as occur in the DNA repair deficiency syndromes.
The latter are almost always recessive, are found necessarily in
every cell in the body, and lead to a systemic increase in the
mutation rate, namely an increase in every cell in the body. Clearly,
an overall increased mutation rate, or one that is influenced by a
wide spread environmental mutagen such as sunlight, is expected
to lead to an increased cancer incidence because it will enormously
increase the risk of initiating mutations for a cancer.
Tumor suppressor mutations are not really recessive in
tumors. Knudson’s famous hypothesis was that there should be a
relationship between germline and somatic cancer–related mutations (11). He proposed that a germline mutation in one copy of a
gene that acted recessively in a tumor could give rise to an
inherited susceptibility to cancer. This is because only one further
event, namely another mutation in the same gene, would be
needed somatically to create the recessive condition in the tumor
cells that gives them their advantage. Subsequently, it has been
shown that most, probably all, so-called tumor suppressors are not
truly recessive in their action on a cancer. The first event already
has some advantage, even if it is just a reduction of the gene
dosage, and so gene activity, by half, namely ‘‘haploinsufficiency.’’
Occasional tumors, for example, are found with a single change in a
MMR gene, usually due to ‘‘hemimethylation,’’ and so without MMR
deficiency, suggesting that just reducing the level of hMLH1
product by a factor of two is enough to give the tumor some
selective advantage (12).
Evidence for an advantage for the first APC mutation comes
from the observation of a specific relation between the first and
second APC mutations (13). About 60% of the somatic mutations
cluster near the middle of the APC gene at a critical point for the
function of the APC protein, and it seems that mutations in that
region confer a greater selective advantage for the outgrowth of a
tumor than mutations elsewhere, but this advantage is only fully
expressed when the remaining wild-type allele is mutated or lost
(see 14).
The carboxy terminus of APC contains a binding site for the endbinding protein EB1 that is closely associated with the centromere
and the mitotic spindle. There is, thus, some evidence to suggest
that APC mutations may contribute to chromosomal instability.
However, MMR-defective colorectal cancers, which are mostly near
diploid, do not become grossly chromosomally abnormal even if
they are also mutated in the APC gene. In addition, mice with APC
mutations that are defective in this COOH-terminal function of the
APC protein do not produce tumors in the gut (15). Thus, although
this function of the APC gene may certainly be of biological
importance, it does not seem to contribute to the early selection
for APC mutations in colorectal cancers.
There is considerable evidence for some dominant effect of the
first TP53 mutation. The high proportion of protein-producing
mutations suggests a dominant (negative) effect (16).
Thus, at least in the case of APC, TP53, and probably hMLH1,
there is clear evidence for a selective advantage of the first
mutation, although selection nearly always leads subsequently to
complete loss of the normal function of the gene.
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Not all cancers are chromosomally unstable. Chromosomal
instability does not just refer to the occurrence of one or two
abnormal chromosomes, nor to loss of heterozygosity. It means a
grossly abnormal, and usually quite variable, karyotype, whose
genetic basis is mostly not yet understood. By this definition, by no
means are all cancers chromosomally unstable. For example, many
leukemias and lymphomas are chromosomally stable and have only
a limited number, often only one, abnormal chromosome(s), as in
the classic case of chronic myelogenous leukemia. Although most
carcinomas eventually have clear chromosomal instability, not all
do. Notably, MMR deficient colorectal tumors are mostly stable and
near diploid (17), and occasional other tumors are also.
Chromosomal instability is not found in adenomas. Chromosomal instability is mostly not found in early precancerous
growths, such as in colorectal adenomas, which are the precursors
of nearly all colorectal cancers (6, 18). If instability were critical for
the development of a tumor, it would be expected to occur early.

