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Mutator Phenotype May Be Required for Multistage Carcinogenesis1
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There is increasing evidence that the pathogenesis of cancer
proceeds by sequential steps from normal cells to premalignant
foci to localized tumors to invasive tumors and to metastatic
lesions. The concept of stages of tumor progression was initially
analyzed by Foulds (1), and a model for tumor progression
based on genetic instability and clonal selection has been pro
posed by Nowell (2). Individual steps in tumor progression have
been operationally delineated in mouse skin by the responses
of cells to different chemicals (3). A progression of phenotypic
changes has been described in human tumors, the anatomical
localization of which has made it feasible to obtain serial
biopsies (2, 4). Sequential somatic chromosomal abnormalities
have been reported in human cancers including malignant mel
anoma (5), colon cancer (6), gliomas (7), adenocarcinoma of
the esophagus (8), and small cell carcinomas of the lung (9). In
addition, a multiplicity of different mutations has been carefully
documented in human breast cancer (10). The dilemma is that
there are too many mutations in human tumors.

In this perspective, I will consider the relationships between
mutation rates and cancer. At least two mutations are required
to account for the chromosomal changes observed in certain
human inherited diseases (11). An analysis of the literature
indicates that the spontaneous mutation rate in cells is of
sufficient magnitude to account for a two mutation hypothesis
for the initiation of cancer. However, a larger number of mu
tations are observed in many human tumors. The spontaneous
mutation rate in somatic cells is not sufficient to account for
these multiple mutations. If the multiple mutations in tumors
are causally associated with and not just an accompaniment of
cancer, then I argue that an early step in tumor progression is
one that induces a mutator phenotype. An increased mutation
rate in tumors could be the basis for the multiple mutations
that characterize many cancers.

Inherited Human Tumors

A minimal number of mutations required for the initiation
of malignancy is discernible in human inherited diseases that
predispose to cancer. In retinoblastoma, at least two mutations
are required for the development of cancer. Knudson (11)
proposed that in the inherited form of retinoblastoma the first
mutation is germinal and the second mutation is somatic.
Mapping studies indicate that, in the majority of retinoblastoma
tumors, the two mutations involve the same gene (12, 13). In
many other tumors, the deletion of chromosomal regions has
been reported frequently (14). Based on the retinoblastoma
paradigm, it has been proposed that the deleted regions encode
different tumor suppressor genes. Deletions or mutations that
inactivate both alÃelescould allow the expression of normally
silent genes or "hidden" mutant genes that bring about carci-
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nogenesis. Since retinoblastomas are frequently localized, more
than two mutations may be required for tumor progression,
invasiveness, and metastasis.

Mutations in Tumor Progression

If different stages in tumor progression are caused by muta
tions, and there is increasing evidence that many are, how many
mutations are required? Most human tumor cells contain mul
tiple chromosomal abnormalities. In hematopoietic malignan
cies, discrete steps in cancer progression have been associated
with chromosomal translocations (2, 15). In human colon can
cers, specific alterations in DNA sequence involving known or
putative oncogenes have been related to different stages in
tumor progression (6). One model of colon carcinogenesis
provides evidence for the involvement of four or five sequential
chromosomal changes (16), and each of these changes could
reflect two separate mutations. Mutations occurring during the
evolution of human colon cancers include single-base substitu
tions in dominant acting oncogenes and extensive chromosomal
rearrangements resulting in the deletion of known or unidenti
fied tumor suppressor genes. Indirect support for the require
ment of multiple mutations for clinically detectable cancers is
the age dependency of most adult human cancers. Notably, the
incidence of some adult cancers increases with the sixth power
of age (17), suggesting that there are not more than seven
sequential rate-limiting events that produce a clinically appar
ent tumor (17, 18). It has been recently suggested that the age
dependency of human tumors could also be satisfied by a two
mutation model that allows for cell death and differentiation
(19). Lastly, malignant human cancers contain cells with mul
tiple DNA rearrangements, increases in DNA ploidy (2), and
even multiple single-base substitutions within the same gene
(20). Of human colon cancers, 25-50% have been shown to
contain more than 9 mutations (16). It is conceivable that we
are observing only a small fraction of mutations found in
tumors. Based on the diversity of nucleotide sequence altera
tions observed among spontaneous mutations (21, 22), it is
likely that allelic deletions constitute only a small fraction of
mutations that would be observed if one cloned and sequenced
large regions of DNA in human tumors. Taken together, the
current evidence indicates that multiple mutations are associ
ated with the malignant phenotype.

