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Don’t stop for repairs in a war zone: Darwinian
evolution unites genes and environment in
cancer development
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Cancer development is an evolutionary
process involving replication, varia-
tion, and selection within the body of an
organism (1). Therefore, just as species
are shaped by the surrounding habitat, the
properties of cancer cells should mirror
their somatic environment. Based on this
Darwinian perspective, and a large
amount of circumstantial evidence, G.
Gaudernack and I (2) recently proposed a
general explanation for the elevated mu-
tation rate that drives carcinogenesis.
Bardelli ef al. (3) have now tested this
hypothesis in an elegant set of experi-
ments, and in this issue of PNAS they
present evidence for direct evolutionary
relationships between carcinogenic envi-
ronments and specific types of genetic
instability.

Genetic instability designates genome-
wide elevation of mutation rate in cancer
cells and mutants of single-cell organ-
isms. Two distinct phenotypes have been
characterized, and most cancers can be
classified in one of these categories (4).
Chromosomal instability (CIN) is the
dominating phenotype of cancer cells
and is recognized as numerical and struc-
tural aberrations of the genome. CIN has
been related to genetic repair and mi-
totic control pathways, but the under-
lying mechanisms appear complex and
remain to be clarified. Microsatellite in-
stability (MIN), on the other hand, is a
direct consequence of defects in nucleo-
tide mismatch repair (MMR). The MMR
machinery removes misincorporated nu-
cleotides from the DNA molecule, and
MIN is recognized as alterations at the
nucleotide level, particularly in repeti-
tive sequences. These mutation patterns
are found in subsets of several cancer
types, and germ-line defects in MMR
underlie a cancer syndrome, hereditary
nonpolyposis colon cancer, character-
ized by tumors with MIN.

Genetic instability appears early in tu-
morigenesis and is believed to play a crit-
ical role in the malignant process. Cells
with CIN are found to activate or increase
the number of copies of oncogenes and
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lose tumor-suppressor genes, whereas
cells with MIN accomplish the same
through mutations in repetitive DNA se-
quences (5). This relationship is well doc-
umented, and the effects of genetic insta-
bility in cancer development are
straightforward in terms of Darwinian
evolution: Genetic instability provides a
repertoire of mutants from which the en-
vironment selects favorable variants (6).
The “Darwinian problem” with genetic
instability has been to explain why and
how these phenotypes evolve in the first
place (7). Why do mutants that ignore
DNA damage outgrow the normal cells of
the body, and how is this related to broiled
meat and smoking and other factors that
cause cancer? One shortcut has been to
assume that environmental mutagens
cause genetic instability by chance, which
in turn provides favorable mutations (8).
The fundamental problem with this
model, however, is that an elevated mu-
tation rate will destroy favorable genes by
the same mechanisms that generate them
and that stochastic mutations are much
more likely to be deleterious than growth
promoting. Elevated mutation rate, per se,
therefore can not explain the rise and
expansion of cells with genetic instability.
The observation that practically all cancer
cells express some form of genetic insta-
bility therefore demands an alternative
explanation.

Another puzzle with genetic instability
is that CIN and MIN are related to
cancers occurring in different anatomi-
cal locations. This is particularly evident
for colorectal cancer, where MIN tumors
are confined to the proximal segments of
the bowel, whereas CIN tumors are most
abundant in the distal colon and rectum
(9). This curious phenomenon strongly
suggests that genetic instability is not
a random event and led G. Gaudernack
and I (10) to investigate and organize a
broad range of data related to colorectal
carcinogenesis. Of particular interest was
the hypothesis by Karran and Bignami
(11) that explains MIN as an adaptation
to methylating agents. This relationship
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later was confirmed both in vitro (12) and
in vivo (13) and is directly related to the
MMR machinery. In general, it may be
viewed in terms of costs and benefits of
DNA repair, and the bottom line is that
stopping for repairs can be a fatal strat-
egy in hostile environments (Fig. 1).

Such strategic considerations led us to
propose a general relationship between
genetic instability and mutagenic agents
and to search for environmental factors
that could favor the CIN phenotype (10).
A combination of diet-epidemiology,
mutagenic “footprints,” and DNA repair
mechanisms pointed to the miscella-
neous group of agents that cause large
alterations in the structure of DNA. Such
bulky-adduct-forming (BAF) mutagens
(14), comprising dietary components,
pollutants, and intrinsic metabolites,
therefore appeared as primary candi-
dates for a selection pressure that pro-
motes CIN. A causal relationship be-
tween the CIN phenotype and BAF
mutagens has been missing, but is now
demonstrated in an amusingly explicit
model system (3).

