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MutatorPhenotypeinCancer: Timing and Perspectives
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Normal human cells replicate their DNA with
exceptional accuracy. During every division cycle,
each daughter cell receives a full and accurate
complement of genetic information. It has been esti-
mated that approximately one error occurs during
DNA replication for each 109 to 1010 nucleotides
polymerized. Stem cells, the cells that are progeni-
tors of cancer, may replicate their genes even more
accurately. In contrast, the malignant cells that con-
stitute a tumor are markedly heterogeneous and
exhibit multiple chromosomal abnormalities and
alterations in the nucleotide sequence of DNA. To
account for the disparity between the rarity of muta-

tions in normal cells and the large numbers of muta-
tions present in cancer, we initially hypothesized
that during tumor progression, cancer cells must
exhibit a mutator phenotype. In this perspective, we
summarize the evidence supporting a mutator phe-
notype in human cancer, analyze recent measure-
ments of mutations in human cancer, consider the
timing for the expression of a mutator phenotype,
and focus on the important consequences of large
numbers of random mutations in human tumors.
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HISTORICAL PERSPECTIVE

The current concept of a mutator phenotype in cancer

is founded on observations in cell biology and genetics.

More than 100 years ago, Bovieri [1902] surmised that

the disrupted growth patterns characteristic of human can-

cer could result from chromosomal aneuploidy. Foulds

[1954] observed that cancers progress in a stepwise fash-

ion. Muller [1951] proposed that cancers arise when a sin-

gle cell receives multiple mutations. These observations,

coupled with the observations on mutator DNA poly-

merases [Kunkel, 1992] and the identification of muta-

tions in DNA repair genes associated with human cancers

[Cleaver and Kraemer, 1989], have reinforced the hypoth-

esis that cancer cells exhibit a mutator phenotype. The

underlying premise is that normal mutation rates are

insufficient to account for the multiple mutations found in

human cancers, and that cancers must exhibit a mutator

phenotype early in their evolution [Loeb et al., 1974;

Loeb, 1991]. We proposed that errors in DNA replication

and deficits in DNA repair accounted for multiple muta-

tions in cancer. Nowell [1976] proposed that tumor pro-

gression is driven by sequential rounds of clonal

evolution, in which single cells expand by stepwise selec-

tions to populate a tumor. Successive waves of clonal

expansion of mutant cells could drive tumor progression.

Recent evidence suggests that both enhanced mutagenesis

and clonal selection occur during tumor progression,

and that both contribute to the frequency of mutations

observed in tumors.

MUTATION FREQUENCY INNORMAL HUMANCELLS

Prior to considering the number of mutations in tumors,

it is instructive to substantiate the exceptional accuracy of

DNA replication in normal mammalian cells. A tabulation

of studies using Hprt, Aprt, and the cII, lacI, and lacZ
transgenes indicates that the overall mutation frequency in

mammalian cells varies between 10�4 to 10�7 nucleotides/

gene (Table I). It should be noted that most of the studies

have been carried out in cultured cells or in transgenic cells

and that there is considerable variation in the data. Further-

more, the frequency of mutation may be underrepresented

when using targets that confer a selectable phenotype (e.g.,
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Hprt). In fact, a recent study in Caenorhabditis elegans
suggests a mutation rate 10-fold higher than those esti-

mated using selectable mutation targets [Denver et al.,

2004]. Even so, considering that each cell contains approxi-

mately 25,000 genes, we estimate that each cell accumu-

lates one or two mutant genes during the life span of an

individual [Loeb, 1991]. This apparently low mutation fre-

quency must also be considered in the context of what is

currently understood about the biology of cancer develop-

ment. First, cancers arise in multipotential stem cells, and

detailed studies using mouse embryonic fibroblasts indicate

that mutation frequencies in stem cells are 100-fold lower

than those observed in cultured fibroblasts derived from

adult tissues [Cervantes et al., 2002]. If one can equate

mutation frequencies in embryonic stem cells to mutation

frequencies in stem cells, then mutation rates in cells that

give rise to malignancies are much lower than mutation

rates in normal somatic cells. In contrast, the mutation data

in kidney epithelial cells indicate a much higher frequency

of mutagenesisis (Table I) [Colgin et al., 2002] and most

cancers are of epithelial origin. Also, it is likely that

somatic mutation rates in human cells are lower than in

rodent cells, and this may contribute to the resistance of

human cells to transformation in vitro [Bohr et al., 1985;

