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Hypermutability in Carcinogenesis
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ABSTRACT

The presence of numerous chromosomal changes and point mutations in tumors is well established.
At least some of these changes play a role in the development of the tumors. It has been suggested that
the number of these genetic changes requires that tumorigenesis involves an increase in mutation rate.
However, the presence of numerous changes can also be accounted for by efficient selection. What is
required to settle the issue is some measure of nonselected mutations in tumors. In order to determine
whether the tumor suppressor TP53 (coding for the protein p53) is hypermutable at some stage of
carcinogenesis, the frequency of silent and multiple mutations in this gene has been examined. Silent
mutations make up ~3% of the total recorded but constitute 9.5% of the mutations found in tumors with
multiple mutations. Multiple closely linked mutations are also observed. Such multiple mutations suggest
the operation of an error-prone replication process in a subclass of cells. The published data indicate that
TP53 is hypermutable at some stage of tumor development. It is not yet clear whether TP53 is unique or
whether other genes display a similar pattern of silent and multiple mutations.

Are tumors hypermutable? Tumors accumulate ge-
netic alterations as they progress, and it seems very likely
that at least a portion of these genetic alterations play
a role in the etiology of the disease (Vogelstein et
al. 1988; Goyette et al. 1992). This accumulation of
changes is so striking that many investigators suppose
that a condition of genetic instability is a necessary con-
comitant of tumorigenesis (Loeb etal. 1974; Loeb 1991;
Cheng and Loeb 1993). The genetic changes observed
are of different kinds and include both point mutations
and qualitative and quantitative chromosome alter-
ations. Chromosome instability might occur without af-
fecting the fidelity of the replication process, that is,
without changing the rate of gene mutation. The ques-
tion to be addressed here is whether a general increase
in the point mutation rate occurs at some stage in carci-
nogenesis.

It has been argued that the normal mutation rate is
insufficient to generate the changes required inasingle
cell and that there must, therefore, be a special process
at work in cells destined to engender tumors (Loeb
1991). Some years ago it would have been supposed
that exogenous environmental agents acting as muta-
gens were in large part responsible for this increase
(Ames 1973), but such arguments are no longer as com-
pelling (Ameset al. 1995). Many of the changes observed
in tumors are associated with G:C—A:T transitions char-
acteristic of spontaneous change rather than the G:C—T:A
transversions characteristic of chemical mutagenesis
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(Hollstein et al. 1991). Current hypotheses suggest
that the developing tumor cells carry “mutator” genes
that diminish normal cellular surveillance mechanisms
and increase the spontaneous mutation rate (Loeb 1994).
Such surveillance mechanisms do exist (Modrich
1995), and certain types of tumors occur more fre-
guently in individuals with defects in genes responsible
for the coding of the necessary surveillance proteins.
The most spectacular recent finding is the association of
certain colon carcinomas with defects in the mismatch
repair genes (Fishel et al. 1993; Modrich 1995), but
the earlier association of a defect in excision repair
with skin carcinomas is equally striking (Cleaver 1968).
These correlations are persuasive arguments for the tu-
mor hypermutability hypothesis.

The mutation frequency for point mutations is very
significantly increased in the cells of individuals defi-
cient in mismatch repair (Bhattacharyya et al. 1995;
Malkhosyan et al. 1996). However, Parsons et al. (1995)
found a subset of patients whose somatic cells were
devoid of mismatch repair activity and were hypermuta-
ble, but such individuals did not have the number of
early tumors that might be expected. In addition, the
tumors that do occur in patients with hereditary non-
poyposis colorectal cancer represent a limited set, that
is, certain kinds of tumors occur but not others. It may
be that the importance of mismatch repair deficiency
is not primarily its effect on the generalized mutation
rate but rather on the mutation rate of genes containing
repeated nucleotide sequences within the coding region
of critical genes, for example, the observed frameshift
in a run of 10 (A’s) in the TGF-BII receptor gene (Lu
etal. 1995; Markowitz et al. 1995; Akiyama et al. 1996;
Rampino et al. 1997; Souza et al. 1996). Protection
against single base changes that occur at the growing
point during DNA synthesis is provided by both the
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mismatch repair and proofreading systems (Friedberg
etal. 1995). Frameshifts in long-repeated sequences are
to some extent ignored by the proofreading system but
are efficiently recognized by the mismatch repair system
(Strausset al. 1997; Tran et al. 1997). Mismatch repair
deficiency may therefore affect genes with such se-
guencesto a disproportionate extent. If this explanation
is correct, mismatch repair deficiency makes certain
critical changes more likely, but the general increase in
mutation need not result in generalized tumorigenesis.
Demonstration that hypermutability is a general prop-
erty of cells undergoing neoplastic transformation re-
quires additional kinds of evidence.

