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Abstract

Neoplasms progress to cancer through a process of natural selection. The rate of evolution, and thus progression is determined by thr
parameters: mutation rate, population size of the evolving neoplastic cells, and intensity of selection or rate of clonal expansion. All three
parameters are reviewed in the context of Barrett's esophagus, a pre-malignant neoplasm. Although Barrett's esophagus is an ideal mod
for the study of neoplastic clonal evolution, similar studies may be carried out in a wide variety of human neoplasms. Evolutionary analyses

provide insights for clinical management, including rates of progression to cancer and emergence of resistance to interventions.
© 2005 Published by Elsevier Ltd.
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1. Natural selection in neoplastic progression
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E-mail addresses: cmaley@alum.mit.edu (C.C. Maley), bir@fhcrc.org A neoplasm is a microcosm of evolution. This fact lies

(B.J. Reid). at the heart of why we get cancer and why it has been so
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hard to cure. Within a neoplasm, mutant clones compete for that a single cell will acquire all the necessary and sufficient
space and resourc¢$s-5]. Those that have a competitive mutations to become malignagf7—19]
advantage and are more aggressive will tend to spread in
the neoplasm until a mutation produces an invasive pheno-
type and the neoplasm becomes malignant. Therapies add &. Barrett’s esophagus as a model of clonal evolution
new selective force to the neoplasm and tend to select forin neoplastic progression
resistancg6—12]. Thus, natural selection leads to both pro-
gression and relapse. Nowell's hypothesis of clonal evolution in neoplastic pro-
There are three necessary and sufficient conditions for gression should apply to all neoplasms. However, it has been
natural selection: (1) There must be variation in the popu- difficult to study in most neoplasms because either the pre-
lation. (2) The variation must be heritable. (3) The variation cursorlesions are not easily identified, or ifthey are identified,
must affect the number of offspring contributed to the pop- they are removed and so cannot be studied longitudinally to
ulation by an individua[13]. When these three conditions see how the clones evolve. Barrett’'s esophagus (BE) is an
are met, natural selection ensues in the population, whetherexception.
it be a population of organisms or cells in a neoplasm. Cells  BE is a pre-malignant neoplastj20] condition of the
in neoplasms evolve by natural selection because: (1) Thereesophagus, that is the only known precursor of esophageal
is genetic and epigenetic variation within a neoplasm due adenocarcinoma (EA21,22] BE is defined by the presence
to somatic mutations and methylatigh-5]. (2) That vari- of crypt structured, intestinal metaplasia in the esophagus
ation is heritable because it is encoded in the nucleotidesreplacing the normal multi-layered squamous epithelium.
and methylation of the DNA. (3) The genetic and epigenetic BE develops as a complication of chronic gastroesophageal
alterations lead to the phenotypic changes embodied by thereflux disease (GERD) in approximately 5-12% of GERD
hallmarks of cancer, including liberation from a reliance on patients[23,24] The only proven therapy for BE/EA is
growth signals, insensitivity to anti-growth signals, evasion of an esophagectomy. Unfortunately, esophagectomies have a
the immune system, suppression of apoptosis, neoangiogenmorbidity and mortality of 3—8% in high-volume hospitals
esis, and finally invasion and metastd4i,15]. All of these and 16—23% in low-volume hospitals where most surgeries
phenotypes provide a competitive advantage to the mutantare performed25-28] Because only 0.5-1% of patients
clone over competing clones that lack those phenotypes.with BE progress to EA annuallj29,30] periodic endo-
Nowell recognized the importance of natural selectionin neo- scopic biopsy surveillance using a systematic biopsy pro-
plastic progression in 1971&6]. However, only recently has  tocol is recommended for early detection of canfzt].
the field of cancer biology progressed to the point of test- Thus, the clinical standard of care makes it possible to study
ing Nowell’s hypothesis. Barrett's esophagus, a premalignant clonal evolution of BE in vivo, longitudinally in a cohort of
neoplasm of the esophagus, is one of the few neoplasms inpatients.
which Nowell’'s hypothesis can be studied in detail, overtime,  BE is an ideal model for the study of neoplastic progres-
in vivo. Here we review what is known about the parame- sion notonly because it can be tracked longitudinally, but also
ters of clonal evolution in Barrett's esophagus along with the because it exhibits some of the most common genetic lesions
important open problems that remain. in human solid tumors. Loss of p16 (CDKN2A/INK4A)
occurs early in BE progressidB1,32] Loss of p53 (TP53)
occurs after loss of p16 in almost all ca$2g]. Eventually

