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ABSTRACT

Development of cancer requires the acquisition of multiple oncogenic mutations and selection of the
malignant clone. Cancer evolves within a finite host lifetime and mechanisms of carcinogenesis that
accelerate this process may be more likely to contribute to the development of clinical cancers. Mutator
mutations are mutations that affect genome stability and accelerate the acquisition of oncogenic muta-
tions. However, mutator mutations will also accelerate the accumulation of mutations that decrease cell
proliferation, increase apoptosis, or affect other key fitness parameters. These ‘‘reduced-fitness’’ muta-
tions may mediate ‘‘negative clonal selection,’’ i.e., selective elimination of premalignant mutator clones.
Target reduced-fitness loci may be ‘‘recessive’’ (both copies must be mutated to reduce fitness) or ‘‘domi-
nant’’ (single-copy mutation reduces fitness). A direct mathematical analysis is applied to negative clonal
selection, leading to the conclusion that negative clonal selection against mutator clones is unlikely to be a
significant effect under realistic conditions. In addition, the relative importance of dominant and
recessive reduced-fitness mutations is quantitatively defined. The relative predominance of mutator
mutations in clinical cancers will depend on several variables, including the tolerance of the genome for
reduced-fitness mutations, particularly the number and potency of dominant reduced-fitness loci.

DEVELOPMENT of cancer is characterized by the
accumulation and selection of multiple genetic

changes in key genes altering at least six cancer-associated
phenotypes (Hanahan and Weinberg 2000). Mutator
mutations, defined as mutations that affect genomic
stability, may accelerate this process. A mutator muta-
tion in DNA polymerase proofreading activity leads
to increased incidence of lymphomas and epithelial tu-
mors in mice (Goldsby et al. 2001), and mutations that
inactivate a variety of DNA repair enzymes have been
shown to result in increased mutation frequency in
mice and humans (Wood et al. 2001). Multiple mutator
mutations can cooperate to further destabilize the ge-
nome, as has been demonstrated in yeast (Morrison

et al. 1993; Datta et al. 2000).
Tumors evolve within a finite human lifetime. The

timescale of appearance of most adult tumors is con-
stant to within less than an order of magnitude, ranging
from �5 years (secondary leukemias after chemother-
apy), to 20 years (solid tumors after chemotherapy, oc-
cupational carcinogen exposure, or radiation exposure),
to a maximum of 50–100 years based on the human life
span. Within this fixed time frame, rather than reaching
equilibrium, there may be kinetic competition between
different mechanisms of carcinogenesis. Mechanisms
that accelerate this process may have a greater chance
of contributing to carcinogenesis.

The mutator phenotype hypothesis states that muta-
tor mutations contribute to carcinogenesis by acceler-
ating the accumulation of oncogenic mutations (see
Figure 1)(Loeb et al. 1974, 2003; Loeb 1991, 1998).
Mutator mutations and genetic instability are general-
ized concepts, referring not just to mutations leading to
enhanced base substitution, but also to microsatellite
instability (MIN) (Fishel et al. 1993; Ionov et al. 1993),
chromosomal instability (CIN) (Lengauer et al. 1998),
and alterations in checkpoint control (Sherr and
McCormick 2002). Both MIN and CIN contribute to
the development of colon cancer (Loeb et al. 2003).
Tumors appear to contain thousands of mutations, and
some of these are in codons and repetitive sequences in
which one would not expect mutations to be directly
selected (Levine 1997; Futreal et al. 2004).

When mutator clones acquire increased fitness due to
a mutation, they can undergo selection and clonal ex-
pansion, further accelerating subseqent steps in carci-
nogenesis (Nowell 1976). We term this phenomenon
‘‘positive clonal selection’’ of mutator clones.

One argument against the mutator phenotype hy-
pothesis can be termed ‘‘negative clonal selection,’’ de-
fined as selection against mutator clones due to their
more rapid acquisition of ‘‘reduced-fitness’’ (RF) muta-
tions. An RF mutation is defined as any mutation that
reduces the fitness of the clone harboring it, including
mutations that reduce proliferation, enhance apopto-
sis, or enhance vulnerability to environmental factors.
More rapid accumulation of RF mutations could lead to
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negative clonal selection against mutator clones, off-
setting the more rapid development of oncogenic and
other increased fitness mutations in mutator clones
compared to wild type (see Figure 1).