Epigenetic Changes
It was suggested many years ago that, in addition to mutation,
relatively stable epigenetic changes could also be selected for in
tumor evolution (see 19). The one known and much studied epigenetic mechanism is methylation (20). Depending on the mechanism, methylation may occur independently on each strand of the
DNA or coordinately on both strands at more or less the same
time. In the first case, it is quite analogous to mutation but probably occurs at a somewhat higher rate. Coordinate methylation
changes could be influenced by various stress factors, including
inflammatory responses (see 21). Methylation will only be a selective mechanism if either reducing the amount of gene product or
eliminating it is the basis for the selection.
Although it has been suggested that there may be cancer
‘‘methylator’’ phenotypes, perhaps analogous to mutator phenotypes, our analysis of the methylation of several genes in colorectal
cancer–derived cell lines does not support this idea.1 The methylation patterns, which do show correlations between the methylation
changes in different genes, seem to be just as might be expected for
an evolutionary process in which methylation is an alternative to
mutation (see 3).

Environmental Effects on Cancer
There are, as might be expected, well-known environmental
factors influencing cancer incidence that clearly involve major
mutagenic effects, notably smoking, ionizing radiation, sunlight,
and possibly viruses. However, it seems likely that other known
environmental effects, especially diet, hormonal factors, and
probably Helicobacter, are most probably not due to mutagens.
The most striking evidence for this in the case of colorectal cancer
is the lack of the sort of signature in the mutational spectra for APC
and TP53 mutations that would be expected from obvious
environmental mutagens (22, 23). The contrast with lung cancer
in the incidence of G to A transversions is very clear, and it was the
unusual incidence of such transversions in APC mutations in
cancers from unexplained polyposis families, which led to the
discovery of MYH variants as a basis for recessive polyposis (9).
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Conclusions
Why are somatic mutations found in sporadic tumors in repair
and related genes, such as TP53, and why is there so often
chromosomal instability in sporadic cancers if the instability itself
is not the primary driving force?
The answer almost certainly lies in the relation between repair or
chromosomal instability, and apoptosis. Selection in tumors against
apoptosis is as important, if not more so, than selection for
increased growth rate (see 24). Each repair pathway seems to have a
default line to apoptosis, in case the magnitude of DNA damage is
excessive. This is also true for the control of chromosomal integrity
during cell division. For TP53 mutations, it has become clear that a
major selective effect is against apoptosis, presumably by some sort
of dominant interference with the pathway from p53 to apoptosis.
The same is likely to be the case for hMLH1 and hMSH2 mutations,
and can be presumed to be likely for aspects of the control of
chromosomal integrity, other than by p53.
Selection against apoptosis could account for the reason why
only a small subset of genes involved in repair is found to be
mutated somatically in tumors. Only that subset may give rise to
interference with the apoptotic pathways and so to the selective
advantage, initially in the heterozygote, which accounts for their
presence in many cancers.
It has been claimed that the overall number of mutations seen in
cancers, whether functionally relevant or not, cannot be accounted
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for without an increase in the mutation rate. However, based on
quite reasonable assumptions about the normal mutation rate and
the cell biology of cancer development, it can be shown that this is
not the case (25).
The key issue is that mutations that provide a selective
advantage are essential for tumorigenesis. The direct selective
effects of such mutations override the secondary effects of
mutations that increase genomic instability and only indirectly
contribute to the somatic evolution of cancers. Genomic instability
may, however, often be a byproduct of direct selective effects. It will
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subsequent evolutionary behavior of a cancer.
Most sporadic tumors start to grow with a normal mutation rate
as they accumulate their successive advantageous mutations
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mutator phenotype before they present clinically, it is not necessary
to invoke an increased mutation rate to explain the development of
cancers.
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Response
In the accompanying article, Bodmer emphasizes the importance of selection in tumor evolution. We agree, as we believe that
selection of mutator mutations increases the mutation rate, fuels
further selection, and drives carcinogenesis. Competition experiments invariably show the selective advantage of mutators over
nonmutators (1). Mathematical modeling shows that mutator
pathways are more efficient than nonmutator pathways (2). It
seems unlikely that less efficient processes would predominate in
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nature. Bodmer presents arguments against the mutator phenotype. First, he states that in human nonpolyposis colon cancer,
mutations in the adenomatous polyposis coli (APC) gene precede
loss of the wild-type mismatch repair gene. This is controversial (3)
and recent data have established a role for APC in genomic stability
and base excision repair (4). Second, Bodmer asserts that there are
only a limited number of DNA repair mutants in tumors; however,
large-scale sequencing studies have identified a high prevalence of
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mutations in DNA repair in cancer cell lines. For example, the
Cancer Genome Project reports that 60% and 58% of cancer cell
lines have somatic mutations in DNA repair and replication genes,
respectively (5). Third, he considers models with only recessive
mutator mutations when many dominant mutator sites exist.
Fourth, he considers models with only two mutational events for
oncogenic transformation despite epidemiologic (6) and in vitro (7)
evidence for 6 to 12 events. Moreover, DNA sequencing has
revealed an average of 9 (range 318) and 12 (range 423) candidate
cancer gene mutations in breast and colorectal tumors, respectively
(8). Last, he claims that normal mutation rates in 5,000 stem and