The example of xeroderma pigmentosum has long
been used as an argument for the role of DNA repair
in removing tumorigenic lesions (Cleaver 1968) and,
indirectly, for generalized mutagenesis as a causative
factor in cancer induction. One of the signs of xero-
derma pigmentosum is an increased frequency of sun-
light-induced skin carcinoma. Such tumors are associ-
ated with dinucleotide “signature” mutations (Brash et
al. 1991; Dumaz et al. 1993; Matsumura et al. 1996),
and the lack of repair activity ensures the persistence
of sunlight-induced lesions long enough to result in
replication errors. These characteristics of xeroderma
patients link mutation and cancer. Some years ago,
Cairns (1981) proposed that the xeroderma defect re-
sulted only in skin tumors, and his paper provoked the
collection of data showing that internal tumors are also
increased in xeroderma patients (Kraemer et al. 1984;
Kraemer et al. 1994). “Knockout” xeroderma mice
(XPA deficient) do develop spontaneous liver tumors
and an increased frequency of benzpyrene-induced lym-
phomas as compared to normal mice (de Vries et al.
1997). Deficiency in repair synthesis, however, is not
necessarily the cause of the tumorigenesis because indi-
viduals with trichothiodystropy and some cases of Cock-
aynes’ syndrome have excision repair activities as low as
some xeroderma patients but do not have an increased
frequency of skin tumors, notwithstanding their sensitiv-
ity to light. Despite several attempts, this paradox has
not been explained (Chu and Mayne 1996; Marionnet
et al. 1996; Stary and Sarasin 1996; Takayama et al.
1996; Weeda et al. 1997). The genes involved are com-
plex, with both repair and transcription functions.
These examples suggest that heightened mutability is
not necessarily accompanied by a general increase in
tumorigenesis and also that increased mutability can be
associated with only specific sorts of tumors.

Arguments against the hypothesis that tumors are nec-
essarily hypermutable have a long history (Armitage
and Doll 1957; Fisher 1958). Two recent discussions
have been published by Tomlinson et al. (1996) and
by Simpson (1997). The development of each tumor is
an evolutionary event and, as in macroevolution, muta-
tions are subject to selection, and some mutations are
neutral and subject to genetic drift. The presence of

any number of mutations in a tumor is the result of
these different forces. Both very early and very recent
calculations indicate that, given the power of selection
and the biology of tumor development, selection is capa-
ble of yielding clones with multiple mutations without
an increase in the normal mutation rate. Such calcula-
tions do not settle the issue, but they certainly indicate
that the presence of multiple mutations in tumors is
not sufficient to establish the case for general tumor
hypermutability.

Some of the evidence that tumor cells are not necessar-
ily hypermutable has already been summarized. As an
example, Harwood et al. (1991) reported that two lines
derived from a human colorectal carcinoma had muta-
tion rates of 5 X 10~® and 3 X 1078 per cell per genera-
tion for the aprt gene, rates “as low or lower” than for
diploid human cell lines. Wittenkeller et al. (1997)
compared the mutation rates of hypoxanthine-guanine
phosphoribosyltransferase in an immortalized human
bronchial epithelial cell line and its tumorigenic deriva-
tive and found that the tumor line had slightly lower
rates. Of course, the control “line” had been immortal-
ized so that even though not a tumor, it was hardly
“normal.” Buettner et al. (1996) found an increased
mutation frequency (for a transgenic lac gene) in only
one of four tumors arising in p53 knockout mice, and
even in that tumor the increase was only 2.3 fold. The
p53 knockout mutation rate in normal tissue was not
different from the normal (Nishino et al. 1995). The
rate of point mutation is not permanently higher than
the normal somatic mutation rate for some genes in
(some) tumor cells.

