Multiple mutations and cancer
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Most human tumors are highly heterogenous. We have hypothesized that this heterogeneity results from a mutator phenotype. Our
premise is that normal mutation rates are insufficient to account for the multiple mutations found in human cancers, and, instead, that
cancers must exhibit a mutator phenotype early during their evolution. Here, we examine the current status and implications of the
mutator phenotype hypothesis for the prognosis, treatment, and prevention of human cancers.

ancer is a disease that develops

slowly. For most solid human

tumors, there is a 20-year inter-

val from carcinogen exposure to
clinical detection. During this time, cancer
cells acquire the capacity to divide, in-
vade, and metastasize. The mutator phe-
notype hypothesis proposes that these
phenotypes result from mutations in genes
that maintain genetic stability in normal
cells. Mutations in genetic stability genes
can cause mutations in other genes that
govern genetic stability, initiating a cas-
cade of mutations throughout the ge-
nome. Some of the resulting mutations
will confer a selective advantage(s), allow-
ing the mutated cells to expand and
achieve clonal dominance.

In this perspective, we first consider the
evidence that individual malignant cells in
human tumors contain thousands of ran-
dom mutations. Extensive heterogeneity
of tumor genomes has important implica-
tions for cancer treatment. Second, we
evaluate the potential roles of a mutator
phenotype (1) and selection (2) during
tumor progression. Third, because it is
instructive, we analyze important evidence
countering the mutator phenotype con-
cept, e.g., studies indicating that a defined
sequence of specific cancer-associated mu-
tations occurs during tumorigenesis, and
other theories suggesting that the large
numbers of mutations found in cancers
can result from normal replicative pro-
cesses. Last, we consider the implications
of a mutator phenotype for cancer
therapy.

The Mutator Phenotype Hypothesis

For many years, my colleagues and I have
proposed and developed the hypothesis
that cancer cells exhibit a mutator pheno-
type, e.g., ref. 1. The basic premise is that
normal mutation rates are insufficient to
account for the multiple mutations ob-
served in cancer cells, and, therefore, mu-
tations that increase mutation rates are
essential to account for the large numbers
of mutations observed in human tumors.
The mutator phenotype hypothesis was
originally postulated for mutations in
genes that control the fidelity of DNA
replication and/or the efficacy of DNA
repair. We now know that mutator muta-
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tions can arise in genes whose products
function in additional processes that main-
tain the normal DNA sequence in cells.
Hence, this hypothesis has evolved to en-
compass more recently discovered genes
(3) that govern processes such as chromo-
some segregation, damage surveillance
(e.g., checkpoint control) and cellular re-
sponses (e.g., apoptosis). The mutator
phenotype arising from mutations in ge-
netic stability genes can have diverse man-
ifestations, such as point mutations, mic-
rosatellite instability, and loss of
heterozygosity (LOH).

Evidence for Multiple Mutations in
Human Cancers

Mutations are heritable changes in the
nucleotide sequence of DNA and, as such,
include chromosomal abnormalities. Until
recently, evidence for multiple mutations
in human cancers was based mainly on
chromosome aberrations. Although multi-
ple abnormal chromosomes are found in
most solid tumors, they are seldom diag-
nostic of tumor type nor are they indica-
tive of prognosis. An exception is the
characteristic translocations involving rear-
rangements of specific chromosomes that
have been instrumental in the diagnosis of
several hematologic malignancies and sar-
comas. Comparative genomic hybridiza-
tion (CGH), a technique that measures
changes in DNA copy number, and spec-
tral karyotyping (SKY), the visualization
of chromosome rearrangements, have af-
forded higher resolution than cytological
observations, but detection of mutations is
still limited to stretches spanning millions
of nucleotides. In most tumors, there are
multiple regions that exhibit abnormalities
in CGH (4) and SKY (5). Augmenting
this evidence are the demonstrations that
tumors display amplification of segments
of DNA at high frequencies (6) and also
exhibit loss of heterozygosity LOH result-
ing from deletions in one of the parental
chromosomes (7). Importantly, Klein et al.
(8), by applying both CGH and LOH to
single metastatic cells in human bone
marrow, demonstrated multiple chromo-
some alterations in single cancer cells.
CGS and LOH survey only small fractions
of the genome; extrapolation to the entire
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genome suggests that tumors contain
thousands of mutations (9).