References
1. Mao EF, et al., Proliferation of mutators in A cell
population. J Bacteriol 1997;179:417-22.
2. Beckman RA, Loeb LA. Efficiency of carcinogenesis
with and without a mutator mutation. Proc Natl
Acad Sci U S A 2006;103:14140-5.
3. Wang Z, et al. Three classes of genes mutated in colorectal cancers with chromosomal instability. Cancer Res
2004;64:2998-3001.

www.aacrjournals.org

1,000 tumor cell generations can account for tumor diversity (7).
If correct, in contradiction to experimental findings (9), much of
the diversity in tumors would also be present in surrounding
normal tissue. The genesis of cancer is not only of academic
interest. Early genetic instability would not only produce causative
mutations but also produce multiple random mutations that
may be a sentinel of tumor heterogeneity and a source of drug
resistance.
Lawrence A. Loeb
University of Washington School of Medicine
Seattle, Washington

4. Kundu CN, et al. Adenomatous polyposis
coli-mediated hypersensitivity of mouse embryonic fibroblast cell lines to methylmethane
sulfonate treatment: implication of base excision repair pathways. Carcinogenesis 2007;28:
2089-95.
5. Available from the Wellcome Trust Sanger Institute
Cancer Genome Project web site, http://www.sanger.ac.
uk/genetics/CGP.
6. Cook PJ., Doll R, Fellingham SA. A mathematical

3561

model for the age distribution of cancer in man. Int J
Cancer 1969;4:93-112.
7. Hanahan D, Weinberg RA. The hallmarks of cancer.
Cell 2000;100:57-70.
8. Sjoblom T, et al. The consensus coding sequences of
human breast and colorectal cancers. Science
2006;314:268-74.
9. Bielas JH, et al. Human cancers express a mutator
phenotype. Proc Natl Acad Sci U S A 2006;103:
18238-42.

Cancer Res 2008; 68: (10). May 15, 2008

Downloaded from cancerres.aacrjournals.org on July 21, 2017. © 2008 American Association for Cancer
Research.

Correction
Correction: Genetic Instability Is Not a Requirement
for Tumor Development
In the Point-Counterpoint Review article in the May 15, 2008
issue of Cancer Research (1), Drs. Jason H. Bielas and Robert A.
Beckman should have been included as the second and third
authors, respectively, of the Response section. The affiliation for Dr.
Bielas is the Department of Pathology, University of Washington
School of Medicine, Seattle, Washington and the affiliations for
Dr. Beckman are Oncology Clinical Research, Merck Research
Laboratories, North Wales, Pennsylvania and Simons Center for
Systems Biology, Institute for Advanced Study, Princeton, New
Jersey.
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