2. Parameters of the rate of evolution tetraploidy (increased 4N fractions) and aneuploidy develop
before cancef33].

If neoplastic progression is an evolutionary process, then  We will review the three parameters for the rate of evo-
the rate of evolution should be associated with the rate of lution in BE. A variety of forms of genetic instability have
progression to cancer. Evolution is traditionally and most been measured in BE and likely play a role in progression.
narrowly defined as changes in allele frequencies. There arePopulation sizes have been measured both in terms of seg-
three parameters that determine the rate of evolution in a neo-ment length and clone sizes. Evidence for natural selection
plasm: (1) mutation rate, (2) population size, and (3) strength comes from both studies of the frequencies of lesions across
of selection. The faster that new mutations accumulate in aneoplasms and mutation frequencies within neoplasms.
neoplasm, the faster the neoplasm will acquire all the neces-
sary carcinogenic lesions for malignancy. This is a function
of both the mutation rate per cell and the number of cells in 4. Mutation rate
the neoplasm. The larger the population of neoplastic cells,
the more likely that at least one cell will acquire a carcino- Mutation rates are difficult to study in humans in vivo.
genic mutation. The strength of selection isimportant becauseMost estimates of mutation rates either come from cell culture
the faster a mutant clone spreads in the neoplasm, the largef34,35] or the big blue mous¢36]. However, there is no
the population of mutant cells available to acquire further car- doubt that BE neoplastic cells have higher mutation rates
cinogenic mutations. If clones grow slowly, thenitis unlikely than normal tissue because a variety of genetic and epigenetic
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lesions have been observed in BE at higher frequencies tharclusion: the initiation and establishment of a BE segment

are observed in normal tissues.
Allelotype studies, using a sparse set of microsatellite

must occur quickly relative to physicians ability to detect it
so that it is virtually impossible to catch BE in the act of

markers scattered across the genome, have found evidencestablishment.

of loss of heterozygosity (LOH) in BE on virtually every
chromosomal arm of the genori8¥,38] These results can-
not distinguish between physical loss or deletion of a chro-
mosome arm, leaving only one allele at the microsatellite
locus, from gene conversion or mitotic recombination, leav-
ing two identical copies of an allele at the microsatellite locus.

If the rate of evolution depends on population size, then
a logical prediction of the evolution of neoplasms is that
patients with larger pre-malignant neoplasms should be more
likely to progress to cancer than patients with smaller neo-
plasms. The evidence in BE is equivocal. Intwo retrospective,
case-control studies, patients that had progressed to cancer

However, assays that measure copy number changes, suctended to have had larger BE segments than the controls

as fluorescent in situ hybridization (FISH) and comparative
genomic hybridization (CGH), can distinguish physical loss
from gene conversion, though they cannot distinguish wild-
type loci from LOH due to gene conversion. FISH and CGH

[64,65] The one prospective cohort study that examined this
issue found a trend for longer BE segments to progress to
cancer, but the trend was not statistically significgg@].

However, closer inspection of this cohort showed significant

studies have found both gains and losses of chromosomesssociations between the sizes of clones with p53 LOH, ane-

in Barrett's epitheliun{39-43] LOH without copy number

change, for example, by gene conversion or mitotic recom-

bination, has been observed in retinoblastdid, breast
cancer[45], colon adenoma$t6,47], bladder cancef48]
and leukemig49], as well as in Barrett's esophagus, recently
(Wongsurawat et al unpublished observations).

Chromosomal instability is only one form of genetic insta-
bility observed in BE. Changes in microsatellite allele sizes
have also been commonly obsenj&@,50], though not at a
frequency to qualify as microsatellite instaptd ,52] These
new alleles, or “microsatellite shifts,” are often observed
in tetranucleotide repeaf52], rather than the dinucleotide
repeats used to define microsatellite instability in colorec-
tal cancer[51]. The cause of these microsatellite shifts is
unknown.

Sequence mutations have been detected in[4} p53
[53] and K-ras, though K-ras mutations have only been
detected late in progressi@4,55] Inactivation of p16 by

uploidy or tetraploidy and progression to E&V]. Thus, the
size of the genetically unstable cell population was a strong
predictor of neoplastic progression.