Mellon et al., 1987]. If this disparity between humans and

rodents is manifested in cancer precursor cells, it suggests

that carcinogen testing in rodents is not an adequate model

for human susceptibility, even though it is currently the

most efficacious available. Based on the assumption that

the accuracy of DNA replication in stem cells is similar to

that in human somatic cells, we estimated that each stem

cell accumulates one to two mutant genes (assuming 100

cell divisions during a human life span) [Jackson and Loeb,

1998; Jackson et al., 1998]. However, based on a Poisson

probability distribution, there would be a few stem cells

that would contain as many as 12 mutations [Jackson and

Loeb, 1998].

HOWMANYMUTATIONS ARE PRESENT IN HUMAN
TUMORS?

In contrast to the rarity of mutations in normal cells,

cancer cells contain multiple mutations. Even though chro-

mosome rearrangements are only occasionally diagnostic of

specific tumors, they are frequently observed in most

human cancers. Studies on DNA copy number and loss of

heterozygosity (LOH) have established that individual

tumors can contain as many as 40 alterations [Kallioniemi

et al., 1992]. These changes involve the repositioning of

DNA segments that encompass millions of nucleotides.

From these data, we surmised that one might be sampling

the tip of an iceberg and that there may be many more

changes involving small segments of DNA or single nucleo-

tide substitutions.

The extensiveness of changes in the nucleotide sequence

of cancer genomes was first heralded by findings in human

hereditary colon cancer [Peinado et al., 1992]. In this dis-

ease, manifested by mutations in genes encoding enzymes

that correct errors in DNA synthesis, the associated colon

cancers contain tens and perhaps hundreds of thousands of

changes in the length of repetitive nucleotide sequences

between genes (microsatellites) [Stoler et al., 1999].

Mutations in microsatellites should frequently result in

frameshift mutations and therefore inactivate adjacent

downstream genes. Also, repetitive sequences are present

within many genes that function in maintaining genetic

stability and changes in the length of these repeats are

likely to destabilize the genome further during subsequent

divisions in tumor cells [Eshleman et al., 1995]. In addition

to hereditary nonpolyposis colorectal cancer (HNPCC),

microsatellite instability has been reported in a large vari-

ety of tumors, many of which do not encode mutations in

mismatch repair genes. Changes in the length of repetitive

nucleotide sequences are believed to result from DNA

polymerase slippage and the lack of correction by the mis-

match repair system. Our analysis of the literature suggests

that microsatellites are hot spots for mutagenesis and thus

could serve as a signature of genomes that conceal a large

number of other types of mutations.

A considerable number of genes are mutated in human

cancers and have the potential to disregulate cell homeo-

static mechanisms causing further mutations and/or

changes in gene expression. Based on a few reports show-

ing mutations in these genes in primary human tumors,

it has been proposed that more than 1% of genes contri-

bute to human cancers [Futreal et al., 2004]. Many of

these genes are involved in ensuring the stability of the

TABLE I. Spontaneous Mutant Frequencies in Mammalian Cells

Organism Cell type Mutational target Frequency (mutations/gene) Study

Mouse Somantic tissues lacZ transgene 8 � 10�5 [Swiger et al., 1999]

Somantic tissues cll transgene 6 � 10�5 [Swiger et al., 1999]

Embryo fibroblasts lacI transgene 6 � 10�5 [Bielas and Heddle, 2003]

T-lymphocytes Aprt 1 � 10�6 [Wijnhoven et al., 1998]

Human Cultured fibroblasts HPRT 5 � 10�7 [DeMars and Held, 1972]

Cultured lymphoblasts HPRT 1 � 10�6 [Chu et al., 1988]

Lymphocytes HPRT 3 � 10�6 [Albertini et al., 1990]

Kidney epithelium HPRT 2 � 10�4 [Colgin et al., 2002]
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genome in normal cells and thus are potential targets for

producing a mutator phenotype in cancer cells. The list of

cancer-associated genes includes genes involved in the

recombination activating complex of V(D)J recombina-

tion, DNA replication, repair, signal transduction, chromo-

somal segregation, and mitosis. It will soon be feasible to

sequence entire human genomes from normal and tumor

cells. At this time, however, extensive DNA sequencing

projects are just beginning to be reported [Wang and

Taylor, 1992; Futreal et al., 2004]. These studies have

enumerated nucleotide sequence changes in exons and

adjacent junctional sites using DNA obtained from tumors

cell lines or from the early passage of primary tumor

cells. Prior to considering these results, it is important to

analyze some of the limitations inherent in this approach.