TP53 mutation: The TP53 tumor suppressor gene,
whose product, the p53 protein, plays an important role
in regulation of the cell cycle (Levine 1997), is much
studied: numerous mutations have been reported, and
there are several data bases available that summarize
the information (DeVries et al. 1996; Carriello et al.
1997; Hainut et al. 1997). The analysis below utilizes
the data base first prepared by Hollstein et al. (1996)
which is available as an Excel spreadsheet (Hainut et
al. 1997). This data base includes all reported mutations
in tumors and attempts to exclude mutations at known
polymorphic sites. Up to the end of 1996 (Hainut et
al. 1997), there were 6005 total p53 mutations recorded.
It seemed possible that an analysis of the mutational
data base, and in particular the analysis of the frequency
with which silent mutations occur, would permit an
estimate of the nonselected mutation frequency for the
TP53 gene. Although knowledge of the mutation fre-
guency does not permit estimation of the mutation rate,
a comparison of the (nonselected) mutation frequen-
cies of genes in normal and tumor tissue might give
some indication of whether tumors are hypermutable.

Silent mutation: Silent mutations are defined as nucle-
otide substitutions that do not result in amino acid
changes, owing to the redundancy of the genetic code.
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There were 202 silent mutations in the tumors (Hainut
et al. 1997). However, nine of the silent mutations re-
corded occur at codons reported as polymorphic. Con-
sequently, there are (193/6005) X 100 = 3.2% silent
mutations in the sample. Their exact positions and the
nature of the substitutions are readily retrieved from
the data base (Hainut et al. 1997). The percentage of
silent mutations is about the same in tumors and in cell
lines (Strauss 1997).

A certain proportion of the recorded mutations are
probably due to PCR errors, a problem that has been
discussed previously (Strauss 1997). Although errors
probably do occur, many of the papers reporting muta-
tions do amplify several samples independently and take
other precautions to reduce the possibility of error. The
percentage of silent mutations reported in the 1996
update (42/915) isslightly higher than the overall value,
making it more likely that ~3% represents an accurate
estimate of the frequency of silent mutations among all
TP53 mutations. The methodology for the detection of
mutations is necessarily becoming more reliable as the
utility of mutational analysis as a diagnostic tool be-
comes evident. The question of whether the changes
represent preexisting polymorphisms is harder to ad-
dress because many of the investigations utilize paraffin-
embedded archival samples as their source of tissue and
do not have normal tissue controls.

If mutation were random and neutral, 23.5% of all
mutations in TP53 would be silent. This figure is based
on the actual usage of codons in p53 and the probability
of amutation in thatcodon being silent. The percentage
of observed silent mutations is much lower. However,
inactivation of p53 function plays a role in the etiology
of tumors and so frameshifts, missense, and nonsense
mutations would be expected to have a selective advan-
tage. If we suppose thata first mutation in p53 inactivates
its function and contributes to tumorigenesis, then it is
possible that additional mutations can accumulate in a
nonselective way. A tabulation of the occurrence of si-
lent mutations in tumors with multiple p53 mutations
might therefore make possible a nonbiased estimate of
their frequency. In the most recent data, there are 305
tumors with multiple mutations, and these tumors had
a total of 693 mutations. After removal of four possibly
polymorphic silent changes, 66 mutations, or 9.5%,
were silent. This figure is still an underestimate of the
total percentage of silent mutations because, as indi-
cated above, a nonsilent mutation is (presumably) re-
quired for entry into the data set. If one assumes that
among the tumors with multiple p53 mutations, silent
mutations are only found in tumors with a p53-inactivat-
ing missense, nonsense, or frameshift mutation, then a
corrected silent mutation frequency can be obtained
by dividing the total number of silent mutations (66)
among the multiple mutations (693) by the total hum-
ber of mutations in that sample minus the total number
of tumorswith multiple mutations (305) as a correction

for the ascertainment bias. The corrected frequency
is 17% ([66/693-305] X 100). Because not all silent
mutations need be nonselective (see below), the figure
for silent mutations is probably somewhere between
9.5% and 17%. What is critical is that considerable num-
bers of silent mutations occur. An essentially similar
argument, in which the second mutations in doublets
(including the silent mutations) are considered as
“hitchhikers,” has been made by Rodin et al. (1998).

