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Abstract

The mutator phenotype hypothesis was postulated more than 40 years ago. It was based on the 

multiple enzymatic steps required to precisely replicate the 6 billion bases in the human genome 

each time a normal cell divides. A reduction in this accuracy during tumor progression could be 

responsible for the striking heterogeneity of malignant cells within a tumor and for the rapidity by 

which cancers become resistant to therapy.

Cancer is a disease of mutations resulting from endogenous and environmental damage to 

genomic DNA. The damage is distributed randomly throughout the genome. Unrepaired 

damaged sites in DNA can direct the misincorporation of nucleotides into daughter DNA 

strands during each cell division. Some of the generated mutations impart selective growth 

advantage by overcoming geographical constraints imposed by neighboring tissues, 

diminished vascular supply, and altered nutrition. By the time a tumor is clinically detected, 

there are tens to hundreds of thousands of different mutations; clonal lineages within the 

tumor are geographically demarcated and different genes are mutated in different individuals 

with the same types of tumors (1). This extensive landscape of subclonal mutations could 

account for the phenotypic heterogeneity of tumors as well as resistance to therapy (2).

The concept of the progressive accumulation of mutations in human cancers was initially 

presented as “The Mutator Phenotype Hypothesis” (3). It was formulated 40 years ago based 

on: (i) the precision of multiple enzymatic steps required to duplicate the genome in normal 

cells; (ii) the free energy difference between complementary and noncomplementary base 

pairing is only 1 to 3 kcal, and thus insufficient to account for the mutation rate of one error 

in 109 nucleotides per each cell division. There had to be other factors that enhance the 

accuracy, and there was evidence then for the involvement of DNA polymerases in 

facilitating accurate base selection and base pairing; mutations in DNA polymerases could 

reduce the fidelity of DNA replication (4); (iii) human inherited diseases with a high 

proclivity to developing malignancies were already known to be associated with deficits in 

DNA repair (5); (iv) chromosomal mutations were also known to accumulate during tumor 
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progression; (v) many cancers rapidly acquire resistance to chemotherapy agents. The 

overall concept was that mutations occurred randomly throughout the genome, and among 

these would be mutations in genes that guarantee the fidelity of DNA replication.

Initially, the focus was on mutations that would render replicative DNA polymerases error-

prone. With each round of DNA replication, there would be an exponential increase in the 

number of mutations. The suggestion that each malignant cell within a tumor could contain 

tens of thousands of subclonal mutations and that a tumor may have as many as 1 billion 

different mutations was taken with disbelief when presented at meetings (6). With the 

increasing realization that normal cellular processes as well as environmental agents 

extensively damage the cellular genome (7), the focus was expanded to include mutations in 

DNA repair genes.

Until recently, the concept of a mutator phenotype was not widely considered as a major 

contributor to tumor initiation or progression. Instead, the most prevalent concept was 

sequential selection of mutations in different genes that impart proliferative advantage under 

restrictive conditions (8). This was particularly attractive because it inferred a few druggable 

therapeutic targets. Furthermore, it was argued that malignant cells need not have increased 

mutations rates compared with normal cells (8), as only one or a few mutant genes are 

sufficient to induce tumor proliferation in in vitro model systems. It was proposed that a 

greater number of stem cell divisions would be adequate to account for mutation 

accumulations. The correlation between stem cell division and risk of carcinogenesis has 

become highly controversial (9).

Ironically, the strongest evidence in support of the mutator phenotype in human tumors is 

data presented by The Cancer Genome Atlas (TCGA), which was designed to identify 

mutations in a few genes that might be exploited for chemotherapy. As more and more 

tumors were analyzed, the number of mutations in each tumor was established. Currently, 

the number of observed mutations per tumor ranges from 500 in acute myelogenous 

leukemia to 100,000 in melanomas and glioblastomas (10). Most of these mutations were 

detected by routine next-generation DNA sequencing, in which mutations are scored only if 

present at >1%–5% frequency, and thus likely to be clonal mutations, that is, those that are 

present in the majority of cells within a tumor. To investigate heterogeneity within tumors, it 

is necessary to identify subclonal mutations, those that are present in only a small fraction of 

cells. We recently established a methodology that offers unprecedented accuracy, referred to 

as Duplex Sequencing (11). By sequencing both strands of the same molecule and defining 

mutations as complementary substitutions present at the same position in both strands, one 

can achieve accuracy of 10−8, which is at least 1,000-fold more accurate than routine next-

generation sequencing. We find in some tumors that there are more subclonal than clonal 

mutations (unpublished results). This extensive landscape of subclonal mutations could 

account for the phenotypic heterogeneity of tumors.

Sources of Mutations

The origin of multiple mutations in tumors has not been fully established. A major clue 

comes from the spectrum of mutations identified in many tumors. A compilation of various 
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databases of mutant tumor DNA sequences indicates that single-nucleotide substitutions 

predominate. Single-nucleotide substitutions might act as passenger mutations that do not 

alter cellular phenotypes and thus could be well tolerated. Deletions, insertions, and 

rearrangements are more likely to be either detrimental or lethal. The most frequent clonal 

and subclonal single-nucleotide substitutions in human tumors as well as in normal tissues 

are transition mutations—G:C to A:T or A:T to G:C substitutions (G:C to A:T are >60% of 

mutations). On the basis of biochemical studies, the most likely sources are 

misincorporation by DNA polymerases or spontaneous deamination of cytosine to uracil. 

Other potential sources of single-nucleotide mutations include alterations in 

deoxynucleoside triphosphate pools, incorporation of ribonucleotides into DNA, and 

mutations in base excision and mismatch repair genes.

