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Abstract

Cells in neoplasms evolve by natural selection. Tradi-
tional cytotoxic chemotherapies add further selection
pressure to the evolution of neoplastic cells, thereby
selecting for cells resistant to the therapies. An
alternative proposal is a benign cell booster. Rather
than trying to kill the highly dysplastic or malignant
cells directly, a benign cell booster increases the fitness
of the more benign cells, which may be either normal
or benign clones, so that they may outcompete more
advanced or malignant cells in a neoplasm. In silico
simulations of benign cell boosters in neoplasms with
evolving clones show benign cell boosters to be ef-
fective at destroying advanced or malignant cells and
preventing relapse even when applied late in progres-
sion. These results are conditional on the benign cell

boosters giving a competitive advantage to the benign
cells in the neoplasm. Furthermore, the benign cell
boosters must be applied over a long period of time in
order for the benign cells to drive the dysplastic cells to
extinction or near extinction. Most importantly, benign
cell boosters based on this strategy must target a
characteristic of the benign cells that is causally related
to the benign state to avoid relapse. Another promising
strategy is to boost cells that are sensitive to a cytotoxin,
thereby selecting for chemosensitive cells, and then
apply the toxin. Effective therapeutic and prevention
strategies will have to alter the competitive dynamics of
a neoplasm to counter progression toward invasion,
metastasis, and death. (Cancer Epidemiol Biomarkers
Prev 2004;13(8):1375-84)

Introduction

Curing cancer and preventing cancer are largely evolu-
tionary problems (1, 2). Neoplasms are made up of
heterogeneous populations of mutant cells (3-7) under-
going constant turnover (8-10). These cells compete for
resources in and around the neoplasm. Any mutation
that allows a cell to reproduce more rapidly or avoid
apoptosis will tend to spread in the population of neo-
plastic cells. This is true both during progression and
during treatment. Any therapy that kills cancer cells will
also select for cells that are resistant to that therapy. The
traditional therapeutic approach biases the clonal com-
petition in a neoplasm by trying to kill the quickly pro-
liferating cells or triggering differentiation (11-13) or
senescence (14, 15). An alternative is to develop strategies
to boost relatively benign cells, giving them a competitive
advantage over the more dysplastic cells and allowing
competition to select against dysplastic cells. In short,
we propose to select for a benign neoplasm by increasing
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the relative fitness of the benign cells rather than by
weeding out the dysplastic cells. The relative fitness of
benign cells might be increased by increasing the
proliferation rate, decreasing the rate of apoptosis and
other forms of cell mortality, or boosting the capacity of
the benign cell to compete for space and nutrients. We
call such therapies “benign cell boosters”’. Here, we focus
on benign cell boosters that increase the proliferation rate
of benign cells, although successful benign cell booster
therapies may have to modulate multiple characteristics
of the benign cells to outcompete the more dysplastic
cells in a neoplasm. We also consider therapies that select
for chemosensitive cells prior to the application of a
cytotoxin.

We have developed a set of models to simulate the
evolutionary dynamics within a neoplasm (16). We use
these simulations to explore ideas for chemotherapies
and chemoprevention that directly address the evolu-
tionary nature of cancer. Such simulations support the
search for a mechanism that could produce the desired
effects (4, 17-21). The models are an initial step in the
development of a novel therapy that may stimulate
experiments in cell cultures and animal models.

Benign Cell Boosters. Current therapies select for
resistance and thus breed their own failure (22-25). If we
could select for a benign neoplasm, even at the cost
of increasing its size, then we could potentially cure
patients through follow-up surgery. This form of therapy
has three attractive characteristics. First, it should not
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select for resistance. Because the booster would benefit
cells, any cell that is resistant to the therapy would be at a
competitive disadvantage relative to the sensitive cells.
Second, benign cell boosters could be relatively nontoxic,
because they would not need to directly kill or damage
any cells. Third, they could be effective late in progres-
sion, even after the genomes of the neoplastic cells have
become unstable. A benign cell booster should benefit
both the benign cells that already exist in or around the
neoplasm and any dysplastic cells that happen to mutate
into a more benign state.