Individual investigations from the published data base
in which substantial numbers of p53 mutations have
been recorded do give results nearer to the expected
value for silent mutations. In one of the cases in which
silent mutations were found and in which the sur-
rounding tissue was also sequenced, 11 out of 29 single
nucleotide changes were silent, and of these, only two
were found in the surrounding tissue at a known poly-
morphic site (Hongyo et al. 1995). In another investiga-
tion, a total of 64 bladder tumors yielded 45 p53 muta-
tions of which 11 (24%) were silent (Taylor etal. 1996).
Two of the tumors had two silent mutations each, and
for these polymorphism was eliminated by sequencing
blood DNA. None of the other silent mutations were at
the sites of known polymorphisms (Weston and God-
bold 1997).

Silent mutations need not be selectively neutral and,
in fact, are not in many organisms (Sharp et al. 1995).
Codon usage differs, and the availability of tRNAs is
different for the different codons. In Drosophila, in
yeast, and in E. coli it has been shown that codons are
selected. This does not seem to be true for humans in
which codon usage for the same amino acid in different
genes expressed at the same time may differ widely
(Sharp et al. 1993; see Table 6 in Strauss 1997). It
has also been pointed out that silent mutation might
produce alternative splice sites (Hongyo et al. 1995).
The production of a 5’ GT, for example, could result
in a new splice site and an altered p53 protein, but no
such altered protein has been isolated. Notwithstanding
these caveats, the hypothesis that most of the silent
mutations are selectively neutral for tumor formation
in humans remains a reasonable one.

If silent mutations are effectively neutral, then their
frequency in tumors, as compared to the frequency of
newly occurring (i.e., nonpolymorphic) mutations in
normal tissue, should provide a clue to the question of
the mutation rate in tumors. There is only the most
limited data that would permit an estimate of what the
expected frequency of a newly arising mutation in a
tumor might be, considering that a sufficient number
of generations would have had to occur between the
mutation and the assay to result in a clone of cells, most
of which contained the mutation, so that it would be
detected by current PCR methodology. Aguilar et al.
(1994) estimated the frequency for mutation at one
nucleotide of the frequently mutated p53 codon 249 in
nonmalignant samples of liver from hepatocellularcarci-
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noma patients. The detection methodology depends
on the resistance of mutated sites to restriction-enzyme
digestion. Values of <2 to 13 X 1077 per base were
obtained for mutation at the third position of codon 249
in three nonmalignant liver samples. Assuming that all
positions in the TP53 gene have the same mutability, but
that only one-fourth of the changes would give silent muta-
tions, the highest frequency of silent mutations would be
1/4 X 1179 coding bases X 1.3 X 107% = 3.8 X 107, or
0.04%. This is about 1/100 of the overall frequency of
silent mutations in the p53 set and 1/400 of the cor-
rected frequency in multiple mutants. Another estimate
can be obtained from values for transgenic lacl muta-
tions in the mouse, where Nishino et al. (1995) report
a frequency of 3.7 X 107° mutations per gene. The
effective mutational size of the lacl gene is ~210 bp, or
~one-fifth the p53 size. If this frequency applied to
humans, one might expect 3.7 X 1075 X 5 X 1/4 (to
correct for silent mutations), or 4.6 X 10~° = 0.005%.
Once again, the measured p53 silent mutation fre-
quency in human tumors is much higher.

Values for mutation frequencies in blood cells of nor-
mal young adults are available for four genes (Alber-
tinietal. 1993): hemoglobin (4 X 107%; red blood cells),
hprt (5 X 1075 T cells ), glycophorin A (10 X 1075 red
blood cells), and HLA (3 X 1075 T cells). The hprt
frequency has been described in human kidney epithe-
lium as age-dependent, ranging from 5 X 10~° (chil-
dren) to 2.5 X 107* (>80 yr) (Martin et al. 1996).
Measurement of the somatic mutation frequency of a
gene involved in O-acetylation of sialic acid in normal
colonic mucosa from patients with either Crohn’s dis-
ease, hereditary nonpolyposis colorectal cancer, or spo-
radic colorectal cancer gave values of 4.2 X 107% 4.3 X
1074, and 6.6 X 107* respectively, with no significant
differences between the sets, although there was a sig-
nificant age dependence seen (Williams et al. 1995).
These frequencies are about two orders of magnitude
lower than the frequency of silent mutations (even the
uncorrected frequency) observed in TP53. The data on
silent mutations in TP53 show that this gene is hypermu-
table in tumors.