First, cells passaged in culture are subjected to selection

and thus one would not detect the initial heterogeneity of

the population of cells within a tumor. Second, changes

that were not clonally present in the population would not

be discernible unless one sequenced individual DNA

molecules [Loeb et al., 2003] or DNA isolated from sin-

gle cells. Thus, any random mutations introduced after

the last round of clonal proliferation would not be

detected. Third, mutations in introns have not been

reported even though these would provide a more perti-

nent measure of mutation accumulation since they would

be less subject to selection and expansion. Nevertheless,

these studies are of importance for they have provided

our first view of mutated genes in tumors and they cata-

log the types of nucleotide sequence changes found in

malignancies.

In a comprehensive analysis of sporadic colon cancer

cell lines, Wang et al. [2002] sequenced 3.2 megabases

from 12 sporadic colon cancer cell lines. They detected a

total of 320 substitutions in coding sequences. They first

eliminated 90 single nucleotide polymorphisms (SNPs)

that were previously detected in the general population.

It may have been inappropriate to eliminate all of these

as SNPs could represent hot spots for mutagenesis. After

subtracting an additional 227 substitutions present in

DNA from normal cells from the same patients, there

remained only three new tumor-specific coding mutations.

The authors suggest that their data fail to support a muta-

tor phenotype in colorectal cancers. They surveyed 504

genes in 12 cancer cell lines and identified only three

mutations. If one assumes that the changes in nucleotide

sequence were randomly spread throughout the genome,

then each tumor cell would contain 3,000 mutations, a

number much greater than that which would be predicted

on the basis of mutation frequencies in normal cells.

An extension of this analysis to 100 potential instability

genes in 24 colorectal cancers yielded mutations in the

exons of five genes [Wang et al., 2004a]. Analysis of the

five genes in a larger panel of 168 tumor cell lines

yielded 19 somatic mutations. Eight of these occurred in

the MRE11 gene, a gene involved in double-strand break

repair [Paull and Gellert, 1998]. These results indicate

that mutations are more frequent when one restricts the

search to genes involved in genetic instability. In other

studies, the coding regions and intron-exon junctions of

BFAF, a serine/threonine kinase involved in the ras
kinase pathway, was sequenced in 530 cancer cell lines

from a variety of tumors [Futreal et al., 2004 ]. Mutations

were found in 66% of malignant melanoma cell lines and

at a lower frequency in a variety of other human cancer

cell lines. The fact that mutations in this gene were found

at a low frequency in a large number of tumors indicates

that in many tumors mutations and/or changes in the

expression of other genes can substitute for deficiencies in

this pathway. Using a similar protocol, 83 somatic muta-

tions were identified in the tyrosine phosphatase gene

superfamily in a variety of human cancers [Wang et al.,

2004b]. Since these mutations were detected by PCR

amplification of genomic DNA, they were present in the

majority of cells within each tumor and thus are clonal.

They either imparted a selective growth advantage or

"hitchhiked" with other mutations that afforded enhanced

proliferation. Random mutations arising late in tumorigen-

esis would not be detected since they would be present in

only a small fraction of cells within a tumor.

IS A MUTATOR PHENOTYPE AN EARLY EVENT IN TUMOR
PROGRESSION?

Intuitively, for the expression of a mutator phenotype

to be a major factor in tumor progression, it must be an

early event. Mutations that occur early and that impart a

selective growth advantage are more likely to enable the

mutated cells to repopulate the tumor than those that

occur at a later time. Mutations that occur at a later time

would be limited to a fraction of the cells within a tumor.

Considering that it takes 20 years from the time an indivi-

dual is exposed to a carcinogen to the time that a tumor

is manifested, it will be difficult to identify very early

steps in the evolution of a tumor. As a result, evidence to

document the time of expression of a mutator phenotype

is likely to be indirect.

Genetically determined cancer-prone conditions, how-

ever, directly reveal the consequence of a mutator pheno-

type early in carcinogenesis. Several rare inherited

disorders that are associated with an increased predisposi-

tion to cancer development exhibit DNA repair deficien-

cies and increased chromosomal fragility [Fearon, 1997].