Direct evidence for thousands of muta-
tions in cancer cells has come from the
observations of changes in the length of
repetitive nucleotide tracts (microsatel-
lites) in tumor DNA from patients with
hereditary nonpolyposis coli (HNPCC).
These patients harbor mutations in mis-
match repair genes (10, 11). Failure of the
mismatch repair system to correct slippage
errors made by DNA polymerases during
copying of repetitive sequences gives rise
to the length changes (microsatellite insta-
bility). It is estimated that as many as
100,000 repetitive sequences per genome
are altered in HNPCC. Investigation of
sporadic colon cancers also indicates that
a large number of additions and deletions
have occurred in sequences between re-
petitive elements (12), some of which
could result from reduced expression of
mismatch repair genes (13). In addition,
microsatellite instability has been detected
in a variety of tumors that are not known
to harbor mutations in mismatch repair
genes, and in premalignant conditions as-
sociated with chronic inflammation (12),
suggesting that changes in cellular envi-
ronments can induce a transient defi-
ciency in mismatch repair and result in a
mutator phenotype. Because repetitive
sequences are also present within exons,
length instability can be manifested as
frameshift mutations that inactivate
genes, including genes that suppress
tumor formation. Importantly, repetitive
sequences have been found within the
coding regions of several genomic stability
and growth regulatory genes, including
hMSH3, hMSH6, TGF-B, APC, IGF-RI],
and BAX (listed in ref. 14), and somatic
cells exhibiting increased microsatellite
instability also exhibit increased mutation
rates in expressed genes (15). Thus, it
seems likely that repetitive sequences are
“hot spots” for mutagenesis and may
serve as markers for the presence of
other types of mutations throughout the
genome.
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Maintenance of the Genome

The genome of normal cells is in a dy-
namic equilibrium, representing a balance
between processes that generate muta-
tions and processes that maintain the nor-
mal nucleotide sequence. In the forward
direction, large numbers of reactive cellu-
lar metabolites and environmental agents
alter the chemical structure of DNA, and
these alterations can result in mutations
upon subsequent replication; moreover,
DNA polymerases generate mutations
even when copying undamaged DNA. In
the reverse direction, a multiplicity of
DNA repair processes restore the normal
nucleotide sequence. The initial hypothe-
sis of a mutator phenotype was focused
on mutations that diminish the fidelity of
DNA synthesis. In normal cells, duplica-
tion of the base sequence in nuclear DNA
is exceptionally accurate, the overall error
rate being one misincorporated base for
every billion nucleotides polymerized.
Contributions to this accuracy include the
free energy differences between comple-
mentary and noncomplementary base
pairs (a factor of 10?), nucleotide discrimi-
nation at the polymerase active site (103
to 10%), excision of noncomplementary
nucleotides immediately after incorpora-
tion (107 to 103), and postsynthetic mis-
match correction (103) (16). Together
these processes can account for the accu-
racy of DNA replication. DNA polymer-
ase-8 (pol-8) appears to be the major
DNA polymerase that catalyzes eukary-
otic DNA replication. Replacement of a
wild-type DNA pol-é gene with a mutated
allele that lacks proofreading activity re-
sults in both lymphomas and epithelial
cancers in mice (17), indicating that re-
duction in polymerase accuracy by abol-
ishment of proofreading is sufficient to
increase cancer incidence. Considering the
involvement of DNA polymerases in
DNA replicative processes, it is difficult to
envision that inherited mutations in DNA
polymerases that dramatically alter func-
tion are compatible with normal human
development. Nevertheless, such muta-
tions could arise in somatic cells and gen-
erate tumors. In the case of Escherichia
coli DNA polymerase I, a combination of
mutations that separately abolish proof-
reading and reduce base selection can
result in a 10,000-fold increase in mis-
incorporation (M. Camps and L.A.L., un-
published data). Also, in yeast, there is a
synergism between polymerase mutations
and mutations in mismatch correction
(18). Thus, multiple mutations in mecha-
nisms that guarantee the fidelity of DNA
replication could have profound effects on
mutation rates and carcinogenesis.
Damage to DNA in human cells is con-
tinuous and very extensive. For example,
there is evidence that DNA damage by
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reactive oxygen species generates 10,000
residues of 8-oxo-deoxyguanosine per cell
per day, and this is just one of the many
normal reactive molecules that damage
cellular DNA (19). The accumulation of
DNA damage may be of particular impor-
tance in stem cells that persist for long
periods of time and have the potential to
differentiate into a variety of tissues; in
fact, there is considerable evidence that
cancers arise in stem cells or early progen-
itor cells. To counteract this damage, cells
have evolved elaborate processes for de-
tecting and repairing damaged DNA
and/or preventing altered chromosomes
from passing to daughter cells. Rare in-
herited human diseases caused by muta-
tions in DNA repair genes are associated,
with few exceptions, with markedly in-
creased incidences of specific cancers.
Many cancers arise in a background of
chronic inflammation. The inflammatory
process could drive carcinogenesis by gen-
erating reactive oxygen species and stimu-
lating reparative proliferative processes
in the inflamed tissue. For example, in
chronic ulcerative colitis, adenocarcinomas
arise in a field of chronically inflamed
colonic epithelial cells that harbor multi-
ple chromosome alterations and display
dysplastic features (20). Other inflamma-
tory processes that are tightly associated
with the induction of malignancies at the
site of inflammation include pancreatitis,
hepatitis, and chronic infection of the gas-
tric mucosa with Helicobacter pylori. Infec-
tion with H. pylori is also causally linked
with the onset of a specific type of lym-
phoma; early during tumor progression,
these MALT lymphomas regress in re-
sponse to antibiotic therapy that targets
the H. pylori infection (21). Later, the tu-
mors lose responsiveness, suggesting that
they have accumulated genetic abnormali-
ties that enable autonomous growth in the
absence of stimulation by infection.
Mutations resulting from unrepaired
DNA damage in normal human cells are
also prevented by checkpoint pathways.
The activation of checkpoint pathways
results in either cell cycle arrest, extending
the time available for DNA repair, or al-
ternatively, can trigger apoptosis when
DNA damage is too extensive. The net
result is to limit the amount of DNA
damage and/or mutations inherited by
daughter cells. It has been estimated that
at least 50% of human tumors are defec-
tive in a checkpoint pathway involving
p53, and many other tumors are defective
in interacting pathways involving genes
encoding the checkpoint proteins p16 and
p19ARF (22). Mice harboring deletion of
these genes exhibit an increased incidence
of spontaneous tumors. In follicular lym-
phoma, BCL-2 is overexpressed, the cells
fail to undergo apoptosis, and, as a result,
progress to more malignant lymphomas