A direct, deterministic mathematical model is applied
to evaluate the importance of negative clonal selection
in tumor evolution, as a function of key parameters.
These parameters include the number of loci that lead
to reduced fitness when mutated, the fraction of these
loci that require mutation in only one copy for an effect
on fitness, the mutation rates for wild-type and mutator
clones, and the number of cell generations before a
cancer is seen. Both dominant and recessive RF loci are

considered. These are defined as loci where mutation of
one copy leads to reduced fitness (dominant) or where
both copies must be mutated to reduce fitness (recessive).
These require the use of one-hit and two-hit models,
respectively. Several authors have discussed multihit
models in the acquisition of a malignant phenotype
(Knudson 1971; Moolgavkar and Knudson 1981;
Nowak et al. 2002; Komarova et al. 2003; Iwasa et al.
2004); however, in this work we evaluate the effect of
one- and two-hit mechanisms on negative clonal selec-
tion. Dominant RF mutations may also be codominant,
as well as dominant negative. Although one would
expect dominant RF mutations to be more important

Figure 1.—Fates of cell lineages without (A)
and with (B) initial mutator mutations. The ma-
jor pathway for normal stem cells (A) is to differ-
entiate into somatic cells, but development of
oncogenic mutations leading to cancer or of
mutations leading to reduced fitness and clonal
extinction also occurs at a low frequency. The
introduction of a mutator mutation (B) results
in increased frequency of oncogenic mutations
and increased frequency of mutations leading
to reduced fitness.
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given that only one hit is required, it is likely that fewer
loci are affected by this mechanism, so the relative impor-
tance of dominant and recessive RF mutations cannot
be stated a priori. The mathematical model can evaluate
the relative importance of dominant and recessive RF
mutations as a function of key parameters.

Negative clonal selection is considered in isolation,
in the absence of oncogenic or other increased fitness
mutations that could lead to positive clonal selection of
mutator clones. Results obtained are therefore a limit-
ing case or upper bound to the potential importance of
negative clonal selection in tumor evolution. The study
of limiting cases can be useful for clarifying issues and
obtaining firm qualitative conclusions. The results in-
dicate that the importance of negative clonal selection,
and therefore the potential for negative clonal selection
to limit the role of mutator mutations in carcinogenesis,
depends on a variety of factors, including the overall
tolerance of the genome for mutation.

THE MODEL

Underlying assumptions: The model we present does
not consider mutations leading to increased fitness and
positive selection of clones harboring them, nor are
neutral mutations considered. Thus the model focuses
only on the isolated effect of negative clonal selection
during the period in which carcinogenesis takes place.
It is implicitly assumed that once a full complement of
oncogenic mutations has been obtained, the resulting
tumor is strongly selected.

The model is therefore a limiting case designed to
determine an upper bound for the contribution of
negative clonal selection. A variety of other simplifying
assumptions are applied.

Two types of RF loci are considered: recessive and
dominant. The model is capable of handling the case
where multiple recessive RF loci are inactivated in one
copy only. In the case of recessive RF mutations, the
model assumes the same mutation rates for both hits.
However, the model can be adapted to the case of dif-
ferent mutation rates for the two steps, such as would
occur in CIN mutant cells in which mutation of one
copy would occur at a much slower rate than that of the
second step, loss of heterozygosity (LOH) at the rele-
vant locus. The case of CIN mutants is closely approx-
imated by all RF loci being dominant, since the second
hit is not rate limiting. Dominant RF mutations can be
dominant negative, or they can be in codominant genes
in which a quantitative reduction in function alters cel-
lular fitness.

The model assumes that within a given lineage, mul-
tiple mutations are independent in their effect on fit-
ness. For example, mutations that reduce the tendency
to apoptosis in response to DNA damage are not con-
sidered. Such mutations would violate the assumption

of independence in that they would alter the effect of
subsequent mutations on fitness. This type of mutation
could actually further reduce the role of negative clonal
selection (Komarova and Wodarz 2003).

The model assumes a constant mutation rate per
locus, a constant mutation rate over time (except as af-
fected by mutator mutations), and a fixed number of
cell generations to cancer. Reversions are also ignored,
an assumption that is valid at low mutation densities
(i.e., >1).

We assume that any clone acquiring reduced fitness
becomes extinct immediately. If the clone is within a
large population, or has a significant reduction in fit-
ness, this assumption is very nearly true. The assumption
may break down for small cell populations or for minor
reductions in fitness. An exact expression for the proba-
bility of extinction, allowing one to calculate how ac-
curate this assumption is under different conditions, is
given in the appendix.