Materials and Methods

The Model. We have developed a computational
simulation that includes the essential evolutionary
dynamics found in a neoplasm (16). A mathematical
description of models such as these is generally
intractable. We have therefore used in silico simulation
experiments to test our hypotheses. We simulated a
population of neoplastic stem cells. Each stem cell was
explicitly represented in the model. This allowed us to
represent the heterogeneity within a neoplasm by
simulating the processes of mutation, mitosis, and
apoptosis in every cell. The cells were distributed on a
two-dimensional surface wrapped into the shape of a
column to represent a Barrett’s esophagus neoplasm (26),
although a three-dimensional mass can also be simulat-

ed. The model itself is generic, and its parameters were
configured for the following experiments as described
in Table 1.

The state of a cell was represented by a diploid set of
loci and an age in time steps. A time step represented
~12 hours. The simulation began at a point just after
initiation when all cells are neoplastic but had no other
genetic lesions. The cells divided on average once every
4 days, with a SD of 1 day (10, 27, 28). The number of
genes that must be mutated to produce cancer in most
tissues is unknown but is commonly estimated to re-
quire 3 to 12 rate-limiting steps (29-31). There were four
different types of loci represented in a simulated cell:
selective loci with dominant mutations (e.g., oncogenes
or haploinsufficient tumor suppressor genes, usually 3),
selective loci with recessive mutations (e.g., tumor
suppressor genes, usually 2), a mutator locus (e.g., a
DNA repair gene), and a variable number of drug
resistance loci (from 1 to 6), as depicted in Fig. 1. If both
alleles of a recessive locus acquired mutations, the cell
gained a selective advantage over its competitors. The
mutation of a single allele in a dominant locus was
sufficient to confer a selective advantage on the cell. The
selective advantage due to a lesion in a locus (dominant
or recessive) was implemented as a cumulative decrease
in the average generation time of the cell by 12 hours
(one-time step) per locus. When a stem cell divided, one
daughter cell remained in the tissue and the other either
displaced a neighbor or died, with 50% probability.

Table 1. The parameters of the model and the values that were used

Parameter Values

Description

Dominant loci

Recessive loci

Mutator loci 1 locus
Mutation rate
Mutator factor
Reversible mutations Yes/no
Time of chemotherapy
Follow-up time 3,600 time steps

No. of drugs
(no. of drug resistance loci)

1-6 drugs (loci)

Chemotherapy duration One-time step

Chemotherapy efficacy 1

Time of benign booster

Benign booster duration 3,600 time steps

Benign target locus
drug resistance

No. of cells in the neoplasm 4,096 cells

0-6 loci (3 for therapy experiments)

1-6 loci (2 for therapy experiments)

10754 x 107%,2 x 107%, 10~°

10 or 100 (100 in experiments)

8,000, 16,000, or 24,000 time steps

8,000, 16,000, or 24,000 time steps

Dominant, recessive, mutator,

A mutation in either allele of these loci reduces
the average cell cycle time of the cell by
one-time step.

Both alleles of these loci must be mutated to
reduce the average cell cycle time by
one-time step.

No. of loci that when mutated increase the
mutation rate of the cell.

The base mutation rate of the cells per locus per
cell division.

Increase in the mutation rate for cells with
mutator mutations (1 or 2 orders of magnitude).

Whether a mutant phenotype can be rescued
by further mutations.

The time step at which the cytotoxic therapy
starts (~11, 22, and 33 years after initiation).

5 years of follow-up after therapy to test the
efficacy of the simulated treatment.

No. of cytotoxic drugs requiring independent
mutations for resistance. There is one resistance
locus per drug.

Cytotoxic therapies are applied in a single
time step.

The probability a sensitive cell dies in one-time
step in the presence of cytotoxins.

Time at which the benign booster treatment begins.

The benign boosters are applied over the entire
duration of the follow-up (5 years).

The locus used by the benign cell booster to
distinguish benign (wild-type at locus) from
nonbenign (mutated at locus) cells.

The simulated neoplasm consists of 4,096 cells
in a 64 x 64 cell grid on the surface of a
simulated tube.