Multiple TP53 mutations: Are there any other indica-
tions of a special nature for p53 mutations in tumors?
To answer this question, it is useful to look at the distri-
bution of mutations in tumors with multiple p53 muta-
tions (Table 1). A problem with the tabulated data
(Hollstein et al. 1996; Hainut et al. 1997) is that it is
not easy to find the number of tumors scored with no
mutations, but it can be estimated (M. Hol Istein, per-
sonal communication) as ~24,000 or 48,000 TP53 genes.
There were 6005 mutations recorded. This gives a P(0)
of 0.87 and a value of 0.13 mutations per p53 gene
based on the Poisson expectation, P(0) = e™™.

There is a deficiency of double mutations but an ex-
cess of single and multiple (>2) mutations (Table 1).
There are several interpretations possible for the devia-

TABLE 1
Reported mutations in the TP53 gene

p53 Data to 1996

mutations 1995 update Total Expected
1 5090 787 5877 5377

2 213 49 262 343

3 46 6 52 15

4 8 3 11 0.48
5 1 0 1 0.01

Datafrom Hollsteinet al. (1996) and Hainutetal. (1997).
The expected numbers are calculated from the Poisson distri-
bution as described in the text.

tions of the observed from expected value. A trivial
explanation is that because only ~16% of the publica-
tions report sequencing all exons, many second muta-
tions were just not observed. A second possibility (sug-
gested by J. Cairns in a personal communication) is
that there is a fraction of hypermutable tumors. Yet a
third, not necessarily exclusive, possibility is suggested
by an examination of the position of the mutations,
some of which are closely linked. A tabulation of tumors
with two closely linked mutations, and including six
tumors with three mutations located no more than 10
codons from each other, has recently been presented
(Strauss 1997). The current data set provides addi-
tional cases. A particularly interesting example is pro-
vided by Shipman et al. (1996) who carefully examined
TP53 mutations in 24 paired samples of normal and
non-small-cell lung carcinomas from the same individu-
als. Three of these tumors had multiple TP53 mutations,
including one with four mutations, shown by cloning
to be the result of three mutations in one allele and one
in the other. Shipman et al. (1996) eliminated germinal
polymorphism as an explanation for the findings.
Counting the site of the first change, a deletion at posi-
tion (1), a second deletion occurred at base 36 followed
by a base substitution at position 46. The authors suggest
that it is the first change that creates a stop codon
23 bp downstream, and the following mutations are
presumably of no physiological importance. Taylor et
al. (1996) studied 64 bladder tumors. Thirty-two had
p53 mutations, and of these, nine had multiple p53
mutations. One of these tumors had five mutations at
four codons (nos. 89, 101, 132 and 214). Although this
tumor came from an individual exposed to arylamines,
multiple mutations occurred about equally in exposed
and control groups, and there were no differences be-
tween exposed and control groups in the codons mu-
tated or in the pattern of changes—most were transi-
tions. There is no evidence that such multiple changes
occur as part of a single (replicative) event, but the
proximity of such changes and their frequency certainly
suggests that hypothesis. This possibility was first raised
by Seidman et al. (1987) and by Harwood et al. (1991).
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Seidman et al. (1987) found multiple point mutations
in a shuttle vector introduced into repair-proficient
lymphoblastoid cells, especially after introduction of a
nick. The tumor cell lines studied by Harwood et al.
(1991) were peculiar in that although the spontaneous
mutation rate was low, those cells that did have muta-
tions tended to have multiple mutations.