Key parameters and values: The model utilizes a
small number of key parameters. The central parameter
is NRFLN, the net number of RF loci in the genome
(reduced-fitness loci net, RFLN) on a per nucleotide
basis. Assume RF loci can be divided into a variety of
different groups (i¼ 1, 2, 3, . . .) on the basis of how they
affect fitness. ThenNRFLN is a sum over all groups i of the
products of numbers of RF loci of group i (NRF loci,i)
multiplied by the probability (Pfitness disadvantage,i) that
mutation of loci of group i will actually affect the corre-
sponding gene product and ultimately lead to reduced
fitness:

NRFLN ¼
X

i

NRF loci;iPfitness disadvantage;i : ð1Þ

This expresses the different types of RF mutations,
each of which will lead to reduced fitness only in par-
ticular environmental or genetic contexts, and therefore
Pfitness disadvantage,i # 1.

One way to estimate an upper bound forPfitness disadvantage,i

is based on the probability of enzyme inactivation upon
mutation of a coding locus. Guo et al. (2004) have es-
timated this parameter by constructing three ran-
dom mutagenic polymerase chain reaction libraries
of the human DNA repair enzyme 3-methyladenine
DNA glycosylase, each with different average mutation
burdens. These libraries were used to transfect a repair-
deficient strain of Escherichia coli and protect it against
methylmethane-sulfonate toxicity. The percentage of
surviving colonies was measured as a function of the
number of mutations in each clone. In this way,
Pfitness disadvantage,i was estimated at 0.26 (on a per nu-
cleotide basis), in agreement with estimates based on
studies of lac repressor mutants (Markiewicz et al.
1994) and homologous human and chimpanzee protein
pairs (Eyre-Walker and Keightley 1999). Estimating
Pfitness disadvantage,i on the basis of inactivation of an
enzyme is likely a maximal or worst-case scenario for
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clonal fitness reduction. Thus it is possible that inac-
tivation of a particular enzyme may not actually reduce
clonal fitness if there are redundant pathways or if the
particular enzyme is not important in the given genetic
or environmental context.

We obtain a worst-case value for NRFLN by multiplying
an estimate of the total number of genes, 2.5 3 104

(International Human Genome Sequencing Con-

sortium 2004), by an average number of coding bases
per gene of 1.5 3 103 (International Human Genome

Sequencing Consortium 2004) and byPfitness disadvantage,i,
estimated at 0.26, to obtain an estimate of N

RFLN
¼

9.8 3 106.
We define NRFLN-D as the net number of dominant

reduced-fitness loci. In the cases discussed below, we
explore two possible values of this parameter represent-
ing 1 and 10% of NRFLN.
NRFLN-R is the net number of recessive reduced-fitness

loci. Since any locus will be affected if both copies are
genetically altered, NRFLN-R ¼ NRFLN.
kmut is the wild-type mutation rate per nucleotide

locus per cell generation. For stem cells, which likely are
the populations from which cancers arise, this param-
eter may be as low as 10�11 (Cervantes et al. 2002).
a is the fold increase in kmut due to a mutator muta-

tion. This can vary considerably depending on the type
of mutator mutation. For purposes of this simulation,
we utilize a¼ 102. This is approximately the order of the
expected effect due to a mutation that abolishes proof-
reading (Beckman and Loeb 1993). If there is no mu-
tator mutation, a ¼ 1.
T is the number of cell generations to cancer. For

cells lining colonic crypts, this is estimated at 5 3 103

(Tomlinson et al. 2002), but for other tumor types the
number of cell generations may be significantly lower
(Loeb et al. 2003). One way to estimate this parameter is
to consider cell generation times for cycling cells and
growth fractions for cells with reproductive potential, in
the context of the available time to develop cancer (a
human lifetime). Generation times for cycling cells are
on the order of 36 hr for fibroblasts (Baca et al. 1985)
and 48 hr in general (MITOPENCOURSEWARE 2005).
A 36-hr generation time allows for �17,000 cell gen-
erations in a 70-year human lifetime. However, normal
cells of reproductive potential are generally quiescent,
cycling ,1% of the time as measured by incorporation
of bromodeoxyuridine (BrdUrd) with a 24-hr pulse as
well as observation of cell growth kinetics for a 2-week
period (Baker et al. 1995). Thus, as few as 170 cell gen-
erations may be available in some tissues for generation
of a cancer.