6. Strength of selection

The strength of selection on a particular allele is best mea-
sured by the rate at which it spreads through a population.
This has been difficult to measure in most neoplasms for two
reasons: very few neoplasms can be tracked over time and few
investigators have measured the frequency of alleles within
a neoplasm by assaying multiple biopsi28,68].

The close association between gastroesophageal reflux
and the etiology of BE suggests that under the abnormal envi-
ronment of reflux, BE cells have a competitive advantage over
squamous cells in the esophagus. BE is defined in part by the
presence of goblet and other mucus-secreting cells that prob-

sequence mutations occurs in 15% of BE patients and oftenably help to protect the Barrett's epithelium from the acids

does not affect the alternative reading frame of ARE. A
much more common form of inactivation of p16 is due to
hyper-methylation of the p16 promoter, which is detected in
approximately 61% of BE patients and p16 LOH detected in
57% of Barrett’s patientg32]. APC has also be reported to
be frequently methylated in Bf56,57]

5. Population size

The size of a population is a fundamental constraint on

the rate at which it can accumulate mutations and evolve.

Until the mid 1970s, there were reports of BE segments
growing over timg[58-60] However, since that time, such
reports have virtually disappeargfl]. It may not be a
coincidence that H2 blockers, the first effective acid sup-

pression medications, were introduced in the mid 1970s.

Today, in the vast majority of cases, the length of the Bar-
rett’s segment remains stable over tiféd], though some-
times it partially regresses with the re-growth of squamous
tissues[62,63] This observation leads to a striking con-

and bile salts in the reflupe9].
6.1. Natural selection on specific loci

A cross-sectional analysis that analyzed the frequency
with which different genetic lesions went to fixation (>90%
of the neoplasm) found strong evidence that loss of p16,
either by LOH, mutation or methylation, conferred a selec-
tive advantage on the mutant clof#®]. This corroborates
evidence from the high frequency with which p16 is lost in
BE [32,70-72]

Loss of p53 was not observed in epithelium that had not
also lost p1§20] suggesting that either loss of p53 does not
give a competitive advantage to a p16 wildtype clone or that
the crypt architecture of BE prevents a clone that has lost p53
from expanding beyond the crypt until it has also lost p16.
Within a background of BE that had lost p16, clones with p53
lesions tended to go to fixation more frequently than would
be expected by chance, giving further evidence that p53 LOH
and sequence mutations are selectively advantageous in BE
[20].
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A large number of genetic losses have been observed in7. Open problems
BE but have not yet been associated with clones that regularly
grow to fixation. The strongest evidence is for aneuploidyand  Neoplastic evolution is probably better understood in BE
tetraploidy, which, though they do nottend to growtofixation, than any other human solid neoplasm, and is summarized
are associated with significant risks of progressing to cancerin Fig. 1. However, there are many unsolved mysteries that
[73]. LOH on 5q, 189 and 13q and loss of the Y chromosome require further study.
are all commonly observd@7,38] Losses on 5q are thought
to target the APC gen@4] and losses on 13q may targetthe 7.1. Initiation of Barrett’s esophagus
Rb gene, sinceitisinthe p16 pathway. Itis unclear what gene,
if any, is being targeted on 18q because a large number of It is unknown what triggers the transition from squa-
cancer-related genes can be found there, including SMAD4, mous to Barrett's epithelium in GERD patients. Competing
DCC, and Bcl2. Cyclin D1 is also frequently overexpressed hypothese$89,90] include: (1) A change of expression in

in BE[75,76] the esophageal epithelium due to the abnormal exposures
of gastric reflux. (2) Migration of gastric cardia up into the
6.2. Hitchhikers esophagus with subsequent changes in differentiation to pro-