NOTE: The model can simulate a variety of assumptions about the nature of progression and dysplasia.
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Figure 1. A schematic of the genome of a simulated cell. The
placement of the loci on different chromosomes is arbitrary.
All loci are effectively linked due to the asexual reproduction
of neoplastic cells, but mutations affect each locus indepen-
dently. In most runs of the model, each diploid cell had three
loci in which a dominant mutation gave the cell a selective
advantage by increasing its rate of mitosis. The cells also had
two loci, which required recessive mutations in both alleles
before the cell increased its rate of mitosis. Mutation of a
single allele in the mutator locus increased the mutation rate of
the cell, and a drug resistance locus conferred resistance to the
drug associated with that locus.

All mutations were assumed to be passed on at mi-
tosis, and DNA synthesis was assumed to be mitogenic,
so that an increase in the rate of mitosis by definition
increased the rate of mutations per unit of time. A
mutation may be any form of genetic or epigenetic lesion
that is heritable, including deletions, insertions, point
mutations, methylation, gene conversions, amplifica-
tions, etc. Mutations were simulated with a Bernoulli
process (biased coin flip), with a probability p of each
allele mutating per cell generation.¢ All the loci mutated
independently, so there was no representation of link-
age. In most runs of the model, the rate of allele muta-
tion per cell per cell generation p is 10~°, which is ~1
order of magnitude higher than that observed in vitro
(33-36) but was necessary due to computational time
limitations. A parameter of the model determined if
the mutations in the dominant, recessive, and mutator
loci were reversible. This represented both back muta-
tions and compensatory mutations elsewhere in the
genome (37). Drug resistance was assumed to be re-
versible (38-42). We defined the latest dysplastic stage
before invasion or metastasis to be a cell with mutations
in all three dominant loci and both alleles of both
recessive loci. We call this stage high-grade dysplasia
(HGD). The mutator and drug resistance mutations
were assumed to be dominant. Mutator mutations
increased the mutation rate in the cell by a parameterized
factor f = 100 (36, 43, 44).

For computational speed, we simulated a population
of 4,096 cells. Simulations of 10° cells have been shown
to be qualitatively similar to these smaller simulations
(16). Like Barrett’s esophagus neoplasms, the popula-
tion of neoplastic cells did not grow over time (45). The
results should be the same for a neoplasm that increases
over time like a colonic adenoma, as long as there is a
turnover in the cell population. The model most closely
resembles premalignant neoplasms or tissues with high
rates of turnover.

® We abandoned an approximation used in the earlier version of the
model (16) and directly calculated the interarrival time, i.e., the number
of mitoses, until the next mutation as a geometric random variable (32).

Experiments were carried out by starting the model
just after the point of initiation, with no additional
mutated loci in any of the cells. The model was run for
11, 22, or 33 years (8,000, 16,000, or 24,000 time steps). At
that point, some form of therapy was applied to the
model. The model was run for an additional 5 years
(3,600 time steps) of follow-up and checked for the
presence of HGD cells.

Modeling Cytotoxic Therapies. The simulated cyto-
toxic chemotherapies affected all cells in the neoplasm in
the same way. A parameter determined the efficacy of
the cytotoxic therapy, represented as the probability that
the drug kills a sensitive cell in one-time step. In all the
following results, the drugs always killed the sensitive
cells in a single time step. A further parameter, r = 1 to 6,
determined the number of independent drug resistance
loci that would have to mutate to confer resistance to
the multidrug cytotoxic cocktail. For simplicity, we think
of this as applying r drugs with independent mecha-
nisms for killing the cell. We did not explicitly simulate
multidrug resistance loci, although such a locus would
make multiple drugs act as a single independent drug in
the model. Cytotoxic therapies were applied in a pulse
of a single time step.

We varied the mutation rate p = 1 x 107%, 2 x 107°,
4 x 107% or 107°. The model was run at least 2,500
times for each parameter setting and as many as 169,200
times for the conditions that had a low probability of
producing HGD. It was necessary to run the model
many times because only the runs that produced HGD
by the time of the therapy could be used to calculate the
efficacy of the therapies. Higher mutation rates might
be used to raise the probability of producing HGD, but
high mutation rates would also bias the outcome of the
therapies.