For example, patients with the recessively transmitted dis-

ease, xeroderma pigmentosum, are defective in excision

repair and develop multiple skin tumors when exposed to

ultraviolet light [Cleaver and Kraemer 1989; van Steeg

et al., 2000]. Fanconi’s anemia [Strathdee and Buchwald,

1992] and ataxia telangiectasia [Swift et al., 1991] are
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inherited human diseases associated with a predisposition

to cancer, chromosomal instability, and DNA repair

defects. Diseases such as Bloom [Ellis et al., 1995] and

Werner [Shen and Loeb, 2000] syndromes encode muta-

tions in DNA helicases, which are likely to be involved

in resolving DNA-blocking lesions and/or alternative

DNA structures and are associated with increases in the

incidence of specific human cancers. These rare human

diseases establish that deficits in DNA repair can result in

cancer. The question is whether similar mutations occur

in the more common human cancers.

HNPCC results from mutations in genes encoding mis-

match repair proteins. Heterozygotes have a single muta-

tion in one of the mismatch repair genes in all tissues, yet

only develop tumors in a limited number of organs, parti-

cularly in the large intestine. These tumors usually con-

tain a deletion mutation in the other allele. Mutations in

the adenomatous polyposis coli (APC) gene are dominant

and occur with exceptionally high frequency in both

HNPCC and sporadic colon cancers. An interesting and

controversial question is whether mutations in APC pre-

cede mutations in mismatch repair genes, or whether

mutations in mismatch repair genes cause mutations

throughout the genome, including those in APC. The fact

that mutations in mismatch repair genes have a character-

istic signature, i.e., changes in the length of repetitive

sequences, allows one to approach this question. If mis-

match repair gene mutations result in APC mutations,

then there should be evidence for this in the APC muta-

tion spectrum, which in fact has been reported [Huang

et al., 1996].

Benign tumors are encapsulated and fail to invade or

metastasize. These tumors are often envisioned as early

lesions that have not fully acquired a malignant pheno-

type. Many of these tumors exhibit chromosomal altera-

tions, microsatellite instability, and mutations in many

oncogenes and tumor suppressor genes [Tamura et al.,

1995; Tarafa et al., 2003]. Presumably, benign tumors ori-

ginate early during tumor progression from cells that har-

bor mutations, allowing them to divide when they should

not, yet these cells do not possess or express the changes

required for progression to a malignant phenotype.

For some tumors, there is evidence that a field of cyto-

logically normal cells, which already contain multiple

genetic changes, surround cancer cells. This idea of a

field of premalignant cells from which tumors can arise is

supported by studies on chronic inflammatory diseases,

such as ulcerative colitis [Brentnall et al., 1996] and Bar-

rett’s esophagitis. In these diseases, cells are repetitively

stimulated to undergo proliferation by acid reflux from

the stomach [Barratt et al., 1999].

Lastly, it is important to state that direct measurements

of spontaneous mutation rates in cells have been inconclu-

sive. In some studies, there is no difference in the mutant

frequency between normal and tumor cells in culture

[Elmore et al., 1983]. In other studies, the difference is

marked [Lin et al., 2004]. It is likely that enhanced muta-

genesis could be disadvantageous during the later stages

of tumor progression and thus cells that harbor too many

mutations may be eliminated from the population. Studies

on random mutagenesis of a human repair protein indicate

that 34% of single amino acid substitutions will lead to

proteins that are functionally inactive [Guo et al., 2004].

Thus, the accumulation of multiple mutations throughout

the genome is likely to result in mutations that function-

ally inactivate proteins required for cellular metabolism.

These detrimental mutations could account for the large

numbers of apoptotic cells and abnormal mitotic figures

present in high-grade tumors and thus may limit the size

and growth of tumors. Even though the most highly

malignant tumors may fail to exhibit a high mutation rate

in the late stages of tumor development, the imprints of

the mutator phenotype should still be imbedded in the

DNA sequence of these tumors and should be evidenced

by their elevated mutation frequency (Fig. 1).

PROPENSITY TOMETASTASIZE

Most cancer-associated deaths result from metastasis.