duce goblet cells. (3) Colonization of cells from esophageal

The mere observation of a genetic or epigenetic alter- gland ducts, and (4) A genetic or epigenetic lesion in a cell
ation in a neoplasm is not sufficient evidence to establish its that produces the BE phenotype and provides a competitive
importance in neoplastic progression, even if the alteration advantage such that the Barrett's clone expands to displace
is observed at fixation throughout the neoplasm or acrossthe normal squamous epithelium. The best candidate locus
multiple neoplasms. This is because an evolutionarily neu- for this last hypothesis is the p16 tumor suppressor gene.
tral alteration may spread in a neoplasm due to the fact thatSince p16 alterations are found in over 85% of BE patients
it occurs in a clone that has a selectively advantageous alter-at the first endoscopy when the BE epithelium is assayed,
ation elsewhere in the genome. This phenomenon is calledand clones with p16 alternations often fill the entire Barrett's
hitchhiking in evolutionary biology and it has the potential segment, loss of p16 in a reflux environment of the esopha-
to mislead entire fields within cancer biology. Evidence that gus may cause BE. Evidence against this hypothesis includes
an alteration is selectively advantageous must come from thethe minority of BE patients that show no p16 alterations by
consistent association of that alteration with clonal expan- LOH, mutation or methylation, as well as the larger group
sion [20], and may be contrasted with alterations that are of patients that have at least one biopsy without those alter-
almost assuredly evolutionarily neutral, such as microsatellite ations. Yet, these exceptions may be explained by alterations
shifts in non-coding regions of the genome. This distinc- in other loci of the p16 pathway including Rb and Cyclin D1.
tion between selective and hitchhiking alterations requires the
study of enough neoplasms to detect the difference betweer?.2. Genetic and epigenetic instability
the random occurrence of an alteration due to genetic or epi-
genetic instability and clonal expansions driven by natural  Once a Barrett's neoplasm is initiated, the BE cells soon

selection. begin to collect genetic and epigenetic alterations. The cause
of genetic and epigenetic instability is generally unknown,
6.3. Resistance particularly early in progression. Although most BE patients

are on powerful PPIs, many patients continue to reflux both

Interventions in cancer therapy and prevention, by defini- gastric acids as well as bi[®1]. Both acids and bile salts
tion, change the environment of the neoplasm and thus changenay be mutagenic, and so directly cause genetic instability,
the selective pressures on the neoplastic cells. The fact thabut they also may increase genetic instability by increasing
these pressures select for clones resistant to the interventiorcell turnover. Most biopsies of BE tissues show evidence
is the single most important reason that cancer has proven s®f inflammation which may also cause genetic instability
difficultto cure. Esophageal adenocarcinomais no exception.through the production of mutagenic oxygen radicals or
Both chemotherapy and radiotherapy have proven ineffective through increased cell turnover. Finally, it may be the case
in this diseas¢77,78] The only proven cure for esophageal that epigenetic silencing of mismatch repair enzymes, such
adenocarcinoma is esophagectomy, which can be successfuds MLH1, or other genes involved in maintenance of genetic
for early cancer with localized diseag®—-82] stability leads to increased genetic instability, though this has

There has been recent interest in photodynamic therapyyet to be shown.
(PDT) in which lasers, in combination with light reactive The different forms of instability, including methylation,
dyes, are used to burn away the BE epithelia in order to microsatellite shifts, mitotic recombination, and chromoso-
prevent progression to E[83—-86] However, there are now  mal losses and gains, probably have different but interrelated
reports that patches of BE that have lost p53 tend to survive etiologies. They are likely to have different rates of mutation
PDT and these may explain reported cases that progress t@nd emerge or change at different times during progres-
EA after PDT[87,88] sion. For example, loss of p53 is permissive for a variety
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Neoplastic Progression in Barrett’s Esophagus

Barrett’s epithelium

Barrett’s Segment

Time

Fig. 1. Clonal evolution in Barrett's esophageal neoplastic progressiont-ghes represents the vertical extent of a Barrett's segment anki-#ixés shows

change over time. Loss of each allele of p16 appears to give the clone a competitive advantage and leads to clonal expansion. pl6 inactivation is eithe
the initiating event for Barrett’s esophagus or is an early event in progression. Lesions in evolutionary neutral loci probably occur in manithtfones w

the neoplasms but whether or not they expand over time is a random process of genetic drift, unless they hitchhike on the clonal expansion bf a selective
advantageous lesion. Hitchhikers may precede the selective mutation (hitchhiker 1 expands with thefot®}/bor arise during a selective sweep (hitchhikers

2 and 3). Expansion of a p53 mutant clone seems to require inactivation of p16, and so only grows large enough to be detected when it arises as a subsequ
event. It is unclear if a p53 hemizygous {/clone is evolutionarily neutral, and must expand as a hitchhiker as shown here, or has a competitive advantage
over a p53+/+ clone. Loss of both p53 alleles probably increases genomic instability leading to diversification within the neoplasm and is fmrthissive
subsequent generation of tetraploid and aneuploid clones. Eventually, esophageal adenocarcinoma may evolve, typically deriving fromdeci@reuploi

mutant cell within a clone carries all the genetic lesions of the ancestral clone. In this example, the cancer wouldbe ga5B6-/— aneuploid clone with

at least one neutral hitchhiking lesion (hitchhiker 1).