Modeling Benign Cell Boosters. We simulated benign
cell booster therapies by decreasing the generation time
of “benign” cells that were sensitive to the booster drug.
A cell was sensitive to the booster (“benign”) if it did
not have a mutant allele at the locus targeted by the
booster. We simulated four different kinds of benign cell
boosters: those that targeted a particular selective locus
lacking either dominant or recessive mutant alleles, the
mutator locus, or a cytotoxic drug resistance (and thus
irrelevant) locus. If the target locus was one of the se-
lective loci with recessive alleles, then a cell was sensitive
to the booster if at least one allele was still wild-type.
Other target loci, with dominant alleles, required two
wild-type alleles to be sensitive. In the presence of the
booster, sensitive cells divided on average one-time step
(12 hours) faster than HGD cells. Benign cell boosters
were applied to the system for the entire 5 simulated
years of follow-up to facilitate cellular competition. As an
experimental control, an additional locus was added to
the simulated genome of a cell for resistance to the
benign cell booster. If either allele of that locus was mu-
tated, then the cell received no benefit from the booster.
Because this would be a disadvantage for the cell, there
was selection pressure against mutations in this locus
in the presence of a benign cell booster. The model was
run between 2,500 and 89,200 times for each parameter
setting.
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Results

We explored a range of parameters for three different
therapy strategies: cytotoxic chemotherapies, benign cell
boosters, and a combination of the two. In all cases, we
collected data for early (8,000 time steps ~ 11 years of
simulated time), intermediate (16,000 time steps ~ 22
years of simulated time), and late (24,000 time steps ~ 33
years of simulated time) application of the therapies
relative to the initiation of the neoplasm. This approx-
imates the time scale of progression in human neoplasms
(45-47). The probability of the simulated neoplastic tissue
developing HGD in the absence of therapy is shown in
Table 2. A “cure” was defined by the presence of HGD
cells at the time of therapy and the absence of HGD cells
5 simulated years after the therapy. Minimal residual
disease was defined as a frequency of <1% HGD cells in
the neoplasm 5 years after therapy.

Cytotoxic Therapies. Adding more drugs that require
more mutations for resistance to the cytotoxic therapy
dramatically improves the performance of the therapy.
However, the later the therapy is applied after initiation
and the higher the mutation rate of the neoplastic cells,
the lower the probability that the therapy will achieve a
cure (Fig. 2).

Benign Cell Boosters. Unlike cytotoxic therapies,
benign cell boosters were applied for the entire 5 sim-
ulated years of follow-up. Half a day of simulated time
was not long enough for the benign (booster sensitive)
cells to drive the HGD cells to extinction. Benign cell
boosters often result in minimal residual disease (<1%
HGD cells) rather than an outright cure. In Fig. 3, we
have combined cures and minimal residual disease to
quantify the effects of the boosters. A typical run of the
model can be seen in Fig. 4.

Benign cell boosters were most effective when muta-
tions in the loci they targeted could be rescued to restore
the benign state. In this case, dysplastic cells might drive
the benign cells to extinction, but some dysplastic cells
would occasionally revert to the benign state and
thereafter benefit from the benign cell booster. When
the phenotypes of the loci could be rescued by further
mutations, targeting the wild-type phenotype of domi-
nant or recessive loci with a benign cell booster was
almost guaranteed to affect a cure or minimal residual
disease, even very late in progression and regardless of
the mutation rate (Fig. 3). If the lesions in loci could not
be rescued by further mutations, boosting cells that had
not suffered a recessive mutation worked best. In this
case, success of the benign cell booster declined with

higher mutation rates. Targeting the neutral or mutator
loci was not particularly effective (Fig. 3). Mutations at
neutral or mutator loci were not strictly necessary for
producing HGD by definition, so selecting for the wild-
type phenotypes did not prevent the development of
HGD. We found that the only times that benign cell
boosters failed were cases where either they targeted a
mutation that was not directly involved in dysplasia or
there were few to no benign cells left at the time of the
application of the therapy such that the benign cells died
before they could reestablish a competitive population.
In these cases, by the start of the benign cell booster
therapy, the HGD cells had already driven the benign
cells to extinction or to such a small cell population that
the few remaining benign cells happened to die off due
to stochastic population fluctuations (genetic drift) before
they could grow to a large enough population size to
be buffered from those fluctuations.