Finally, we utilize the parameterNgenes, the total number
of genes in a genome, at 2.5 3 104 (International

Human Genome Sequencing Consortium 2004).
Model for dominant reduced-fitness mutations: The

rate of increase in the fraction of clones with reduced
fitness due to dominant reduced-fitness mutations is

proportional to the mutation rate constant (and its in-
crease due to a mutator mutation if applicable), the net
number of dominant reduced-fitness loci, the fraction
of clones still remaining with normal fitness, and the
number 2 since there are two copies of the gene that
may be inactivated. Reversions are ignored.

Thus, the following differential equation for PHI-D,
the fraction of clones with haploid inactivation (HI) of
at least one dominant (D) reduced-fitness locus, defines
the model:

dPHI-D=dT ¼ 2akmutNRFLN-Dð1 � PHI-DÞ: ð2Þ

Solving Equation 2 subject to the initial condition of
no dominant reduced-fitness mutations initially (PHI-D¼ 0
at T ¼ 0), we obtain

PHI-D ¼ 1 � e�2akmutNRFLN-DT : ð3Þ

Thus the fraction of clones with reduced fitness due to
a dominant reduced fitness mutation increases as a
saturating function over the number of cell generations
T, approaching the limiting value of 1 in a simple ex-
ponential fashion, and the exponential rate constant is
the product of the number 2, the mutation rate constant
(and its increase due to a mutator mutation if applica-
ble) and the number of dominant reduced fitness loci.

Model for recessive reduced-fitness mutations: For
the case where diploid inactivation of recessive reduced-
fitness genes is the mechanism of cell death, define the
fraction of fully fit cells at any moment as FF. Define the
fraction of genes that have one copy inactivated at any
moment as FHI, where HI stands for ‘‘haploid inacti-
vated.’’ Multiple recessive RF genes can be haploid in-
activated at once without affecting cell fitness, and this is
considered in the model.

The rate of increase in the fraction of haploid-
inactivated genes (i.e., the rate governing the ‘‘first hit’’)
is proportional to those not yet haploid inactivated
(1 � FHI), the mutation rate constant (and its increase
due to a mutator mutation if applicable), the number of
reduced-fitness loci (NRFLN), and 2 since there are two
copies of the gene that may be inactivated, all divided by
the number of genes, since this quantity is on a per gene
basis (Ngenes).

Thus, the differential equation for the first hit—i.e.,
inactivation of one copy of any given gene—is

dFHI=dT ¼ 2akmutðNRFLN=NgenesÞð1 � FHIÞ: ð4Þ

We apply the boundary condition that the fraction of
haploid inactivated genes is zero initially (FHI ¼ 0 at
T¼ 0) and derive the following equation for the first hit:

FHI ¼ 1 � e�2akmutNRFLNT=Ngenes : ð5Þ
For the second hit, the rate of decrease in the fraction

of clones with full fitness is proportional to the product
of the fraction of clones with full fitness remaining, the
mutation constant (and its increase due to a mutator
mutation if applicable), the total number of reduced
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fitness loci NRFLN, and the fraction of NRFLN involving
genes that have already suffered the first hit, FHI.

Thus, the second differential equation describes
the decrease in fully fit fraction due to accumulation
of the second hit in genes that have already suffered
the first:

dFF=dt ¼ �akmutNRFLNFHIFF: ð6Þ

This equation now quantifies the effect of reduced-
fitness mutations on a full-genome basis, like Equation
2, rather than on a per gene basis, as in Equation 4.

We apply the boundary conditions that the fraction of
clones suffering the first hit is zero and the fraction of
fully fit clones is 1 initially (FHI ¼ 0 and FF ¼ 1 at T¼ 0).
Substituting the value of FHI from Equation 5 into
Equation 6, and separating the variables FF and T in the
resulting equation, leads to an expression for FF, the
fraction of fully fit clones as a function of cell generation
number T under the influence of recessive reduced-
fitness mutations,

FF ¼ eg; ð7Þ

where

g ¼ Ngenes=2ð1 � e�2akmutNRFLNT=NgenesÞ � akmutNRFLNT :

ð8Þ

Thus the fraction of fully fit clones is decreasing ex-
ponentially with a rate constant the absolute value of
which is exponentially decreasing to a limiting value.
The exponential rate constant and its rate of change are
increasing functions of the mutation constant (and its
increase due to a mutator mutation if applicable) and
the total number of reduced fitness loci, NRFLN.