Until recently, the acquisition of metastatic potential was

considered a late or even the final event in tumor progres-

sion. It has been argued that changes that enable tumors

to metastasize need not confer a selective proliferative

advantage on the primary tumor and could already be pre-

sent in rare tumor cells early during tumor progression

[Bernards and Weinberg, 2002]. Support for this concept

is the frequent finding of multiple single metastatic breast

carcinoma cells in bone marrow in conjunction with

small-localized breast carcinomas [Klein et al., 1999].

In addition, the profile of RNA expression in metastatic

tumors is similar to the primary tumors from which they

were derived. Since expression profiles are indicative of

cell clones that constitute the major fraction of cells in a

population, the data indicate that the metastatic cells are

similar to the majority of cells in the primary tumor and

that they do not represent rare cells in the tumor that have

acquired genetic or expression patterns that conferred

metastatic potential. Klein et al. [1999] compared single

isolated bone marrow cells to cells from primary tumors

with respect to chromosomal exchanges, regions with loss

of heterozygosity, and regions exhibiting differences in

comparative genomic hybridization. They observed that

most chromosomal aberrations in metastatic cells are

similar to those in the primary tumor, implying a common

origin. Additional changes were present in the metastatic

cells that presumably occurred later during proliferation

of the metastasis. In addition, there have been no mutant

genes that confer metastatic potential when expressed in

appropriate tumors models. Thus, it seems reasonable to

propose that mutations are required in multiple genes to
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confer on tumor cells the ability to metastasize and that

this occurs early during tumor progression and results

from an increase in random mutations throughout the ge-

nome (Fig. 1).

We present the following mechanism for the emergence

of a mutator phenotype prior to the clinical appearance of

a tumor. DNA damage in human cells is produced by

both environmental and endogenous processes. It has been

estimated that as many as 105 lesions are introduced in

genomic DNA per cell per day [Ames et al., 1995]. Most

of these lesions are removed by cellular repair mechan-

isms and only a small fraction escape and cause mutations

at the time of DNA replication. Among these mutations

would be those that occur in genes involved in maintain-

ing genetic stability. As a result, there would ensue a

cascade of mutations, many of which would involve other

genetic stability genes. Prior to the clinical detection of a

tumor, mutations could also occur in genes that result in

an increased ability to metastasize (Fig. 1).

IMPLICATIONS FORCANCER TREATMENT

Even if the presence of multiple mutations in cancers is

only a manifestation of a mutator phenotype, it has

important implications for the treatment of human can-

cers. The presence of thousands of random mutations

within individual cells indicates that within any tumor

Fig. 1. Mutation accumulation during tumor progression. Random muta-

tions result when environmental and endogenous DNA damage exceed

the cell’s DNA repair capacity. Mutations in mutator genes (red circles)

can elevate the rate of mutagenesis and allow for clonal expansion.

Repetitive rounds of selection for mutants yield coselection of mutations

in mutator genes (blue and green circles); some cells may acquire a

metastatic potential, as only a few mutations may be necessary for this

[Bernards and Weinberg, 2002]. Continued rounds of selection for cells

that escape the host’s regulatory mechanism result in a tumor composed

mostly of cells that are phenotypically malignant (hexagonal) where ran-

dom point mutations accumulate (white circles). During this later stage

of tumorigenesis, selection for cells with lower mutation rates is likely

and may limit tumor growth. The imprints of the mutator phenotype,

however, should still be imbedded in the DNA sequence of these tumors.

Unfortunately. the measurement of random nonclonal point mutations

has not been feasible with current technology.
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there are billions of mutations. Thus, among the 108 cells

that populate a clinically detected tumor, there will be

many cancer cells that harbor mutant genes, rendering

them resistant to any chemotherapeutic agent directed

against the tumor. In the presence of chemotherapy, these

mutant cells would have a selective advantage and would

enable them to proliferate and repopulate the tumor. The

presence of preexisting mutant cells could account for the

efficacy of combinational chemotherapy, since it would

be unlikely that any single cell would have mutations in

multiple genes, each rendering them resistant to a differ-

ent chemotherapeutic agent.

Tumors may be stratified based on the number of ran-

dom mutations per cell and on the number of damaged

nucleotides that have the potential to cause mutations dur-

ing subsequent rounds of DNA replication. The accumula-

tion of single-base substitutions provides a measure of

errors in DNA replication that escape mismatch repair.