Normal Mutation Rates

Normal, spontaneous, or background mutations are consid
ered to be those mutations that occur in the absence of exoge
nous mutagenic factors. To what extent might the rate of
background mutation in normal cells account for the multiplic
ity of mutations that are found in tumors? To evaluate whether
the mutations that arise during tumor progression are produced
by normal cellular processes, we need to know the rates of
mutagenesis in normal human precursor somatic cells and also
the number of human cells that might give rise to tumors.
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It has been pointed out by Peto (23) that there is a marked
discordance between cancer incidence in mice and humans when
one weighs the number of cells and times the cells are at risk.
Considering that mice have 0.001 times as many cells as hu
mans and live 0.03 times as long, cancers resulting from spon
taneous mutations could be 3 x 10~4 less frequent in mice (23).

Even though an adequate explanation for this discrepancy is
not available, the discrepancy might not be as great as it appears,
and it does not rule out a significant contribution of sponta
neous mutations to human cancer. First, there is evidence that
the proportion of stem cells to the total cell population in mice
might be much greater than in humans. Murine hematopoietic
stem cells constitute approximately 0.1% of the bone marrow
cells as measured by spleen colony formation (24) or in vitro
stem cell colony formation (25). Human colony forming cells
with high proliferative potential are present at 0.002% (26).
Second, the ratio of the number of nucleotide substitutions in
the rodent lineage to that in the human lineage since divergence
is 1.3 to 3.0 (27). Third, while the frequency of hgprt mutations
in lymphocytes is approximately the same in newborn human
and mouse cells, there is an age dependent increase in mutation
frequency in human lymphocytes that is not observed in mouse
lymphocytes (28, 29). Fourth, human cells have a 6-fold higher
capacity for DNA repair of bulky adducts than do mouse cells
(30, 31), and they are notoriously resistant to spontaneous
transformation in culture. Thus, highly protective mechanisms
to prevent malignancy may have evolved in human cells.

Human somatic mutation rates have been measured for the
most part using cells grown in culture. Most of these measure
ments have been made on three genes: hypoxanthine-guanine
phosphoribosyltransferase (hgprt); adenine phosphoribosyl-

transferase (apri); and thymidine kinase (tk). The spontaneous
mutation rate of a human diploid lymphoblast line, TK.6, het
erozygous for tk and containing one copy of hgprt on the X-
chromosome, has been frequently measured. Mutation rates for
hgprt and tk have yielded values of 1.9 Â±0.5 (SD) x 10~7and
2.2 Â±0.3 x 10~7, respectively (32). Fluctuation analysis of

forward mutations in hgprt in HL-60 cells, a human promye-
locytic leukemia line, provided a similar value, 1.7 x 10~7

mutation/cell generation (33). Other measurements in human
lymphoblasts (34) and primary diploid fibroblasts (35) gener
ated mutation rates clustered around 10~6to 10~7.A reasonable

assumption is that a mutation at each nucleotide within the
1.3-kilobase coding sequence of human hgprt and the adjacent
promoter sequence can inactivate this gene. Thus, an approxi
mate estimate of the overall mutation rate would be 1.8 x 10~7

mutation/cell generation divided by the size of the hgprt mRNA
(1.3 kilobases), yielding 1.4 x 10~'Â°mutation/base pair/cell

generation. This rate appears to be lower than the values
obtained with strains of human fibroblasts (36) and with
Chinese hamster ovary cells that contain a single copy of apri
(21). There may be a bias in extrapolating from the mutation
rates within a few target genes to that which occurs over the
entire genome. Target genes are usually chosen because they
are observed as mutants and thus may be hot spots for muta-
genesis. However, the estimate of 1.4 x 10 '" mutation/base

pair/cell generation for the human hgprt gene is remarkably
similar to the estimate by Chu et al. (37) of 1.2 x 10~'Â°

mutation/base pair/cell generation for electrophoretically de
tected protein variants at unselected loci in cultured human
lymphoblastoid cells. The later figure is based on the assump
tion that the average polypeptide is coded for by IO-1exon

nucleotides.

There are only limited data on the type of mutations that
occur spontaneously in human somatic cells. The main focus
has been on the ratio of point mutations to deletions. In the
hgprt gene, deletions are found in 10 to 50% of spontaneous
mutants, as detected by rearrangements in the patterns of
restriction enzyme digests (33, 34, 37, 38). In the apri gene,
fewer than 10% of observed mutants result from deletions or
insertions of more than 30 base pairs (21). In one study, only a
single deletion and one frame-shift were detected upon sequenc
ing 30 independent spontaneous mutants (22). Differences in
the proportion of point mutations and deletions could reflect a
bias based on differences in the structures of the hgprt and apri
genes or the presence of adjacent essential genomic sequences
that render the cells nonviable when inactivated by deletions.
There is obviously a need for more data to define the pattern
of nucleotide sequence alterations that occur spontaneously in
human cells. Nevertheless, from the limited data available, the
following tentative conclusions are justified: spontaneous mu
tations are characterized by a variety of DNA sequence altera
tions; single base transitions occur at high frequencies (21); and
transpositions are infrequent (38).