(23). It should be noted that tumors de-
fective for a particular checkpoint pathway
may be more sensitive to agents that pro-
duce damage normally detected by that
checkpoint. Elaborate genetic screens in
yeast have been established to identify
drugs that selectively target cells with mu-
tations in specific checkpoint pathways.

Types of Genetic Instability

It has been proposed that genetic instabil-
ity in human cancers can be divided into
two types: microsatellite instability (MIN),
which is usually equated with DNA poly-
merase errors, and chromosomal instabil-
ity (CIN), which can result from errors in
chromosome partitioning (24). In the case
of colorectal and endometrial cancers,
most tumors exhibit either CIN or MIN,
but not both. This dichotomy is consistent
with the response of cells in culture to
different chemical carcinogens (25). It is
important to note that CIN and MIN are
well characterized as a result of facile de-
tection by current methods; MIN is de-
tected by PCR-based analysis, and CIN is
detected by karyotype analysis. In con-
trast, detection of random mutations, par-
ticularly point mutations, is more difficult
(see below), and this difficulty has limited
the search for evidence of a mutator phe-
notype at the single nucleotide level.
Thus, it seems possible that in any given
tumor, MIN or CIN may be secondary to
an undetected primary instability mani-
fested as random point mutations
throughout the genome. This instability
could result from mutations in DNA poly-
merases or other genes that determine the
fidelity of DNA replication or other DNA
synthetic processes. In the case of DNA
polymerases, the most potent mutations
would be those that decrease base dis-
crimination but do not compromise cata-
lytic efficiency. We have recently found
that many DNA polymerase mutants har-
boring mutations at the active site exhibit
these characteristics (26).

With respect to the postulate of a mu-
tator phenotype at the single nucleotide
level, it is expected that the mutations
generated would be located throughout
the genome. Viewed globally, these muta-
tions would be distributed randomly, even
though there would be “hot spots” and
“cold spots” governed by the structure of
DNA, the presence of repetitive se-
quences, and bound proteins that shield
or sensitize DNA to reactive molecules.
The essentially random distribution of
mutations renders current methods inade-
quate for their detection; DNA sequenc-
ing, the gold standard, identifies only the
most frequent nucleotide substitutions at
each position. As illustrated in Fig. 1, only
substitutions at each position that are
present in at least 10% of DNA molecules
would be identified; such mutations pre-
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Fig. 1.

A mutator phenotype arising from genetic instability at the single nucleotide level is not detected in

routine DNA sequencing. The DNA sequences of oligonucleotides containing clonal and random mutations are
shown. Clonal nucleotide substitutions are in blue, and random substitutions are shown in red. The only
substitutions observed by DNA sequencing are those present in the majority of molecules, i.e., the clonal
mutations. In this example, random substitutions that constitute <10% of the nucleotides at each position are
not detected. This level of detection approximates the sensitivity of routine DNA sequencing.

sumably result from clonal proliferation.
Thus, extensive microheterogeneity within
a population of molecules would not be
detected by DNA sequencing. In fact, in
the example in Fig. 1, the observed se-
quence is not found in any of the individ-
ual oligonucleotides, each of which con-
tains a random substitution. To detect
random base substitutions that do not
lead to clonal proliferation, it is necessary
to start with single cells or to sequence
single DNA molecules. Thus, the number
of random point mutations present in tu-
mors, and the prevalence of a mutator
phenotype at the single nucleotide level,
are issues awaiting definitive resolution.
Analysis suggests that a limited number
of rate-determining events occur in tu-
morigenesis. Knudsen’s model for the
generation of retinoblastoma is based on
hits in both alleles of the same gene (27).
The exponential increase in adult tumors
as a function of age indicates that there
are four to seven rate-determining events
that could be mutations in critical genes.
Transformation of rodent cells in culture
indicates that at least two genetic changes
occur before cells acquire the ability to
form tumors, and additional genetic
changes are required for malignant trans-
formation of human cells in culture (28).
Weinberg and colleagues have hypothe-
sized that there are at least six required
capabilities for tumor formation. Consid-
ering that DNA damaging agents do

not target specific genes, it seems likely
that vast numbers of mutations are gener-
ated early during carcinogenesis, and that
there is selection among these for those
mutations that are rate-limiting for tumor
formation (29).