We wondered if it was necessary to give the benign
cells a competitive advantage over the HGD cells. If
benign cells merely reproduced equally as fast as HGD
cells, then mutations producing HGD would effectively
be neutral. We call these “weak benign cell boosters”.
Weak boosters are clearly ineffectual, whether or not the
targeted mutations are reversible (Fig. 5).

Benign cell boosters and cytotoxic therapies affect cures
through different methods. We wondered if combining
the forms of therapies might have complementary effects.
We examined three possible combination therapies. We
first tried the simultaneous application of a three-drug
cytotoxic therapy and a benign cell booster that targeted a
recessive locus. We simulated a sequential application,
starting with a benign cell booster targeting a recessive
locus and following it up, after 5 years, with the cytotoxic
therapy. The intention was to let the benign cell booster
reduce the HGD population to a few cells and try to kill
off those cells with the cytotoxic therapy. Finally, we tried
applying a benign cell booster therapy that, instead of
boosting benign cells per se, boosted cells that were
sensitive to the cytotoxic chemotherapy. We hoped to
select for a neoplasm that would be exquisitely suscep-
tible to the cytotoxins. We then applied the three-drug
cytotoxic chemotherapy to eradicate the neoplasm. We
called this strategy the “sucker’s gambit”. The results are
shown in Fig. 6 and are compared with a cytotoxic
therapy that requires three independent mutant loci
for chemoresistance as well as a benign cell booster that
targets a recessive locus in which lesions could be rescued
by mutations that restored the benign state.

All the therapies work well early in progression.
However, late in progression, the sucker’s gambit

Table 2. The percent chance of developing high grade dysplasia

Time since initiation Mutation rate (p)

107 2 x107° 4x107° 107°
11 years (8,000 time steps) 0.07 (0.01) 2.25 (0.74) 15.00 (1.79) 58.50 (2.46)
22 years (16,000 time steps) 2.76 (0.33) 15.50 (1.81) 36.25 (2.40) 74.50 (2.18)
33 years (24,000 time steps) 7.72 (0.53) 17.25 (1.89) 44.75 (2.49) 89.00 (1.56)

NOTE: Results are based on a neoplasm of 4,096 cells with three dominant and two recessive mutations necessary for HGD, mutation rate p. per locus per
cell division, reversible mutations, and mutator phenotype increasing the mutation rate by a factor f = 100. The simulations are stochastic based on the use
of a random number generator, and so there is variation in the results across runs. SEs calculated from a Bernoulli process are in parentheses. There were at least

400 runs for each parameter setting.
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removes all of the HGD cells significantly more often
than any one therapy alone (Fisher’s exact test P < 0.001)
as well as the other combination therapies that we
examined (Fisher’s exact test P < 0.001). The benign cell
booster targeting a recessive locus seems to perform
similarly to the three—cytotoxic drug cocktail. However,
this is slightly misleading because the cases that are not
absolutely cured by the benign cell boosters are generally
reduced to minimal residual disease, as shown earlier
in Fig. 3.

Discussion

Benign cell boosters take advantage of the evolutionary
dynamics within a neoplasm to select for a benign
neoplasm. We have reversed the traditional strategy of
chemotherapy by helping cells to survive or proliferate
rather than destroying them. The simulations show that
boosting benign cells is a promising approach even late
in progression when traditional therapies tend to fail.
They also suggest a powerful way to combine cytotoxins
with boosters by first selecting for chemosensitivity and
using a traditional cocktail of cytotoxins. The results
further support Goldie and Coldman’s (48) contention
that the earlier the application of a cytotoxic therapy, the
better. They also support the standard practice of using
multidrug cocktails (49-51).

Our approach to chemoprevention is similar in spirit
to the use of probiotics to drive out pathogenic intestinal
flora by introducing benign intestinal flora with a
superior relative fitness (52-54). Similarly, anaerobic
bacteria have been used to outcompete cancer cells in
the poorly vascularized areas of a neoplasm (55, 56).