Prior to considering mutations in tumors, it is instructive to
summarize the limited data available on human germinal mu
tation rates and compare it to somatic mutation rates. Studies
on the frequency of hemoglobin variants in different human
populations yield mutation rates from 0.6 to 2.8 x 10~6nucleo

tide substitutions/individual (39, 40). Analysis of electropho-
retic variants among control children (those not exposed to
increased radiation in the atomic bomb survivor studies) yielded
a spontaneous rate for nucleotide changes in exons of 1.2 X
10~8/nucleotide/generation (39). Assuming an average of 100

cell divisions for the production of gametes, then a reasonable
estimate of the human germinal mutation rate is 1.2 x 10~'Â°

mutations/nucleotide/division. Thus, the mutation rates in so
matic and germinal cells may be similar. This implies that the
DNA replication apparatus may be the same in somatic and
germ line cells. It might have been assumed that spontaneous
mutation rates in somatic cells are higher, since errors and
lethal mutations could be more easily tolerated and the energy
cost for high accuracy is considerable.

Could Normal Mutation Rates Account for the Multiplicity
of Mutations Observed in Tumors?

Studies using chromosomal markers have demonstrated that
most human tumors arise from one or a few cells (41, 42). The
least restrictive assumption is that any cell that has the potential
to divide also has the potential to form a tumor. The adult
human contains some IO14cells, and it can be estimated that
within a normal life span our cells undergo a total of IO'6

division cycles (43). If one dominant mutation at any nucleotide
in the genome is sufficient to produce a tumor, then a normal
mutation rate of 1.4 x 10~'Â°would be sufficient to produce 2.8
x 10" spontaneous cancer cells within normal life span. The
number of potential cancers would be IO16cell divisions multi
plied by 2 x IO9 base pairs/genome and by 1.4 x 10~'Â°muta-

tions/nucleotide/cell division. A smaller number of potential
cancer cells, IO13,would be predicted if only mutations within

the coding sequences lead to malignancy and an even smaller
number if one assumes that there is perhaps one potential
oncogene.

The possibility that there are billions of latent cancer cells in
normal individuals has not been rigorously eliminated. Presum-
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ably, small cancer foci consisting of only a few cells could be
held in check by normal homeostatic mechanisms. On the other
hand, a two mutation hypothesis yields a more realistic number,
assuming that either two separate dominant mutations [(1.4 x
IO"10)2]or two mutations that inactivate both copies of a single

gene are sufficient for carcinogenesis. In either case, the rate of
spontaneous mutations would be adequate for the production
of hundreds of potential cancer cells during a normal human
life span. Thus, the normal mutation rate in itself is high enough
to produce large numbers of mutant cells that have the potential
to produce tumors based on a one or a two hit hypothesis.
Thus, endogenous mutation could be a significant factor in the
genesis of human cancer (44). However, if more than two
mutations were required to produce a clinically detectable can
cer, then this same type of reasoning indicates that cancers
based on normal mutation rates would be exceedingly rare
phenomena.

Sources for Multiple Mutations

There are at least four mechanisms by which the normal
mutation rate could account for multiple mutations leading to
tumor progression without invoking an increased mutation rate
in cancers.

Firstly, cancer-causing genes could contain sequences that
mutate at exceptionally high frequencies. Mutagenic hot spots
have been found in a variety of genes (45). Even though muta-
tional activation of ras genes can occur at multiple sites, mu
tations in cancers are usually observed at only a few sites (46).
It is not known whether the localization of mutations to specific
nucleotides in ras genes results from an increased rate of DNA
damage, or diminished DNA repair, or an elevated frequency
of misincorporation by normal DNA polymerases opposite
unrepaired lesions, or from the selective proliferation of cells
harboring specific ras mutations. Extensive studies on the spec
trum of spontaneous mutations in prokaryotic cells (45) and a
limited number of investigations in eukaryotic cells (38) indicate
that the frequencies of mutations at hot spots in different genes
is at most 1O4times greater than the average mutation frequency

per nucleotide throughout the genome. Since hot spots are
limited to one or a few nucleotides within a gene, a IO4increase
in the rate of changes at these positions results in at most a 10-
fold increase in the overall frequency of mutations within a
gene containing thousands of nucleotides. Also, there is no
known feature that is common to the nucleotide sequence of
oncogenes to suggest that they are hot spots for mutagenesis.
For these reasons, mutagenic hot spots are unlikely to be a
major source of mutations during tumor progression.