Mutations in Genes That Control Genetic
Stability

The mutator phenotype hypothesis postu-
lates that an initial mutator mutation gen-
erates further mutations, including muta-
tions in additional genetic stability genes,
resulting in a cascade of mutations
throughout the genome (30). The initial
mutation that starts the cascade presum-
ably arises from rare stochastic events.
Such events could involve DNA damage
generated either by cellular processes or
by exogenous mutagens. For example, a
failure of DNA repair to remove a lesion
in front of an advancing replication fork
could lead to incorporation of a non-
complementary nucleotide during DNA
replication. Alternatively, a DNA synthesis
error resulting from the low, intrinsic infi-
delity of a major replicative DNA poly-
merase copying undamaged DNA might
escape repair. Or, for example, a synthesis
error might arise from the action of one
of numerous, recently identified error-
prone DNA polymerases (31, 32). The
first mutator mutation could occur in any
of the numerous genes controlling pro-
cesses that ensure genomic integrity. The
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multiplicity of DNA polymerases and as-
sociated proteins in cells, and of DNA
repair pathways, provides numerous target
genes that, when mutated, can result in
genetic instability and a mutator pheno-
type at the level of point mutations (1).

A mutator phenotype would need to be
expressed early in tumorigenesis to gener-
ate the causally associated mutations that
drive tumor progression. However, it may
be difficult to document elevated muta-
tion rates underlying a mutator phenotype
that occurs early in tumor formation.
First, tumors may arise in fields of cyto-
logically normal-appearing cells that al-
ready contain multiple genetic changes.
The idea of a field of premalignant cells
in which tumors arise is supported by
studies on chronic infectious diseases that
exhibit a high incidence of cancers at the
site of infection. Second, multiple chromo-
some alterations have been demonstrated
in benign tumors (33); these tumors are
encapsulated, fail to invade or metasta-
size, and thus may be derived from clones
that occurred early during tumorigenesis
but fail to acquire the mutations required
for malignant transformation. Third, dur-
ing the later stages of progression, when
tumors are well established, accumulation
of further mutations might become disad-
vantageous, and selection may discrimi-
nate against cells with elevated mutation
rates. Evidence for this idea can be in-
ferred from the large numbers of apopto-
tic cells and abnormal mitotic figures
present in high-grade tumors. However,
even if mutator alleles are lost from tu-
mors, and mutation rates return to nor-
mal, cancer cells should retain the signa-
ture of a mutator phenotype: multiple
mutations distributed throughout the ge-
nome. In cases where a mutator pheno-
type at the single nucleotide level is in-
volved, noncoding mutations should be
particularly prevalent because they are
unlikely to be subject to selection.

It is important to recognize that a mu-
tator phenotype can result from mecha-
nisms other than mutations in critical
genes. Profound effects on the evolution
of tumor cells, including increased mu-
tagenesis, can be caused by processes such
as aberrant gene expression (34) or DNA
methylation (35). Even the accuracy of
DNA synthesis can be altered by gene
expression. For example, in bacteria, mu-
tagenesis depends on the SOS response
(36), which involves the induction of an
error-prone DNA polymerase that copies
past unrepaired bulky alterations in DNA
(37). Similar error-prone bypass DNA
polymerases have been documented in
human cells, and these may have a central
role in mutagenesis. In the variant form
of Xeroderma pigmentosum (XP-V), a
mutation is found in DNA polymerase-n
that copies past UV-damage by incorpo-
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rating complementary nucleotides. In the
absence of DNA polymerase-n, DNA
polymerase-{ catalyzes error-prone repli-
cation opposite the UV-damage-induced
pyrimidine dimers (38). It remains to be
determined whether error-prone DNA
polymerases are induced during tumor
evolution and result in a mutator
phenotype.

Clonal Selection as an Alternative
Mechanism for the Generation of
Multiple Mutations

The hypothesis that tumor progression
involves successive waves of clonal selec-
tion was initially introduced by Nowell (2).
Under this hypothesis, each selected mu-
tation imparts a proliferative advantage,
resulting in successive clonal lineages. The
appearance of sequential chromosome
alterations has been demonstrated in ma-
lignant melanoma (39), and most exten-
sively in adenocarcinoma of the colon
(40). A concern with the idea of sequen-
tial mutations followed by stringent selec-
tion is that each mutation would have to
confer a large selective advantage, even
recessive mutations that occur in only one
of two alleles. Although a sequential
model for mutation accumulation has
been proposed for the genesis of human
colon cancer (40), only a small fraction of
the tumors (6.6%) have been shown to
contain the three most frequently delin-
eated mutations (41). These results imply
that multiple mutations in addition to
those commonly found may be involved
in the generation of colon cancers.