of genomic alterations, and so the mutation rates are likely to divide more frequently than other crypts or increase the

to increase after p53 loss. chance that a crypt survives in the BE environment will tend
to spread in the BE epithelium. This may be driven by a
7.3. Effective population size constant background rate of crypt death and bifurcation, or it

may be driven by wounding caused by acid and bile reflux,

No one has been able to identify the stem cell population @nd subsequent competition in the surviving epithelium to
in a BE crypt. Is it composed of just a few cells at the bottom repopulate the denuded areas. Furthermore, wound healing
of the crypt, similar to a small intestinal crypt in the mouse May be accomplished by either crypt bifurcation or epithelial
[92], or is the entire proliferating compartment evolving over festitution in which a flat sheet of epithelium migrates to
time? Another possibility is that the number of crypts in a cover the wound and later invaginates to reconstitute the BE
Barrett's segment, and thus the effective population size is CTypts. The implications of these different tissue architecture
changing over time, even though the segment length remainsdynamics for neoplastic progression remain unknown.
constant. Studies are on-going to address these questions.

7.5. Molecular alterations in progression
7.4. Clonal expansion
The best evidence for molecular alterations in BE pro-

In 1975, Cairns showed that the crypt architecture itself gression involve lesions in p16, p53 and the generation of
acts as a tumor suppressor because mutations that occur itetraploidy and aneuploid§832,73,94] However, there are
most of the crypt will be purged from the crypt as the cells likely other necessary alterations before BE epithelium may
migrate up the crypt and slough off into the luni88]. Even become malignant.
if a mutation occurs in a stem cell of the crypt, it has no Genetic dependency (“clonal ordering”) studies have been
obvious way to colonize neighboring crypts. However, given used to associate loss of chromosome arms, which may carry
that we see mutant clones covering more than 10 cm of a BEtumor suppressor genes with the development ofE296].
segment and hundreds of thousands of crypts, this barrier toThis is how p16 and p53 were originally identified as impor-
clonal expansion has been breached. We do not know how. tant alterations that precede the evolution of EA and so may

Little is known about the dynamics of tissue architectures, be necessary alterations for EA. While loss of 5 g and methy-
such as crypt structured epithelium. What causes a crypt tolation of APC are common, they can occur both before and
bifurcate? How often do crypts die? If there is turnover in after the emergence of EA, suggesting that loss of APC is not
the population of crypts, then a mutation that causes a cryptnecessary for EA, though it may affect progndsig]. Loss
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of 18 q is commonly observed before EA, but as discussed in A Success of a Benign Cell Booster that Targets a Recessive Locus
Section6.1, the gene or genes being targeted by these losses e T Aot [ ez ol
is unknown. / \ | HoDek—
Discovery of relevant oncogenes in progression is more [ \ |
difficult because they are often activated by point mutations,
and so require extensive sequencing to be detected. In the
future, high-density CGH and SNP chips may be able to
pinpoint genes that are commonly amplified in BE. Stud-
ies of the common oncogenes, suclvas andras, have not
found any consistent alterations in BE pre-malignant epithe- A (|
lium[54,55,97,98]Alternatively, chronic wound healing and 02 /' Al
inflammation may be providing the proliferative signal usu- / \\ [
ally supplied by oncogenes during progression, and so there ¢ St i N
. . 0 2000 4000 6000 3000 10000 12000
may be no relevant oncogenes In BE progression. Time Since Initiation of the Neoplasm
Aneuploidy is commonly observed late in progression but
preceding EA. These aneuploid clones include large-scaleFig. 2. An example run of a computational model simulating a benign cell
chromosome gains and lossg®,99-101] It is unknown booster applied to a pre-malignant neoplasm. Each time step represents half
what loci these gains and losses are targeting, and in particu-a day (8000 time steps11 years). The benign cell booster, applied for 5

lar. what alterations finallv broduce the invasive phenotvpe years starting at time step 8000, decreases the generation time of cells that
! yp P ype. still have at least one intact allele of a tumor suppressor gene, shown in

blue. Resistance to the booster may evolve in the model (shown in green),
7.6. Insights for clinical management and but resistance is detrimental to the cell, since it prevents a benign cell from
computational models gaining the benefit of the booster. Cells that have progressed to high grade
dysplasia (HGD, shown in red) have inactivated key tumor suppressor genes,

An evolutionary understandina of neoplasms leads to two including the one targeted by the benign cell booster. In the presence of
y 9 p the benign cell booster, benign cells out-compete HGD cells and prevent

important insights. In order to solve the problem of CanCer, progression. Figure reproduced with permission from Maley ¢188].
we will either have to prevent cancer at a stage before somatic

%
.