At low mutation densities, the time dependence of
loss of fitness due to recessive reduced-fitness mutations
is simpler, occurring as an exponential of the square of
the number of cell generations. Thus, Equations 7 and 8
can be simplified, when 2akmutNRFLNT/Ngenes > 1, by
expanding the exponential in Equation 8 in a Taylor
series (which expresses the exponential as a sum of
terms of increasing powers of 2akmut NRFLN T / Ngenes)
and truncating after terms of order 2 (as higher order
terms are very small when 2akmut NRFLN T / Ngenes> 1),
leading to

FF ffi e�ðakmutNRFLNT Þ2=Ngenes : ð9Þ

The fraction of clones with reduced fitness, FRF, is equal
to 1 � FF. Expanding FF in a Taylor series and truncating
after the second term, we obtain

FRF ¼ 1 � FF ffi ðakmutNRFLNT Þ2=Ngenes: ð10Þ

Equation 10 is useful for estimating FRF when it is very
small, where rounding errors in the calculation of the
exponentials can lead to errors.

RESULTS

Four brief illustrative cases are presented, with the
intent of assessing the percentage of fully fit clones, and
therefore the influence of negative clonal selection,
under a variety of conditions. The importance of domi-
nant and recessive reduced-fitness mutations is assessed
separately for each case. Parameters varied include the
percentage of reduced-fitness loci that are dominant,
the number of cell generations, and the presence/absence
of a mutator mutation.

Case 1: We assume that the wild-type mutation rate in
human stem cells that give rise to tumors is equal to that
in mouse embryonic stem cells (Cervantes et al. 2002)
(a ¼ 1, akmut ¼ 10�11), an average number of cell gen-
erations (T ¼ 170), and that a high percentage of
reduced-fitness loci yield a dominant phenotype (10%,
NRFLN-D ¼ 9.8 3 105). Using Equation 3, we determine
that 0.3% of clones (1 in 300) has reduced fitness due to
dominant reduced-fitness mutations, and if this is the
only mechanism of negative clonal selection, 99.7% of
clones will have normal fitness. Using Equation 10 we
determine that �0.00000001% of clones (1 in 10 billion)
has reduced fitness due to recessive reduced fitness mu-
tations, and if this is the only mechanism of negative
clonal selection 99.99999999% of clones will have nor-
mal fitness. Thus, with a wild-type mutation rate as re-
ported in mouse embryonic stem cells and an average
number of cell generations, negative clonal selection
has only a negligible effect, almost entirely due to
dominant reduced-fitness mutations.

Case 2: We assume a mutator mutation imparting a
100-fold enhancement over the stem cell mutation rate
(a ¼ 100, akmut ¼ 10�9) and a high number of cell
generations as may be the case for colon cancer(T ¼
5000), as well as a high percentage of reduced-fitness
loci dominant (10%, NRFLN-D ¼ 9.8 3 105). A mutation
rate of 10�9 is also a reasonable approximation to that in
differentiated cells in human tissues, as is seen at the
hgprt locus in a variety of studies using human somatic
cells in culture (Albertini et al. 1990). Using Equation
3, we determine that 99.994% of clones have reduced
fitness due to dominant reduced-fitness mutations.
Only 0.006% of clones (1 in 18,000) has normal fitness.
Using Equations 7 and 8, we determine that �9% of
clones (1 in 11) have reduced fitness due to recessive
reduced fitness mutations, and if this is the only mech-
anism of negative clonal selection, 91% of the clones will
have normal fitness. This case is the maximal case for
negative clonal selection within the parameter ranges
considered. Under these conditions, recessive reduced-
fitness mutations have a measurable effect, but it
involves ,10% of the clones. Thus, only a 10% acceler-
ation of mutator clones due to more rapid accumulation
of oncogenic mutations in mutator clones compared to
wild-type clones would be sufficient to offset this effect.
Dominant reduced-fitness mutations produce a very
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large effect of negative clonal selection under these
conditions, however, and an 18,000-fold effect of more
rapid acquisition of oncogenic mutations by mutator
clones compared to wild-type clones would be required
to offset it.