A mutator phenotype and selection for
mutations in specific oncogenes and tu-
mor supressor genes are not mutually ex-
clusive concepts; in fact, it is now widely
accepted that mutations could occur ran-
domly, and mutations that govern clonal
proliferation could be selected. Moreover,
these processes may be interdependent.
Sequential rounds of selection for muta-
tions that enhance proliferation in E. coli
result in a population of cells that express
a mutator phenotype (42). With each
round of selection for different advanta-
geous mutations, there is concurrent se-
lection for mutations in genes that pro-
duce the mutations in these genes, (i.e.,
mutator mutants). A similar hitchhiking
of mutator genes during sequential rounds
of selection has also been demonstrated
in yeast (R. Kolodner, personal communi-
cation) and might be applicable to the
growth of tumors where selection is for
mutants that exhibit a growth advantage
under different conditions. Hanahan and
Weinberg (43), in a comprehensive analy-
sis, have identified six essential alterations
in cell physiology that guide malignant
growth; each of these changes may re-
quire mutations that provide a selective
growth advantage and may concomitantly
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enrich for mutator alleles. Thus, both
clonal selection and the generation of mu-
tator mutants may be operative during
tumor progression, and the predominant
pathway may be different in different
tumors.

Arguments Against a Mutator
Hypothesis in Cancer

Recently, at least four arguments have
been advanced against either a mutator
phenotype in cancer or a mutator pheno-
type at the single nucleotide level. It is
instructive to review these arguments in
detail.

First, it is frequently contended that,
because most mutations are detrimental,
tumor cells that accumulate large numbers
of mutations would not exhibit a selective
growth advantage. However, continuous
pressure for robustly growing cells during
tumor progression would eliminate detri-
mental mutations. Moreover, recent stud-
ies using random sequence mutagenesis
have revealed that at least some proteins
exhibit remarkable plasticity, tolerating
multiple substitutions even within highly
conserved motifs that are required for
function (26). For example, a mutant of
human O%methylguanine—-DNA methyl-
transferase (MGMT, also known as AGT)
that harbors eight mutations within the
active site is as active as the wild-type pro-
tein (44). Lastly, in cocultivation experi-
ments with wild-type and mutator bacte-
ria, it is the mutator that outgrows the
wild type. Thus, cancer cells might toler-
ate a high level of mutagenesis without
growth disadvantage.

Second, Duesburg and his associates
have proposed that the generation of an-
euploidy is the initiating event in the con-
version of normal cells to cancer cells
(45). They emphasize that aneuploidy is
very frequent in human tumors and that
aneuploidy can be induced in cell lines by
incubation with carcinogenic chemicals.
They present evidence that aneuploidy
may precede the acquisition of a trans-
formed phenotype in cultured cells. Yet,
aneuploidy is seldom found in all malig-
nant cells within any tumor, nor is it in-
variably present in all tumors. For exam-
ple, 15% of Ewing’s sarcomas exhibit a
characteristic translocation and are not
aneuploid (46), and in Barrett’s esopha-
gus, a premalignant condition, alterations
in p53, pl6, and increased tetraploidy
precede aneuploidy (47). These findings
indicate that, even though anueploidy is
common in human tumors, it is neither a
clonal marker nor an initial event.

Third, Bodmer and his colleagues (48)
have presented a mathematical model in-
dicating that an increase in mutation rate
is not essential for tumor development,
and that clonal selection followed by
clonal expansion can account for thou-
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sands of mutations in colon cancer cells.
They estimate that from birth to adult-
hood, normal colon stem cells undergo 45
divisions, 5,000 divisions occurring during
adulthood and 1,000 more during tumor
development. Assuming a rate of 5 X
107 mutations per base pair and a non-
hierarchical order for stem cell prolifera-
tion in colonic crypts, one can account for
150,000 mutations per cell in adenocarci-
noma of the colon. Their mathematical
model indicates that most of the muta-
tions arise during the 5,000 normal cell
divisions. They conclude that an increase
in mutation rate in tumors is an epiphe-
nomenon and is not responsible for tumor
progression. Although many assumptions
in this model differ from those embodied
in the mutator phenotype hypothesis, the
major difference is the 5,000 division cy-
cles undergone by normal colonic stem
cells. Importantly, in tissues other than
colon or skin, stem cells are unlikely to
undergo that many divisions and thus
would not accumulate large numbers of
mutations. Although we lack measure-
ments of mutation rates in stem cells, the
observed increase in mutation frequencies
in human kidney tubule cells during the
human life span is at most 5-fold (49). It
should be noted that only a few clonal
mutations have been found in colon can-
cer cell lines, and yet these were presum-
ably derived from stem cells that would
have undergone thousands of cell divi-
sions before malignant transformation and
thus should contain large numbers of
mutations (see below). Thus, extensive
division of stem cells is unlikely to be a
universal finding in most tissues.