Secondly, a single mutagenic event could cause a multilocus
deletion and inactivate a series of adjacent genes, including
tumor suppressor genes. However, most spontaneous mutations
in normal cells and even in immortal cell lines are point
mutations. For example, 90% of apri mutants in nontumori-

genic Chinese hamster cell lines are point mutations (21), as
are the majority of the hgprt mutants in lymphoblastoid human
cell lines (47). On the other hand, there is increasing attention
being paid to deletions that are associated with the inactivation
of tumor suppressor genes. In three of five tumor-derived
Chinese hamster fibroblastic cell lines, large deletions involving
hgprt comprised 40 to 74% of the total hgprt mutations scored
(48). Thus, even though there is evidence to support the hy
pothesis that deletions are important in the inactivation of
tumor suppressor genes, a preponderance of deletions in the

spontaneous mutational spectra of human tumor cells remains
to be demonstrated. Other single mutagenic events that gener
ate multiple nucleotide alterations include gene amplification,
transposition, and chromosomal loss. In the absence of cell
selection, neither gene amplification (49, 50) nor transpositions
(38) have been reported to occur with high frequencies among
spontaneous mutants in normal cells. Chromosomal loss is
seldom reported in normal cells but it does appear to be a
frequent event in some tumor cells. There is a need for assays
to establish the frequencies of chromosomal losses in tumor
cells.

Thirdly, mutations which lead to frank cancers could have
multiple causal origins. Both spontaneous and chemically in
duced mutations could contribute to tumor progression. The
100-fold higher incidence of human cancer in the large intestine

compared to that in the small intestine could reflect the contri
bution of carcinogens produced within the large intestine by
the bacterial flora. Although the cell turnover rate is slightly
greater in the small intestine, the pathway from stem to differ
entiated cells may be complex and different in the small and
large intestines. Most importantly, premalignant changes in
cells may not be manifested due to the constant shedding of
cells into the intestinal lumen.

DNA damage by exogenous chemicals may escape repair in
quiescent cells, and when these cells are activated to undergo
DNA replication and cell division (44), the contribution of
chemically induced DNA damage to mutagenesis could be
significant. Thus, a multifactorial scheme could account for the
presence of large numbers of mutations in single cells. However,
chemically induced DNA damage does not parallel the sequen
tial chromosomal changes that characterize the process of tu
mor progression. Unrepaired DNA damage could accumulate
in quiescent cells and be responsible for a large number of
mutations at the first cell division, but the DNA damage would
not be present in tumor cell progeny. It can be argued that
continual DNA damage is a common manifestation of chemical
carcinogens, particularly environmental agents, and could be a
continual source of mutations during tumor progression. How
ever, there is no reason to hypothesize that DNA in tumor cells
is especially susceptible to damage by chemical carcinogens. In
fact, human cancer cells are frequently resistant to the lethal
effects of chemical carcinogens.

Fourthly, each mutation could confer a selective growth
advantage (2, 16). After each mutation, there could occur an
expansion of the mutant cell population to provide an enlarged
clonal population of target cells for the next mutagenic event.
Assuming that each mutant cell expands to IO6 cells (a mass

that would not be clinically detectable), then the cell population
at risk for each relevant mutation after the first would be
multiplied by IO6. The effect of the clonal expansion would be

equivalent to increasing the effective mutation rate from 1.4 x
10~'Â°mutation/cell to 1.4 x 10~'" mutation/cell x IO6 cells/
tumor or 1.4 x 10~4 mutation/tumor/cell at each mutagenic

event after the first one. By this scenario, the normal mutation
rate could produce as many as four or five mutations in a single
cell lineage during one's life span. This mechanism of sequential

clonal expansions leading to malignancy could be a significant
factor that accounts for the multiplicity of mutations that are
observed in tumors. It is particularly difficult to invoke in the
case of tumor suppressor genes, since a single mutation in a
recessive locus would have to result in a major proliferative
advantage.
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Measurements of Mutation Rates in Cancer Cells

The aforementioned considerations argue that the mutation
rate in normal human cells, even if exposed to carcinogens,
may not be sufficient to account for the multiple mutations that
accumulate during tumor progression. An alternative hypothe
sis is that the mutation rate is increased during tumor progres
sion. The concept that oncogenesis involves a mutator pheno-
type has been considered by several investigators (2, 51). How
ever, there is insufficient experimental support for this concept;
only a few studies have compared the mutation rates of normal
with cancer cells. Most of these studies have been carried out
on rodent cells in which the level of DNA repair is less than
that in human cells (31) and thus many DNA lesions that
produce mutations in rodent cells would be repaired in human
cells. Furthermore, most of these comparisons were between
nontumorigenic and tumorigenic cell lines, both of which were
immortal and presumably had undergone prior mutations.