Gatenby et al. have developed similar models of
carcinogenesis and invasion based on clonal competition
(21, 57, 58). Their models support a variety of therapeutic
strategies including decreasing the carrying capacity of
the environment for tumor cells, increasing the compet-
itive effects of normal cells on tumor cells, decreasing the
competitive effects of tumor cells on normal cells (21),
and decreasing the pH levels in the tumor environment
(57). We are suggesting an additional strategy, which in
their models might be represented by increasing the net
growth rate of the normal cells.

When benign cell boosters fail, it is because there are
no benign cells left to boost. If phenotypes can be rescued
by further mutations to produce the benign state, this is
not a problem. Work in experimental evolution suggests
that mutant phenotypes are typically reversible through
a compensating mutation (37). Mutations that compen-
sate for a deleterious mutation in bacteriophage ©6 seem
to be more common than back mutations (59). Similarly,
Escherichia coli that suffer a fitness reduction from
carrying the pACYC184 resistance plasmid in the
absence of antibiotic have been shown to evolve a
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compensating mutation that reverses the fitness effect of
the plasmid rather than removing the plasmid (60). If
mutant phenotypes cannot be rescued to produce the
wild-type phenotype, it might be possible to inoculate
the neoplasm with benign cells, much as Dang et al. (56)
inoculated their neoplasms with bacteria. However, this
could be impractical for metastatic cancers.

In the model, benign cell boosters tend to result in
minimal residual disease, with a constant but low-
frequency appearance of HGD cells. This is probably
not due to a failure in the competitive dynamics but
rather a constant introduction of new HGD cells that
are subsequently driven extinct. There are no selective
forces in the model that prevent the “benign” cells
from developing mutations in all the other carcinogenic
loci that are not targeted by the benign cell booster.
Thus, there may be some cells in the neoplasm that are
only one hit away from HGD. If the neoplasm cannot
be removed physically, benign cell boosters might have
to be used indefinitely to restrain the emergence of new
HGD cells.

We studied only one mechanism of boosting benign
cells, by increasing their rate of reproduction. Alterna-
tively, one might look for a way to reduce their rate of
apoptosis below that of the HGD cells or increase the
ability of the benign cells to compete for space and
nutrients. In any case, proliferating benign cells in a
neoplasm might increase the total mass of the neoplasm.
We expect this to be an acceptable tradeoff for evolving
a benign neoplasm, which often may be surgically re-
moved. In some cases, such as Barrett’s esophagus, the

distinguished by the type of targeted locus
that had to have a wild-type allele in order
for the cell to receive the benefit of the
booster. Upper panels, the phenotypes of
the loci could be rescued by mutations to
produce the wild-type phenotype either by
a back mutation or by a compensating
mutation. Lower panels, mutant pheno-
types could not be rescued. The neutral
r (cytotoxic resistance) locus could be
rescued in either case, but its state had no
- effect on the reproduction or survival of
the cells in the absence of the booster
therapy.

total premalignant neoplasm size remains relatively
constant over time even in the presence of rampant
neoplastic cell proliferation (45). In such tissues, benign
cell boosters might not affect the size of the neoplasm.

The in silico explorations highlight several qualifica-
tions to our encouraging results. A benign cell booster
must target a characteristic of a cell that is causally
related to the benign state. If the target were only
correlated with the benign state, like the cytotoxic
sensitivity alleles, then we would select for dysplastic
cells that also carried the target of the benign cell booster.
Furthermore, benign cell boosters would probably have
to be applied to a neoplasm over a long period of time to
allow intraneoplasm competition to drive the dysplastic
cells to extinction and to prevent the reemergence of
HGD clones. This lengthy regime is not unique to benign
cell boosters. Tamoxifen is used to treat breast cancer
over a course of >5 years (61). It is our hope that non-
toxic boosters would make extended applications of
the therapy feasible. Benign cell boosters are unlikely to
work for metastatic disease because the malignant cells
are no longer spatially constrained, although the sucker’s
gambit might still be used to select for malignant cells
that are primed to take up a cytotoxin.