Last, a recent study has described the
sequencing of 3.2 megabases of exonic
DNA from 12 sporadic colon cancer cell
lines (50). A total of 320 substitutions in
coding nucleotides were detected; 90 were
previously identified single-nucleotide
polymorphisms (SNPs) and 227 were
present in DNA from normal cells from
the corresponding patients. Only three
new tumor-specific coding mutations were
identified. Assuming that this mutation
frequency prevails throughout the ge-
nome, there would be 3,000 mutations
that code for different amino acid substi-
tutions in the tumor DNA that are not
present in DNA in normal cells from the
same individual. Of interest would be
data on the number of noncoding muta-
tions that accumulated in these same se-
quences; one would expect an equal or
perhaps greater number, because many
coding mutations might have been disad-
vantageous and hence eliminated during
tumor growth. In any case, the authors
conclude that, because cells lining the in-
testine are replaced every few days, the
number of base substitutions observed
could result from normal mutation rates;
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hence, they argue that sporadic colorectal
cancer cells need not exhibit a mutator
phenotype with respect to point muta-
tions. Instead, these authors postulate that
sporadic colorectal cancer cells exhibit a
mutator phenotype involving mutations in
genes that govern chromosomal stability.
We should note that random base substi-
tutions would have gone undetected in
this work, because the mutation analysis
used multiple copies of DNA that were
derived from many cells and were not
cloned (see above and Fig. 1). Thus, al-
though this work provides important in-
formation on the number of clonal muta-
tions in cancer cells, it does not quantitate
the number of random mutations within

a tumor.

Implications of a Mutator Phenotype for
Cancer Therapy

It remains to be determined whether the
acquisition of a mutator phenotype under-
lies tumor progression and when the en-
hancement in mutation rate occurs during
the life of tumors. In order for a mutator
phenotype to be necessary for tumor pro-
gression, it would have to occur early and
result in the accumulation of large num-
bers of random mutations. The existence
of multiple mutations in cancer cells has
important implications.

Stratification. The presence of large num-
bers of random mutations in a tumor
cell population provides abundant, di-
verse genetic variants for the selection
of mutants that specify the cancer phe-
notype. It may be possible to stratify
tumors based on the frequency of ran-
dom mutations in the genome; tumors
with fewer mutations may be less likely
to become resistant to chemotherapeutic
agents. With early detection it may be
feasible to detect minimal tumors that
have not accumulated large numbers of
mutations and are unlikely to progress;
such tumors might be found to have a
relatively good prognosis and therapy
could be tailored accordingly. Specific
types of randomly distributed mutations
may serve as footprints for the genetic
system that has been compromised, and
thus guide treatment to prevent further
mutation accumulation.

Tumor Evolution. The evolution of a tumor
is monitored by immunologic defenses
that recognize tumor antigens. New tumor
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clones are presumably those that have
circumvented the host’s immunologic de-
fenses that eliminate mutant cells. Ran-
dom mutations affecting proteins within
cells that have not undergone clonal pro-
liferation may not have tested the host’s
immunologic defenses and yet may be
able to elicit a strong immunologic re-
sponse. Immunotherapy directed against
surface antigens that are unique to tumor
cells are unlikely to be effective targets for
obliteration of most tumors. Instead, the
most effective immunotherapy may re-
quire immunization against normal genes
that are overexpressed in tumors or im-
munization against the individual’s own
tumor that expresses a variety of mutant
proteins.

Treatment. The presence of thousands of
mutations in single cancer cells suggests
that among the 108 cells in a human tu-
mor at the time of diagnosis there are
billions of different mutations, and that
mutations in most, if not every, gene
and regulatory sequence are present in
one or more cells within a tumor. On
exposure to a chemotherapeutic agent,
tumor cells with preexisting mutations
that render them resistant would prefer-
entially proliferate and could eventually
repopulate the tumor, thus accounting
for the efficiency with which tumors ac-
quire drug resistance. The efficacy of
combination chemotherapy is usually
rationalized on the basis of reduced tox-
icities, each agent being given in sub-
toxic amounts; killing of tumor cells is
additive, but toxicity is not. The pres-
ence of random mutations within a tu-
mor provides another rationalization to
account for the utility of combined che-
motherapy. Combined regimens may
elicit a therapeutic response, even in the
presence of preexisting mutations that
defeat single-agent therapy, because re-
sistance would require that the same
tumor cell harbor mutations that confer
resistance to each agent.

Most chemotherapeutic agents target
either DNA synthesis or mitosis. Thus, it
has been difficult to postulate mechanisms
for specificity, because these processes
occur with the same frequencies in cancer
cells as in some rapidly dividing normal
cells. It is interesting to consider that most
chemotherapeutic agents are potent muta-
gens, and presumably induce mutations in
both normal and malignant cells. The
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presence of large numbers of preexisting
mutations in tumor cells increases the
likelihood that additional mutations might
exceed a maximum level consistent with
viability. Thus, further mutagenesis might
be selectively lethal for tumor cells that
contain large numbers of mutations. It
seems plausible that there is an error
threshold for cell viability, and it is inter-
esting to speculate that some anticancer
drugs may introduce a sufficient number
of mutations in cancer cells that already
harbor multiple mutations to exceed this
threshold (51).