The accumulation of modified nucleotides could provide a

measure of the deficiency of DNA repair. The accumula-

tion of chromosomal alterations provides evidence of defi-

cits in chromosomal segregation guided by genes that are

only beginning to be characterized. Thus, the characteri-

zation of the spectrum of mutations might provide clues

to the mechanism of formation and the response to therapy.

It is likely that there will be many types of mutations

within each cancer cell, and, as a result, the stage of a

tumor and the response to therapy will be correlated with

the overall frequency of changes in the nucleotide

sequence. Tumors with small numbers of mutations might

harbor fewer drug-resistant cells. Those with a large num-

ber of mutations would be more likely to have metasta-

sized and would contain a greater fraction of drug-

resistant cells. Similar considerations apply to immu-

notherapy. New tumor clones that encode mutant proteins

expressed on the cell surface have already demonstrated

their ability to evade the host’s immunological defenses.

Thus, immunotherapy directed against tumors that are

already expressing these antigens are unlikely to be effec-

tive. In contrast, immunotherapy has proven to be effec-

tive against some cancer cells that overexpress normal

cell surface antigens [Bohen et al., 2003]. An important

area for investigation would be immunotherapy against

individual tumors that express a variety of mutant proteins

[Nelson et al., 1996].

With increasing evidence that cancer cells contain large

numbers of mutations, it becomes important to determine

if these mutations drive the progression of tumors from

cells that resemble surrounding tissue to those that are

increasingly malignant. If mutagenesis is rate-limiting for

the phenotypic changes that are progressively manifested

during tumor growth, it becomes important to determine

if one can inhibit mutation accumulation, perhaps even

prior to the clinical appearance of the tumor. Since cancer

is a chronic disease characterized by a 20-year latent per-

iod in the case of adult solid tumors, and a disease that

occurs predominantly in older individuals, even a twofold

delay in cancer progression could result in a significant

reduction in cancer mortality. For example, chronic infec-

tion with either hepatitis B or C virus results in hepatocel-

lular carcinoma 20–40 years after the initial infection.

A twofold delay in progression would delay the clinical

manifestation of the disease from a peak incidence of

56 years to the seventh, eighth, or ninth decade.

Epidemiological studies suggest that diet plays a role in

the etiology of cancer. Caloric restriction (CR) reduces

tumor incidence in laboratory animals and may confer

protection from invasive breast cancer [Michels and

Ekbom, 2004]. CR rats exhibit a decreased level of

somatic mutation and tumor incidence thought to result

from a reduced level of reactive oxygen species (ROS)

[Aidoo et al., 2003]. Moreover, CR in mice resulted in a

protective effect against MNU-induced mutation, although

an altered balance between cell proliferation and apopto-

sis by CR is believed to be the mechanism for mutation

reduction [Shima et al., 2000]. Nevertheless, the correla-

tion between reduced mutation and cancer is a strong

indicator that prevention by CR is a viable means that

might reduce cancer mortality.

Additional protocols for prevention by delay would

require additional knowledge of factors that are responsible

for mutation accumulation. Some interventions would be

immediately approachable while others could not be easily

accomplished with our present state of knowledge. If

enhanced mutagenesis is the result of increased damaged

by ROS due to chronic infection, then antibiotics or drugs,

which scavenge for ROS, can mediate the prevention of

cancer by delay. If the underlying cause is alterations in

nucleotide pools, then it is conceivable that these alterna-

tions can be recalibrated by dietary manipulation. However,

new technologies may be required to prevent the enhanced

misincorporation by altered DNA polymerases to prevent

induction of error-prone DNA polymerases or to compen-

sate for deficits in DNA repair.

SUMMARY

The slope of the exponential increase of cancer as a

function of age suggests that there are 6–12 cancer-asso-

ciated events [Armitage and Doll, 1954; Renan, 1993],

each of which is rate-limiting for tumor progression. If

one assumes that each of these mutations offers a growth

advantage, then it is conceivable that normal mutation

rates can account for the age increase in cancer. This,

however, is unlikely, as these mutations must offer their

clonal growth advantage by single allele mutation. Addi-

tionally, the mutation rate in normal cells cannot possibly

account for the thousands of random mutations present in

human cancers. The discrepancy between the nature and
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rarity of mutations in normal cells and the large number

and variety of mutations in cancer cells demonstrate that

the manifestation of a mutator phenotype must be an early

event in tumor progression.
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