Our simulation results are based on a simplified rep-
resentation of neoplastic evolution and chemotherapy.
The next step would be to translate these ideas into a cell
culture or animal model. In doing so, it will be important
to bear in mind some caveats. We have worked with
small cell populations with only 4,096 cells and relatively
high mutation rates of 10~ per locus per generation.

Cancer Epidemiol Biomarkers Prev 2004;13(8). August 2004
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Lower mutation rates are computationally intractable
because the production of HGD would either require
many more runs or many more cells and much more
computation. The effects of a larger cell population
might be offset by a lower mutation rate. However, the
estimates of the model are probably conservative because
small populations are more vulnerable to genetic drift,
which can interfere with natural selection. The only in-
teraction we have represented between cells is competi-
tion for space, with no cytokines or contact inhibition. In
addition, we did not explicitly represent the potential
neoplasm suppressor effects of tissue architecture (1),
differentiation, or apoptosis, all of which are subsumed
in the displacement of a cell by the reproduction of a
neighbor. Nor did we explicitly represent neoangio-
genesis, invasion, or metastasis. Instead, the various
phenotypes necessary for cancer have been abstracted
into the requirement of a specific number of dominant
and recessive mutations before a neoplastic tissue
develops HGD. The representation of chemotherapy
was also highly simplified. There were no variations in
drug dosage experienced by the cells. In reality, the cells
on the interior of a solid tumor are generally less exposed
to chemotherapies and experience different selective
pressures than the cells on the surface of a tumor. Our
estimates of the efficacy of cytotoxic therapies are prob-
ably overly optimistic because we did not simulate the
phenomenon of single mutations that confer multidrug

resistance (22). These elaborations may be introduced
into the model if they become necessary to test future
hypotheses for the development of a benign cell booster.

We represented resistance to chemotherapies as a
characteristic of a cell. If a dysplastic cell could release
an extracellular factor to interfere with the benign cell
booster, then dysplastic cells could evolve a form of
resistance to benign cell boosters. However, we would
expect selection pressure on the benign cells to interfere
with the factor released by the dysplastic cells and vice
versa. A genetic arms race would ensue.

Developing a Benign Cell Booster

The most important caveat to these results is that we
do not yet know how to make a benign cell booster. A
benign cell booster would alter the environment of the
neoplasm so as to give benign cells a competitive ad-
vantage over dysplastic cells. Protective factors such as
changes in diet, ingestion of selenium, cyclooxygenase-2
inhibitors, or use of nosteroidal anti-inflammatory drugs
might act through this mechanism (62-64). It is possible
that benign cell boosters already exist in various drug
screens but have been missed because they had no ther-
apeutic effect on malignant cells. To discover a benign
cell booster, we will need to screen for effects on clonal
competition.

A Success of a Benign Cell Booster that Targets a Recessive Locus
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Figure 4. The frequency of the HGD cells are plotted (red) and can be seen to take over the neoplasm around time step 4,000. The
“‘benign’’ cells with at least one wild-type allele in the targeted recessive locus are driven near to extinction. However, mutations at
the loci can be rescued by further mutations, and so when the benign cell booster is applied at time step 8,000, benign cells emerge
that outcompete the HGD cells and any cells resistant to the benign cell booster.
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Cell culture and animal model experiments to find a
benign cell booster would be similar to one another.
They would require two distinguishable clones, one more
dysplastic than the other. The two clones would be
mixed and introduced to the culture or animal model
(65-67). In the absence of a treatment, we predict that the
dysplastic clone would outcompete the other clone.
Benign cell boosters could be identified among those
substances or manipulations that produce a pure
population of the more benign clone. If such a manip-
ulation is successful, the experiment could be repeated
across other cell lines and induced neoplasms in animal
models.

Work in the Shionogi, LNCaP, and LuCaP 23.12 rat
prostate neoplasm models showed that intermittent
withdrawal of androgens causes a cycling of prostate-
specific androgen (PSA) levels and delays androgen-
independent neoplasm growth (68-70). Cycling in PSA
levels may indicate cellular competition within the
neoplasm between androgen-sensitive and androgen-
independent clones. In the presence of androgens, the
androgen-sensitive clone may have a competitive advan-

B R

FigureS. Cure and mini-
mal residual disease
(MRD) probabilities for
‘“‘weak’” benign cell
boosters that only allow
the benign cells to re-
produce at the same but
not a greater rate than
the HGD cells. Large SE
bars on therapies ap-
plied at 11 years are
due to the fact that few
cancers evolve in only
11 simulated years in
4,096 cells and so the
estimates are based on
only a few data points.