HCT 116 is a colon cancer cell line of
the MIN phenotype, reflecting muta-
tions of the AMLH]I gene. Koi et al. (15)
previously have designed a genetically
stable mutant of this cell line (H3) by
introducing a chromosome 3 with a nor-
mal hAMLH]1 allele, and this stabilized cell
line formed the starting point for the
experiments. The heterocyclic amine and
well-characterized carcinogenic compo-
nent of broiled meat, PhIP (2-amino-1-
methyl-6-phenylimidazo[4,5-b]pyri-
dine), was chosen as the BAF selection
pressure (16), and clones that survived
cytotoxic levels of PhIP were verified as
resistant to the mutagen. Bardelli et al.
(3) then analyzed them for chromosomal
aberrations in the resistant clones and
found a striking level of CIN in every one
of them. To complete the testing of the

See companion article on page 5770.
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Fig. 1.
is indicated, whereas team Il (red) ignores all warning lights. Team | wins under ordinary conditions (A) because it always has a faultless vehicle, whereas team
Il accumulates errors. In the harsher environment (B) the vehicles accumulate damages more quickly than can be repaired, and team | gets trapped in the
checkpoint. Team II, on the other hand, jerks along in its faulty vehicle with a fair chance of making the finish line. This simple assessment of repair strategies
thereby provides an explanation for the paradox that mutagenic environments favor repair deficiency.

hypothesis they performed the same pro-
cedure with a methylating selection pres-
sure and confirmed the rise of methyla-
tion-tolerant and MMR-deficient cells of
the MIN phenotype (Fig. 2). This con-
ceptually simple experiment thus indeed
shows that CIN and MIN reflect resis-
tance to different carcinogens and that
genomic instability in cancers may mir-
ror the mutagenic environments in which
they evolve.

Over the last decades there has been
substantial research on linking specific
factors in the environment to mutagenic
footprints in cancer cells (17). The Dar-
winian relationship between genes and
environment now presented by Bardelli et
al. (3) brings this field of molecular epi-
demiology to a new level. Cancer-
promoting agents do not only leave foot-
prints on DNA; they shape the somatic
evolution of the entire genome of cancer
cells. By combining molecular mecha-
nisms, Darwinian models, and high-
throughput technologies it should there-
fore be possible to extract considerable
amounts of etiological information from
the individual tumor.

The etiological implications of these
findings are thus significant, and so are the
therapeutic. Most cancer drugs are them-
selves mutagens (18) and must be ex-
pected to affect the evolution of cancers
just like environmental agents. If the ef-
fect of PhIP reflects a general phenome-
non, it will therefore be irrational to treat
cancers of the CIN phenotype with any
type of BAF agents, and MIN tumors
certainly should not be treated with meth-
ylating agents. Cancer therapy is about
manipulating the somatic environment in
a way that disfavors the evolution of neo-
plastic cells, and this Darwinian perspec-
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tive has immediate implications for clini-
cal practice.

It has previously been shown that CIN
is associated with disruption of the mi-
totic spindle checkpoint, involving dom-
inant mutation of the ABUBI gene (19).
Bardelli et al. (3) therefore went on to
explore the relationship between CIN
and BAF agents the other way around.
The starting point was again a colon
cancer cell line of the MIN phenotype,
but these cells (BUB-DLD1) had been
engineered to allow regulated expression
of a mutant hBUBI gene. Cells not ex-
pressing the mutant gene were chromo-
somally stable, whereas expression in-
duced the CIN phenotype. Bardelli et al.
then tested for resistance to PhIP. The
CIN cells were resistant to the cytotoxic
effects of the mutagen, whereas the chro-
mosomally stable cells were not.

This experiment thus confirms the re-
lationship between PhIP and CIN and
points to defects in chromosomal segre-
gation as an underlying mechanism.
Bardelli et al. were unable to identify
such defects in the clones that evolved
CIN through carcinogen selection, and
there is apparently more to CIN than
disrupted segregation of chromosomes.
In particular, CIN also involves instabil-
ity within the chromosomes, and seg-
mental losses and amplifications, as well
as translocations, are part of the pheno-
type. Such chromosomal shuffling, espe-
cially if involving centromeric regions,
should be expected to activate apoptotic
mechanisms. Loss of function of the mi-
totic spindle checkpoint therefore may
be secondary to rearrangements, and it is
interesting to speculate that nucleotide
excision repair (NER) (20), which re-
pairs bulky-adducts and causes chromo-
somal rearrangements, is an important
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The cell cycle Grand Prix and effects of opposing repair strategies in different environments. Team | (green) always stops for repairs when a problem

component of CIN. In theory, NER
could explain CIN the same way that
MMR is related to MIN, but that does
not appear to be the case because NER
deficiency is rare in most cancers. An
alternative is therefore to look for de-
fects in the coupling between NER and
cell cycle control (21, 22). This would be
the equivalent of making repairs without
stopping. It is destabilizing and risky, but
in a mutagenic “war zone” it might be
the only option (Fig. 1).
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Fig.2. Mutagenicselection of genetic instability.
Bardelli et al. (3) started out with the genetically
stable cell line H3 (HCT 116 artificially comple-
mented with chromosome 3). This cell line was first
exposed to selection pressure involving cytotoxic
levels of PhIP. The selected cells expressed CIN,
illustrated as a trisomy and a translocation. The
same cell line (H3) then was exposed to selection
pressure involving cytotoxic levels of MNNG (N-
methyl-N'-nitro-N-nitrosoguanine). This time the
selected cells expressed MIN, illustrated as slippage
in a repetitive sequence. The experiment thus sup-
ports the hypothesis that the CIN and MIN pheno-
types reflect Darwinian adaptations to different
mutagenic environments, methylating and BAF
agents, respectively.
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Several puzzles concerning genetic in-
stability thus remain, and its relation to
instability of DNA methylation patterns
represents another focus of attention (23).
Such patterns of epigenetic information
also are replicated, mutated, and selected
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