Case 3: We assume a mutator mutation imparting a
100-fold enhancement over the stem cell mutation rate
(a ¼ 100, akmut ¼ 10�9), a high number of cell gen-
erations as may be the case for colon cancer (T¼ 5000),
and a medium percentage of reduced-fitness loci dom-
inant (1%, NRFLN-D ¼ 9.8 3 104). Using Equation 3, we
determine that �62% of clones (5 of 8) have reduced
fitness due to dominant reduced-fitness mutations, leav-
ing 38% of clones (3 of 8) with normal fitness if only
this mechanism is considered. Using Equations 7 and 8,
we determine that �0.001% of clones (or 1 in 100,000)
have reduced fitness due to recessive reduced-fitness
mutations, leaving 99.999% of clones with normal fit-
ness if only this mechanism is considered. Negative
clonal selection has a slightly .2-fold effect, and thus a
2-fold more rapid acquisition of oncogenic mutations by
mutator clones compared to wild-type clones would be
required to offset it.

Case 4: We again assume a mutator mutation impart-
ing a 100-fold enhancement over the stem cell mutation
rate (a ¼ 100, akmut ¼ 10�9), but an average number of
cell generations (T ¼ 170), and a high percentage of
reduced-fitness loci dominant (10%, NRFLN-D ¼ 9.8 3

105). Using Equation 3, we determine that �28% of
clones (or �2 in 7) have reduced fitness due to domi-
nant reduced-fitness mutations, and 72% (5 in 7) retain
normal fitness if this is the only mechanism of negative
clonal selection (Figure 2). Using Equations 7 and 8 we
determine that only 0.0001% of clones (1 in 1 million)
has reduced fitness due to recessive reduced-fitness

mutations, with 99.9999% of clones retaining normal
fitness if this is the only mechanism of negative clonal
selection (Figure 2). Under these conditions, negative
clonal selection has a less than twofold effect, and again
only a less than twofold effect of the more rapid acqui-
sition of oncogenic mutations in mutator clones com-
pared to wild-type clones would be required to offset it.
The effect of negative clonal selection is nearly entirely
due to dominant reduced-fitness mutations.

DISCUSSION

This article considers a limiting-case or worst-case
scenario in an effort to determine if negative clonal
selection of mutator clones can serve as an argument
against the mutator hypothesis of carcinogenesis. Pos-
itive clonal selection, which could in principle favor
mutator clones, is not considered. Extinction is pre-
sumed certain with any slight fitness reduction, and the
possibility of mutations that would diminish the prob-
ability of apoptosis in response to genetic alterations is
ignored. Even with these extreme assumptions a severe
effect due to negative clonal selection is not seen in our
model unless all loci are reduced-fitness loci with an
average probability of reduced fitness of 26%, 10% of
these loci are dominant reduced-fitness loci, and 5000
cell generations occur prior to cancer development
(case 2). Thus, it would seem to be unlikely that negative
clonal selection is a realistic argument against the mu-
tator hypothesis in most cases. A complete model that
incorporates negative clonal selection together with the
more rapid accumulation of oncogenic mutations in
mutator clones could address that question from a the-
oretical perspective.

However, the possibility that some real cases may
mimic our case 2 remains, and in these cases negative
clonal selection may limit the importance of mutator
mutations in carcinogenesis. It seems reasonable that
tumors that arise in tissues that undergo rapid cell
proliferation and that shed dividing cells such as colonic
epithelium and skin could undergo large numbers of
cell generations as in case 2. In contrast, tissues that do
not divide rapidly in the adult, such as liver and breast,
are likely to have fewer cell generations prior to tumor
formation, as in cases 1 and 4.

The results of case 2 do indicate the existence of an
upper limit to the mutation rate, beyond which negative
clonal selection will begin to limit the survival of muta-
tor clones. In fact, the critical mutation rate is approx-
imately the reciprocal of the product 2NRFLN-DT, i.e.,
2 times the net number of dominant reduced-fitness loci
times the number of cell generations. At the critical
mutation rate, 63% of the mutator clones will be elim-
inated due to negative clonal selection, a degree of
negative clonal selection that could potentially be offset
by the more rapid acquisition of oncogenic mutations
by mutator clones compared to wild-type clones if that

Figure 2.—Percentage of clones with reduced fitness, as a
function of the number of cellular generations T for domi-
nant (squares) and recessive (triangles) reduced-fitness muta-
tional mechanisms, calculated using Equations 3 and 10,
respectively, and converting to percentages, for case 4 (see
results). Assumed parameter values are akmut ¼ 10�9 and
NRFLN-D ¼ 9.8 3 105.
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effect provides a threefold advantage. However, at 3
times this mutation rate, 95% of the mutator clones will
be eliminated due to negative clonal selection. At 10
times the critical mutation rate, 99.995% of the mutator
clones will be eliminated by negative clonal selection,
with �1 in 20,000 mutator clones surviving. Over the
range of assumptions for NRFLN-D and T considered
herein, the critical mutation rate ranges from 1.1 3