New Opportunities. Although the concept
that cancer results from a mutator phe-
notype introduces many impediments
for cancer chemotherapy, it also pre-
sents new opportunities for cancer pre-
vention. If random mutations are rate-
limiting for tumor progression, it might
be feasible to prevent the clinical mani-
festations of a tumor by inhibiting muta-
tion accumulation. Even a 2-fold de-
crease in mutation accumulation could
introduce a significant delay in the clini-
cal manifestations of a tumor (52). If
one could double the number of years it
takes for cells to accumulate the requi-
site number of mutations required for
invasiveness and/or metastasis, one
would significantly reduce the
life-threatening manifestations of can-
cer. Methods to reduce endogenous
DNA damage need to be explored and
in particular DNA damage by reactive
oxygen species. In addition if mutations
occur during tumor progression that
render DNA polymerases error-prone,
they are also likely to enhance their
ability to incorporate nucleotide analogs
that terminate DNA synthesis or act as
suicide agents. Lastly, if error prone
DNA polymerases are responsible for
mutation accumulation during tumor
progression, inhibitors directed against
these polymerases might reduce muta-
tion accumulation without inhibiting
normal replication (53).

We thank Ann Blank and Michael Fry for
critical comments on the manuscript, and many
colleagues at the University of Washington for
critical discussions and unique insights. This
work was supported by National Cancer Insti-
tute Grants CA80993 and CA77852. K.R.L. was
supported by National Institutes of Health
Grant ES-00382-03, and J.P.A. was supported
by National Institutes of Health/National Re-
search Service Award Grant ES-07032-22.

M., Jacquemier, J., Sobol, H., Eisinger, F. &
Birnbaum, D. (1997) Cancer Res. 57, 5469-5474.
8. Klein, C. A., Schmidt-Kittler, O., Schardt, J. A.,
Pantel, K., Speicher, M. R. & Riethmuller, G.
(1999) Proc. Natl. Acad. Sci. USA 96, 4494—-4499.
9. Loeb, L. A. (1991) Cancer Res. 51, 3075-3079.
10. Ionov, Y., Peinado, M. A., Malkhosyan, S., Shibata,
S. & Perucho, M. (1993) Nature 363, 558-561.

Loeb et al.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Fishel, R., Lescoe, M. K., Rao, M. R. S., Copeland,
N. G., Jenkins, N. A., Garber, J., Kane, M. &
Kolodner, R. (1993) Cell 75, 1027-1038.
Brentnall, T. A., Crispin, D. A., Bronner, M. P.,
Cherian, S. P., Hueffed, M., Rabinovitch, P. S.,
Rubin, C. E., Haggitt, R. C. & Boland, C. R.
(1996) Cancer Res. 56, 1237-1240.

Herman, J. G., Umar, A., Polyak, K., Graff, J. R.,
Ahuja, N, Issa, J. P., Markowitz, S., Willson, J. K.,
Hamilton, S. R., Kinzler, K. W, et al. (1998) Proc.
Natl. Acad. Sci. USA 95, 6870-6875.

Jackson, A. L. & Loeb, L. A. (2001) Mutat. Res. 477,
187-198.

Eshleman, J. R., Lang, E. Z., Bowerfind, G. K.,
Parsons, R., Vogelstein, B., Wilson, J. K. V., Veigl,
M. L., Sedwick, W. D. & Markowitz, S. D. (1995)
Oncogene 10, 33-37.

Kunkel, T. A. & Bebenek, K. (2000) Annu. Rev.
Biochem. 69, 497-529.

Goldsby, R. E., Lawrence, N. A., Hays, L. E.,
Olmsted, E. A., Chen, X., Singh, M. & Preston, B.
D. (2001) Nat. Med. 7, 638—639.

Morrison, A., Johnson, A. L., Johnston, L. H. &
Sugino, A. (1993) EMBO J. 12, 1467-1473.
Ames, B. N, Gold, L. S. & Willet, W. C. (1995)
Proc. Natl. Acad. Sci. USA 92, 5258-5265.
Brentnall, T. A., Haggitt, R. C., Rabinovitch, P. S.,
Kimmey, M. B., Bronner, M. P., Levine, D. S.,
Kowdley, K. V., Stevens, A. C., Crispin, D. A.,
Emond, M. & Rubin, C. E. (1996) Gastroenterol-
ogy 110, 331-338.

Du, M. Q. & Isaacson, P. G. (2002) Lancet Oncol.
3, 97-104.

Sherr, C. J. & McCormick, F. (2002) Cancer Cell 2,
103-112.

Bordeleau, L. & Berinstein, N. L. (2000) Semin.
Oncol. 27, 42-52.

Lengauer, C., Kinzler, K. W. & Vogelstein, B.
(1998) Nature 396, 643—649.

Loeb et al.

25.

26.

27.