Mutations in DNA Polymerases

DNA polymerases are the enzymes responsible for the accurate replication of 6 billion 

nucleotides each time a cell divides, as well as for the resynthesis of DNA after damage 

bases are removed. It was initially postulated that mutations in DNA polymerases would 

diminish the accuracy of DNA synthesis, resulting in single-nucleotide substitutions 

scattered throughout the genome. The genes encoding replicative DNA polymerases are 

among the most conserved DNA sequences in evolution. The findings that alterations in 

either the polymerase or exonuclease (proofreading) domains can affect the fidelity of DNA 

synthesis in vitro, and that mice harboring mutator DNA polymerases that lack proofreading 

activity exhibit an increased incidence of cancers, suggested that mutations in genes 

encoding polymerases could be a source for multiple mutations in human tumors. However, 

until recently, there was only a single report of a mutation in a replicative DNA polymerase, 

and it was in an extensively passaged cell line (12). Presumably, heterozygous mutations 

would diminish the rate of DNA synthesis, and homozygous mutations would be lethal. This 

was in accord with the lack of finding these mutations in the initial studies.

Within the last 3 years, reevaluation of the TCGA database indicates that 16% of colorectal 

tumors are hypermutators and that one-fourth of these tumors have mutations in the 

proofreading domain of POLD1 or POLE (which encode the catalytic subunits of replicative 

DNA polymerases, Pol δ and Pol ε, respectively; ref. 13). Germline mutations found at these 

sites predispose individuals to colorectal cancer. Somatic mutations have also been found in 

endometrial cancers and occasionally in cancers of the breast, stomach, pancreas, and brain 

(14). By far, the highest mutation frequencies observed occur in pediatric brain tumors with 

biallelic mutations in mismatch repair genes and acquired mutations in the proofreading 

domain of POLD1 or POLE (15). The mutation frequency approaches 10−3; any further 

increase might be incompatible with cell viability. In addition to replicative DNA 

polymerases, there are specialized cellular polymerases that are recruited to stalled 

replication forks to facilitate bypass of blocking DNA lesions; these bypass polymerases are 

error-prone and could also contribute to the generation of mutations in tumors.
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Extension of the Hypothesis to DNA Repair

The concept of the mutator phenotype was initially based on mutations in DNA polymerases 

and later extended to mutations in DNA repair genes. Xeroderma pigmentosum germline 

mutations in nucleotide excision repair are causally associated with a 1,000-fold increase in 

the incidence of skin cancers upon exposure to UV irradiation (5). Mutations in genes that 

encode mismatch repair result in a 100-fold increase in alterations and lengths of repetitive 

sequence and in colon cancer (16). Studies in yeast identified hundreds of genes that are 

required to maintain genetic stability (17), and if mutated, are candidates for the generation 

of mutations throughout the genome. Thus, there is ample evidence to extend the mutator 

phenotype hypothesis.

Controversies

The mutator phenotype hypothesis has been controversial for many years. There is the 

extreme technical challenge of accurately quantifying very rare mutations. Also, it is argued 

that the number of stem cell divisions is adequate to generate the large number of mutations 

found in human tumors without invoking an increase in mutation rates (9). The ultimate 

proof will require measuring mutation rates in single cells or single molecules at multiple 

sites in the genome in the absence of selection. Duplex Sequencing offers the sensitivity and 

accuracy to approach this problem.

Until recently, the most accepted hypothesis was that tumors evolve by sequential rounds of 

selection for cells harboring specific mutations. During tumor progression, there would be a 

sequence of selective clonal sweeps for mutations that allow growth under restrictive 

conditions. There is indeed evidence for a temporal order of mutations in key cancer-

associated genes after the clinical appearance of colorectal and pancreatic cancers. However, 

it has not been feasible to investigate sequential mutations before tumors are detected. 

Moreover, the concept of sequential expression of mutant genes does not account for the 

tens of thousands of mutations observed in most human tumors, nor that geographically 

distinct regions of malignant cells within the same tumors have different mutations. 

Nonetheless, cells with common mutant genes within a tumor offer an attractive target for 

therapy.

Targeting a Mutator Phenotype

Two divergent protocols have been advanced for reducing the inevitability of mutation 

accumulations in human cancers. As mutation accumulation is likely rate limiting for tumor 

progression, a reduction in the overall fitness of the tumor cell population could lengthen the 

interval between the initiation of cancer and its clinical sequelae. For most human cancers, 

there is a 5- to 40-year interval between the exposure of an individual to a carcinogenic 

agent and the detection of malignancy. For example, hepatitis B infection in the developing 

world usually occurs before adolescence, yet the median age of presentation of 

hepatocellular carcinoma is 45 years. If one could double the number of years for tumor 

cells to accumulate mutations required for proliferation, invasiveness, or metastasis, one 
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could delay the clinical manifestations of the cancer. Thus, a 2-fold reduction in mutation 

accumulation could have dramatic effects.

The evolutionary success of many RNA viruses has been attributed to the persistent 

generation of diversity within the viral population. An increase in mutation rates by 

incorporation of nucleoside analogues that enhance mutagenesis extinguishes RNA viruses. 

It has been proposed that some human cancers can also be selectively ablated by the 

incorporation of mutagenic nucleoside analogues (18). The preexisting mutational load of 

many human cancers may be close to the threshold for viability. In addition, drugs used to 

treat cancer patients damage DNA and are mutagenic, further elevating the mutation load of 

tumors. Recent studies in yeast demonstrate that even the lethal effects of the mutator 

phenotype can be negated by the evolution of antimutator clones (19). Thus, treatment of 

patients with nucleoside analogues may only be applicable to select patients; it will have to 

be carefully monitored.

In conclusion, the mutator phenotype was formulated more than 40 years ago. Only now 

have advances in basic research permitted us to determine its role in tumor evolution.
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