10�10 to 3 3 10�8. However, these values presume the
very high values of NRFLN-D that were assumed for this
model. Lower values of NRFLN-D will lead to higher
values of the critical mutation rate. Work in progress will
more precisely define if and when negative clonal se-
lection of this magnitude can outweigh the advantage of
more rapid accumulation of oncogenic mutations, as a
function of key parameters. Clonal expansion following
favorable mutations can effectively limit the number of
rate-limiting oncogenic mutation steps, also affecting
the trade-off between negative clonal selection and on-
cogenic mutation in mutator clones.

Under the conditions explored, dominant reduced-
fitness mutations are more important than recessive
reduced-fitness mutations. However, the proportion of
reduced-fitness loci assumed dominant has been varied
from 1 to 10% in the above cases. It is possible that the
proportion of reduced-fitness loci that are dominant is
much less.

CIN cells have a high probability of chromosomal loss,
up to 10�2 per chromosome pair per cell generation
(Lengauer et al. 1998). In this case, recessive reduced-
fitness loci may functionally be ‘‘partially’’ dominant, in
that any haploid mutation has a very high probability of
LOH, resulting in a loss of the second wild-type gene
copy in half of the cases. However, since half of the
clones will lose the mutated copy rather than the wild-
type copy, and therefore have normal fitness, negative
clonal selection can be no more than twofold by this
mechanism at low mutation densities. Thus at low
mutation densities, CIN mutations may accelerate the
development of positively selected oncogenic mutations
while having a minimal effect on negative clonal
selection.

At higher mutation densities, each copy of a chromo-
some pair will potentially have a recessive reduced-
fitness mutation, albeit in different loci. Under those
conditions, loss of either copy of the chromosome would
lead to fitness reduction. Thus, the survival of CIN cells
as a function of mutation density is of interest. If CIN
cells continue to survive at high mutation density, it can
mean that only a very small minority of gene loci affect
fitness. It is conceivable, for example, that redundancy
in biochemical pathways requires multiple redundant
genes to be inactivated before a reduction in fitness is
seen. The requirement for mutation of two dominant
RF loci to reduce fitness is mathematically similar to the
need to mutate two copies of a single recessive RF locus.
This would in turn imply a much lesser effect of negative

clonal selection than the upper bound modeled in this
article.

Other investigators (Iwasa et al. 2004) have consid-
ered the role of a deleterious mutation, followed by a
favorable one, in carcinogenesis, using a stochastic model.
In contrast, we consider up to two sequential deleterious
mutations in the context of negative clonal selection,
using a deterministic model. Deterministic models pro-
vide exact equations for the average behavior of the
population as a whole, without considering the chance
variation of individual members of the population,
which is delineated by stochastic models. Determinis-
tic models can yield only average expectation values,
whereas stochastic models yield an entire probability
distribution. On the other hand, deterministic models
such as ours explicitly consider the case where the first
hit may occur in more than one gene prior to the second
hit occurring in any gene. This is difficult to achieve with
stochastic models. In agreement with Iwasa et al. (2004),
we find that for low cell numbers and low mutation
density, the accumulation of two mutations is approxi-
mately proportional to the square of the number of cell
generations. Iwasa et al. (2004) also consider different
mutation rates for each of the two steps. While we have
not considered this case, the mathematics presented
herein are easily adaptable to it.

During actual cancer progression, a mutation reduc-
ing the probability of apoptosis as a function of further
mutation is possible. This is part of the general concept
of a mutator phenotype. Komarova and Wodarz

(2003) consider which would occur first, a conventional
mutator mutation or an anti-apoptotic mutator muta-
tion. In our model, an anti-apoptosis mutation would
result in a decrease in NRFLN. The model as currently
constructed allows one to consider the effect of preex-
isting mutations of this nature, but asNRFLN andNRFLN-D

are then assumed constant, the model would require
modification to account for a change in these parame-
ters. This could be accommodated by dividing the
cell generations into those before and after the event,
resulting in convolution integrals. For small a (#10- to
30-fold, as expected for proofreading mutations in poly-
merases), our results appear to indicate that an anti-
apoptotic mutation early would not be critical. However,
for large a (.100-fold enhancement in error rate) and
for CIN mutations, an early anti-apoptotic mutation
could be crucial in mitigating extreme effects of nega-
tive clonal selection, as discussed above.