Mutations in other genes: The frequency of silent mu-
tations and the observation of closely linked multiple
mutations are arguments for the hypothesis that at least
at some stage of tumorigenesis, the TP53 gene is hyper-
mutable and/or mutates by a special mechanism. The
guestion is then whether genes other than TP53 are
hypermutable at some stage of tumorigenesis. Useful
data are available for only a few genes. These include
the APC gene (Smith et al. 1994; Beroud and Soussi
1996, 1997; DeVries et al. 1996), the BRCA1 (Futreal
et al. 1994; Merajver et al. 1995) and BRCA2 cancer
susceptibility genes (Lancaster et al. 1996; Miki et al.
1996; Teng et al. 1996), CDKN2 (cyclin-dependent ki-
nase inhibitor, p16) (Pollocketal. 1996; Smith-Soren-
sen and Hovig 1996), WAF1 (Shiohara et al. 1994;
Koopman etal. 1995), and HPRT (Carielloet al. 1997).
Although numerous germinal mutations have been re-
ported in BRCA1 and BRCAZ2, there is a paucity of so-
matic point mutations, probably because of the pres-
ence of numerous deletions that occur at a high-enough
frequency to mask the point mutations (Smith et al.
1996). Pollocket al. (1996) have compiled a list of 124
somatic mutations in the CDKN2 (p16) tumor suppres-
sor. Of these, four were silent but one silent mutation
occurred at the site of a dipyrimidine change and a
second at the site of a known polymorphism. This small
sample therefore gives a frequency of 2/124, or ~1.6%.
Data bases are available for the APC gene in tumors
(Beroud and Soussi 1996, 1997) and for HPRT in cell
cultures. The APC data base includes 339 germ line
mutations and 486 from tumors. Most of the mutations
are either frameshift or stop mutations. Only 6 of 339
germ line mutations and 20 of 486 mutations in tumors
were missense. (The difference is barely significant;
P < 0.05.) No silent mutations have been recorded.
Double or triple mutations were reported in 18 of the
tumors. In one report (Oda et al. 1996), eight of 13
sporadic hepatoblastomas were reported to have APC
point mutations, and of these, two cases had double
mutations. One of these had a CCT to ACT change at
codon 1319 and a AGC to AAC change at codon 1321!
The other double had mutations in codon 1395 and
1534. Tests for loss of heterozygosity were inconclusive.

WAF1 mutations were not found in a study of 315
samples from 14 different malignancies, although two
polymorphisms were detected, validating the sensitivity
of the methodology (Shiohara et al. 1994). A second
study of WAF1 in a different set of tumors also found
several polymorphisms in 158 brain tumorsbut no muta-
tions, although p53 mutations were found in 22 of the

tumors (Koopman et al. 1995). If hypermutability was
widespread, and mutation to silent alleles was at least
as frequent as in TP53, ~13 silent mutations might have
been expected.

The data are inconclusive, but it certainly remains
possible that mutations in TP53 are particularly easy to
detect or that the gene is uniquely mutable and/or that
hypermutation of p53is a likely (but not necessary) part
of tumorigenesis. The particular structure of a func-
tional p53 protein might make dominant negative ef-
fects common so that the first mutation inactivates func-
tion and that many second mutations would have no
effect (this suggestion is from M. Hollstein). As has
been suggested by several authors, inactivation of p53
might be important in inactivating the cell death mecha-
nisms, thereby permitting the accumulation of deleteri-
ous changes. However, in contrast to the APC gene
(Powell et al. 1992), mutation in p53 is often a late
event in carcinogenesis (Baker et al. 1990; Neri et al.
1993; Ohgaki et al. 1993; Berchuck and Boyd 1995;
Craanen et al. 1995; Ilyas et al. 1996; Kahlenberg et
al. 1996). For that reason, it is unlikely that inhibition
of cell death due to p53 mutation permits p53 mutations
to accumulate. It is also unlikely that TP53 mutation is
the initiating event in carcinogenesis.

Other examples of hypermutability: The data indicate
that the mutation process in (some) tumor cells and in
(some) genes is different from mutation in normal cells.
What occurs in tumorigenesis is reminiscent of the
events involved in the generation of antibodies in which
alimited portion of the genome becomes hypermutable
for a limited time (Neuberger and Milstein 1995).
Antibody production is an example of microevolution
in much the same way as tumor formation is because a
large number of random mutations are generated, and
those mutations that produce a more efficient antibody
molecule are selected. The mutations occur at random.
Silent mutations are found in 17% of nonproductively
rearranged Vy chains and in 29% of productively re-
arranged chains (Dorner et al. 1997), close to the ex-
pected value. Antibody molecules may contain multiple
changes, some possibly occurring in the same replica-
tioncycle (Storb 1996). This special mutational process
occurs exclusively in a sequence defined by precise
boundaries (Lebecque and Gearhart 1990) and is lim-
ited to a particular time in development. The nature of
the error-generating mechanism in that process remains
a mystery, although it appears to be linked to transcrip-
tion (Peters and Storb 1996).