33 years

tage over the androgen-independent clone. When the
androgens are removed, the sensitive cells may begin to
die, lowering PSA levels, giving androgen independent
clones a competitive advantage, and eventually restoring
PSA levels. In cases where the only androgen-sensitive
cells remaining are benign, the withdrawal of antian-
drogen therapies may allow the benign cells to outcom-
pete androgen-independent malignant clones and thus
explain the observation of regression after antiandrogen
withdrawal (71, 72). However, it is unclear if the cycling
in PSA levels derive from cycling in clone population
sizes. Although the Shionogi and LuCaP 23.12 models
show apoptosis, the LNCaP model does not, and so Sato
et al. (69) suggest that they may be measuring changes in
the expression of PSA in a static cell population rather
than clonal competition between androgen-sensitive and
androgen-independent cells.

It may be possible to generalize the example of in-
termittent androgen withdrawal. By supplying a nutrient
or substrate to a neoplasm, one could select for cells that
take up that substrate. Then, withdrawing the substrate
could cause a temporary regression in the neoplasm. It
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Combined Cytotoxic and Benign Cell Booster Therapies
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23 Benign booster targeting a reversible recessive locus.
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Figure 6. A comparison of five different simulated therapies
early, intermediate, and late in progression for mutation rate
p=10"° per allele per cell division. Minimal residual disease
has been excluded from these results and so the cure rates for
the benign therapies seem lower than those shown in Fig. 3.

might be possible repeatedly to select the cells in the
neoplasm for an addiction to some substrate and
withdraw that critical substrate, knocking the neoplasm
back and delaying progression.

Even if designing a therapy to boost benign cells
proved infeasible, without also boosting the dysplastic
cells, we could still play the sucker’s gambit. A sucker’s
gambit experiment would add a nutrient that mimics a
cytotoxin to a culture or neoplasm. Cells that could take
up the nutrient would outcompete cells that could not
take up the nutrient, resulting in a neoplasm primed to
take up the cytotoxin. After cultivating the cells in this
enriched environment, the cytotoxin would be applied
and the effectiveness of the toxin would be measured.
We predict that the cytotoxin would be more effective on
cells bred in the presence of the nutrient mimic than cells
bred in an unaltered environment or in an environment
with a nutrient that did not mimic the cytotoxin. In this
way, a sensitive cell booster could be used as an adju-
vant preparatory therapy prior to the application of
a traditional chemotherapy.

An abstract model such as this one can be used to
explore complex theories for which intuition is only a
weak guide. Simulations can identify possibilities and
rule out some potential avenues of research. In this case,
the simulation suggests that a benign cell booster may
work even late in progression and the sucker’s gambit
should be an effective way to combine traditional
cytotoxic therapies with an evolutionary strategy of
selecting for chemosensitivity. The model suggests that
selection on loci directly related to carcinogenesis should

be more effective than selection on loci involved
indirectly in carcinogenesis through genetic instability.
It also cautions us that a benign cell booster would have
to give benign cells an appreciable competitive advan-
tage over dysplastic cells. In this way, our modeling
approach helps to refine which experiments are worth
pursuing in the laboratory and eventually in humans.

Conclusions

We must look for ways of disrupting the evolutionary
dynamics of progression. Promising results can be
achieved in silico. Here, we explored the use of clonal
competition within a neoplasm to select for a more benign
neoplasm. Alternatively, the efficacy of traditional ther-
apies might be amplified by first selecting for sensitivity
to cytotoxins. We predict that both traditional therapies
and benign cell boosters will be more effective as
chemoprevention strategies rather than chemotherapies,
because neoplasms early in progression are less likely to
harbor resistant clones than neoplasms late in progres-
sion. Taking advantage of this will depend on the early
detection of precancerous neoplasms and better predic-
tion of which precancerous neoplasms are likely to
progress.
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