Given that our model is a limiting case designed to
maximize the impact of negative clonal selection, we
anticipate that clonal fitness as a function of increased
mutation rate in any experimental system would exceed
that predicted by this model, due to effects such as anti-
apoptosis mutations and other mutations that would
enhance clonal fitness. Our analysis indicates that dom-
inant reduced-fitness mutations are more likely to be
significant than recessive ones.
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Verification of our model could be achieved by in-
creasing the mutation rates in cultured tumor cells and
measuring the frequency of reduced-fitness clones as a
function of the number of cell generations. The most
direct approach to increasing point mutation rates would
be to culture cells in the presence of mutagenic nucle-
otide analogs. Fitness could be determined by growing
aliquots of the culture after increasing numbers of
generations and measuring cloning efficiencies. In the
case of dominant mutations being the major mecha-
nism of fitness reduction the natural logarithm of the
fraction of fully fit clones should decrease with the
number of cell generations in a linear fashion, with
slope �2akmutNRFLN-D. Given the ability to also measure
akmut by sequencing of various nonselected cellular loci
in successive generations (Bielas and Loeb 2005), one
could also estimate NRFLN-D.

We have examined the effect of negative clonal se-
lection in possibly mitigating against the importance of
a mutator phenotype in carcinogenesis. In general, it
seems unlikely that negative clonal selection against
mutator clones is a significant effect. However, the result
depends equally on a variety of factors singly and in
combination, including the mutation rate within the
mutator clone, the number of cell generations, and,
perhaps of greatest interest, the overall tolerance of the
genome for mutation. Greater or lesser plasticity of
the genome will tend to increase or decrease, respec-
tively, the likely importance of mutator mutations in
carcinogenesis.
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APPENDIX: PROBABILITY OF EXTINCTION OF A
CLONE WITH REDUCED FITNESS

An exact expression for the probability of extinction
of a new cell clone with fitness r, 1 in a population of N
cells is 1 minus the fixation probability (i.e., the prob-
ability that the cells take over the population), the latter
given in Iwasa et al. (2004):

Probability of extinction ¼ ð1=rN � 1=r Þ=ð1=rN � 1Þ:
ðA1Þ

Let N equal the total number of cells in the popula-
tion and n equal the number of cells corresponding to
the new clone. Consider a random walk where in each
step n either decreases or increases by 1. The random
walk has ‘‘absorbing barriers’’; that is, both extinction
(n¼ 0) and complete takeover of the population (n¼N )
are irreversible (Feller 1957). Let Qn be the probability
of extinction starting from n cells derived from the new
clone. If the relative fitness of the new clone is r, 1, and
the relative fitness of the remaining cells is 1, the single-
step probability p of increasing the number of cells in
the new clone is

p ¼ r=ð11 rÞ ðA2Þ

and the single-step probability q of decreasing the num-
ber of cells in the new clone is

q ¼ 1=ð11 r Þ: ðA3Þ

Starting from n cells in the new clone there are two
possible next states, n1 1 cells or n � 1 cells in the new
clone, and therefore

Qn ¼ pQn11 1 qQn�1: ðA4Þ

We can verify by substitution that two particular solu-
tions of the difference equation (A4) are possible, Qn ¼
1 for all n and Qn ¼ (q/p)n, and therefore the linear
combination of these two particular solutions is also a
solution,

Qn ¼ A1Bðq=pÞn; ðA5Þ

where A and B are constants. Applying the boundary
conditions Q0 ¼ 1 (extinction is irreversible) and QN¼ 0
(full takeover of the population is irreversible), we ob-
tain the values of A and B, leading to

Qn ¼ ½ðq=pÞN � ðq=pÞn�=½ðq=pÞN � 1�: ðA6Þ

Substituting the values of p and q from (A2) and (A3)
into (A6), and setting n¼ 1 for the case when the first new
cell from a new clone is formed, we obtain Equation A1.

Inspection of Equation A1 shows that the probability
of extinction approaches 1 as r approaches zero (large
reduction in fitness) or N approaches infinity (large cell
populations), and therefore under these conditions the
approximation that a reduced fitness clone will always
become extinct is nearly true. Using Equation A1, one can
calculate how good that approximation is in real cases.
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