The hypermutability that occurs in TP53 during tu-
morigenesis is reminiscent of the hypermutability of
starving bacterial cells (Strauss 1992), a comparison
that has not eluded the attention of workers in that
field (Sniegowski et al. 1997; Taddei et al. 1997; Tor-
kelson et al. 1997). A subpopulation of E. coli cells kept
under starvation conditions become hypermutable. Al-
though hypermutability is attained by modulation of
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the mismatch repair system, a special mode of DNA
replication may also be required, possibly set off by
double-strand breaks in the DNA (Torkelson et al.
1997). The mutational process affects many genes, and
selection gives the appearance of adaptation (Foster
1997). The factors that result in a hypermutable state
remain to be determined.

Both experimental and modeling studies suggest that
clonal populations may increase their rate of evolution
by transient changes in their mutation rates (Sniegow-
ski et al. 1997; Taddei et al. 1997). In bacterial popula-
tions, it would appear that selection is not the unique
determinant of adaptation, as has been generally ac-
cepted (Drake 1991, 1992). The demonstration of a
surprisingly high frequency of mutator strains among
bacterial pathogens appears to illustrate this paradigm
(LeClerc et al. 1996), an example of the advantage of
high mutability in populations themselves subject to
selection (Mao et al. 1997). Recent experiments with
certain of the mismatch repair-deficient tumor cells in-
dicate that mutations accumulate only when the cells
are maintained at high density, rather than under condi-
tions of rapid growth (Richards et al. 1997). The data
suggest that in tumors, as in starved bacteria, mutation
ratesare transiently increased under conditions of stress
and that mutation rates in general may be influenced
by the conditions of growth (Boesen et al. 1994). It may
be that the initial events in carcinogenesis result in a
condition of transient hypermutability, perhaps as a re-
sult of a peculiar form of DNA synthesis related to the
functional mismatch repair deficiency (Richards et al.
1997). The processivity factor for DNA synthesis, prolif-
erating cell nuclear antigen has been reported to form
a physical complex with the mismatch repair proteins,
and mutations in proliferating cell nuclear antigen have
amutator effect (Johnsonet al. 1996; Umar et al. 1996).
Some of the genes mutated as a result of this hypermuta-
ble state may then play a role in the rapid progression/
evolution of the tumor.

I am grateful to Dr. Monica Hollstein for her help in providing
access to the updated p53 data base and for suggesting that looking
at multiple mutations would be instructive. The suggestion that p53
might be hypermutable comes in the first instance from an e-mail
conversation with Dr. John Cairns. Dr. Cairns also pointed out the
advantages of using the Poisson distribution for the analysis of the
mutation data. | am grateful to Dr. Brian Charlesworth for empha-
sizing the possible occurrence of polymorphisms among the silent
mutations. Financial support for this work was provided by grant

CA-32436 from the National Cancer Institute, National Institutes of
Health.

Noted added in proof: A 1997 update of the databases is available
(Hainut, P., T. Hernandez, A. Robinson, P. Rodriguez-Tome,
T. Flores, M. Hollstein, C. C. Harris, and R. Montesano,
1988 IARC Database of p53 gene mutations in human tumors and
cell lines: updated compilation, revised formats and new visualisation
tools. Nucleic Acids Res. 26: 207-215.) The overall set of over 8100
mutations now includes 3.4% silent mutations. Ponten et al. (1997)
report a study of basal cell cancer in which tumor progression could
be followed. Subclones with two or three mutations were identified

Strauss

indicating a progressive (rather than simultaneous) accumulation of
mutations. Surprisingly, this set of 78 samples with 109 mutations
included no silent mutations. (Ponten, F., C. Berg, A. Ahmadian,
R. Zhi-Ping, M. Nister, J. Lundeberg, M. Uhlen and J. Ponten,
1997 Molecular pathology in basal cell cancer with p53 as a genetic
marker. Oncogene 15: 1059-1067.)
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