28.

29.

30.
31.

32.

33.

34,

35.

36.
37.

Bardelli, A., Cahill, D. P., Lederer, G., Speicher,
M. R., Kinzler, K. W., Vogelstein, B. & Lengauer,
C. (2001) Proc. Natl. Acad. Sci. USA 98, 5770—
5775.

Patel, P. H. & Loeb, L. A. (2000) Proc. Natl. Acad.
Sci. USA 97, 5095-5100.

Knudson, A. G., Jr. (1971) Proc. Natl. Acad. Sci.
USA 68, 820-823.

Hahn, W. C., Counter, C. M., Lundberg, A. S.,
Beijersbergen, R. L., Brooks, M. W. & Weinberg,
R. A. (1999) Nature 400, 464—-468.

Mendelsohn, M. L. & Pierce, D. A. (1997) Pro-
ceedings of International Conference on Low Doses
of Ionizing Radiation, Biological Effects and Regu-
latory Control (International Atomic Energy
Agency, Seville, Spain).

Loeb, L. A. (2001) Cancer Res. 61, 3230-3239.
Masutani, C., Kusumoto, R., Yamada, A.,
Dohmae, N., Yokoi, M., Yuasa, M., Araki, M.,
Iwai, S., Takio, K. & Hanaoka, F. (1999) Nature
399, 700-704.

Friedberg, E. C. & Gerlach, V. L. (1999) Cell 98,
413-416.

Tamura, G., Sakata, K., Maesawa, C., Suzuki, Y.,
Terashima, M., Satoh, K., Sekiyama, S., Suzuki,
A., Eda, Y. & Satodate, R. (1995) Cancer Res. 55,
1933-1936.

Perou, C. M., Sorlie, T., Eisen, M. B., van de Rijn,
M., Jeffrey, S. S., Rees, C. A., Pollack, J. R., Ross, D.
T., Johnsen, H., Akslen, L. A, et al. (2000) Nature
406, 747-752.

Laird, P. W. & Jaenisch, R. (1996) Annu. Rev.
Genet. 30, 441-464.

Witkin, E. M. (1976) Bacteriol. Rev. 40, 869-907.
Tang, M., Shen, X., Frank, E. G., O’'Donnell, M.,
Woodgate, R. & Goodman, M. F. (1999) Proc.
Natl. Acad. Sci. USA 96, 8919-8924.

. Masutani, C., Araki, M., Yamada, A., Kusumoto,

R., Nogimori, T., Maekawa, T., Iwai, S. &
Hanaoka, F. (1999) EMBO J. 18, 3491-3501.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51
52.

53.

PNAS

Balaban, G. B, Herlyn, M., Clark, W. H., Jr., &
Nowell, P. C. (1986) Cancer Genet. Cytogenet. 19,
113-122.

Fearon, E. R. & Vogelstein, B. (1990) Cell 61,
759-767.

Smith, G., Carey, F. A., Beattie, J., Wilkie, M. J.
V., Lightfoot, T. J., Coxhead, J., Garner, R. C.,
Steele, R. J. C. & Wolf, C. R. (2002) Proc. Natl.
Acad. Sci. USA 99, 9433-9438.

Mao, E. F., Lane, L., Lee, J. & Miller, J. H. (1997)
J. Bacteriol. 179, 417-422.

Hanahan, D. & Weinberg, R. A. (2000) Cell 100,
57-70.

Encell, L. P. & Loeb, L. A. (2000) Carcinogenesis
21, 1397-1402.

Duesberg, P., Rausch, C., Rasnick, D. & Hehl-
mann, R. (1998) Proc. Natl. Acad. Sci. USA 95,
13692-13697.

Mitelman, F. (1994) Catalog of Chromosome Ab-
errations in Cancer, eds. Johansson, B. & Mertens,
F. (Wiley, New York), 5th Ed., pp. 494-496.
Barrett, M. T., Sanchez, C. A., Prevo, L. J., Wong,
D.J., Galipeau, P. C., Paulson, T. G., Rabinovitch,
P.S. & Reid, B. J. (1999) Nat. Genet. 22, 106-109.
Tomlinson, I. & Bodmer, W. (1999) Nat. Med. 5,
11-12.

Martin, G. M., Sprague, C. A. & Epstein, C. J.
(1970) Lab. Invest. 23, 86-92.

Wang, T. L., Rago, C., Silliman, N., Ptak, J.,
Markowitz, S., Willson, J. K., Parmigiani, G.,
Kinzler, K. W., Vogelstein, B. & Velculescu, V. E.
(2002) Proc. Natl. Acad. Sci. USA 99, 3076-3080.
Eigen, M. (1993) Sci. Am. 269, 42-49.

Loeb, K. R. & Loeb, L. A. (2000) Carcinogenesis
21, 379-385.

Strauss, B. S., Roberts, R., Francis, L. &
Pouryazdanparast, P. (2000) J. Bacteriol. 182,
6742-6750.

| February 4,2003 | vol.100 | no.3 | 781