The major studies on mutation rates have been carried out in
rodent cells. No difference in mutation rates for the X-linked
hgprt or for the autosomal Na+-K+ ATPase loci was observed

in detailed studies comparing a normal diploid human fibroblast
strain and a chemically transformed line derived from that
strain (52). Also, no difference was demonstrated in a compar
ison of a nontumorigenic Chinese hamster cell line and the
same cell line transformed with polyoma virus (53). However,
after virus superinfection with SV40, the mutation rate in the
doubly transformed cells was as much as 25-fold higher. While
an analysis of 126 Chinese hamster fibroblastic cell lines failed
to reveal a correlation between mutation rate and tumorigenic
potential, the spectrum of mutations in the tumorigenic cell
lines revealed a high frequency of deletions (48). However, in
one of the cell lines there was a 20-fold increase in the rate of
point mutations. In contrast to these results on rodent cells in
culture, a detailed study of human cells compared phytohemag-
glutinin-stimulated normal lymphocytes with malignant lym
phocyte cell lines. The spontaneous rate of hgprt mutants in
normal cells varied from 6 to 25 x 10~" mutant/generation,
while in malignant cells it varied from 53 to 666 x 10~8 (35).

A specific case that supports that concept of genomic instability
is that of gene amplification. In response to a stimulus, gene
amplification is undetectable in normal cells (<10~9) but is as
great as 10~' in highly tumorigenic cell lines (50).

A similar assortment of results has been obtained with respect
to mutation rates and metastatic potential. Thus, while Cifone
and Fidler (54) found a 3- to 7-fold higher spontaneous muta
tion rate of thioguanine resistance in clones of murine fibrosar-
comas with a higher metastatic potential, Yamashina and
Heppner (55) found no correlation between mutation rate and
metastatic potential among subclones from a single mammary
tumor.

Potential Mutator Genes in Cancer Cells

If an increased mutation rate is important in tumor progres
sion, then a significant class of as yet unrecognized cancer genes
("oncogenes") may be those required to maintain the normal

nucleotide sequence of genes, as well as the stringent location
of genes within each chromosome and the accurate segregation
of chromosomes during cell division. Among these putative
cancer genes would be those encoding DNA polymerases, en
zymes involved in the metabolism of deoxynucleosides, proteins
involved in mismatch correction, proteins involved in the repair

of DNA lesions, and not yet identified proteins that guarantee
the proper partitioning of chromosomes in daughter cells.

Only a few of these enzymes have been examined in cancer
cells. There are reports that DNA polymerase a purified from
tumors is more error prone than is the equivalent enzyme from
normal cells (56, 57). With the evidence for multiple DNA
polymerases in eukaryotic cells and with the reconstitution of
multicomponent protein complexes that replicate SV40 DNA
in vitro (58), these findings must be reevaluated. The error rates
of eukaryotic DNA polymerases in vitro are dependent on the
ratio of correct to incorrect deoxynucleoside tri phosphates (59).
Thus, it can be postulated that alterations of nucleotide metab
olism in malignant cells may increase the frequency of muta
tions throughout their genomes. In prokaryotes, errors in DNA
replication are corrected postsynthetically (60) and the contri
bution of mismatch correction to the fidelity of DNA replica
tion can be as much as IO5 (61). Recently, analogous mamma

lian correction systems have been identified and alterations in
these proteins could be mutagenic. The high frequency of
normal spontaneous damage to DNA (44) compared to the
rarity of spontaneous mutations highlights the critical role of
DNA repair in mutation avoidance. The importance of DNA
repair is reinforced by human diseases in which deficits in DNA
repair are associated with malignancies at high frequencies (62).
Lastly, the complex process of chromosomal segregation must
logically require a large coterie of proteins the genes of which
are potential targets for mutagenesis (63).

In summary, there are hundreds of genes that are required to
maintain the stability of the genome in somatic cells. Mutations
in any of these genes could result in genetic instability and
contribute to the multiplicity of mutations observed in tumors.
Moreover, mutations in genes that are required for chromo
somal stability would not be detected in current assays for
oncogenes, even though these mutations may be central to
carcinogenesis.
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