06} | |i

Frequency of Cell Type
8

mutations are likely to have generated a resistant dibd2] the cells in the neoplasm are vulnerable. We call this the
or develop interventions that account for the clonal diversity “Sucker’s gambit.”
within the neoplasnj103]. The problem with intervening Both benign cell boosters and the Sucker’'s gambit remain

early in progression is that only a minority of those patients only theoretical possibilities at the moment. How to instanti-
would develop cancer in the absence of the intervention, ate them in biology remain open problems to be explored in
so the costs of rare complications from the intervention pre-clinical models. There may well be better evolutionary
may outweigh the benefits unless the intervention is very strategies yet to be discovered for cancer therapy and preven-
benign. tion. It is intriguing to note that proton pump inhibitor (PPI)
How can we develop therapies that avoid the evolution of medications, which suppress gastric acids, may be acting as
resistant clones? We must find some way to interfere with benign cell boosters by changing the esophageal environment
clonal evolution. One useful initial step is the development and selective pressures such that squamous cells have a com-
of computational models that can represent the genetic het-petitive advantage over BE cells. When PPIs are combined
erogeneity within a neoplasm and the evolution of resistance with some form of wounding the epithelium that fills the
[103]. Agent-based computational models can represent thewound tends to be squamo[D5]. However, there is also
genetic state of each cell in a neoplastic cell population along evidence of resistance to PPIs as benign cell boosters. In some
with stochastic neutral and selective mutations, apoptosis,cases, the squamous cells grow over the BE cells rather than
limited space, resources and the competition that ensuegeplacing thenj106]. This poses a clinical problem because
[104]. These computational models act as pre-pre-clinical the endoscopist can no longer see the BE epithelium, and so
models that may be used as test-beds for exploring evolu-it may progress to EA undetected.
tionary strategies for cancer therapy and prevention. Two
evolutionary strategies show promise in computational mod-
els: benign cell boosters and chemosensitive booEt8aj. 8. Conclusions
A benign cell booster is an intervention that increases the fit-
ness of the relatively benign cells in or around a neoplasm. Barrett’s esophagus has proven a fruitful model system
Clonal competition results in driving the less benign cells of human neoplastic progression in which to test Nowell's
extinct and thereby stalling progressidfid. 2. Chemosen-  hypothesisinvivo. All of the necessary components of natural
sitive boosters are similar except it is the cells that will be selection in a neoplasm have been confirmed in BE including
sensitive to a chemotherapy whose fithess must be increasedsomatic variation, heritability of that variation, and differ-
In this case, the chemosensitive cells drive the resistant cellsences in relative fithess of the clones due to that variation.
extinct so that when the chemotherapy is later applied, all The introduction of evolutionary theory to cancer biology
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provides a useful set of quantitative analyses and explana- [10] Laconi E, Pani P, Farber E. The resistance phenotype in the devel-

tions for neoplastic progression.
While BE may be an ideal model for exploring clonal
evolution in neoplastic progression, itis by no means the only

opment and treatment of cancer 2000;1:235-41.

[11] Shtil AA. Emergence of multidrug resistance in leukemia cells
during chemotherapy: mechanisms and prevention. J Hematother
Stem Cell Res 2002;11(2):231-41.

one. In order to study evolution, one must, atthe least, be able [12] woodhouse JR, Ferry DR. The genetic basis of resistance to cancer

to measure allele frequencies in the neoplasm. This requires

the technology to assay genotypes in small numbers of cells.
Measuring allele frequencies is most easily done by analyzing
multiple biopsies or subdivisions of a neoplasm. This could be
done ex vivo for most neoplasms that are surgically removed,
such as adenomatous polyps of the colon. It could also be
doneinvivo in head and neck neoplasms like oral leukoplakia
[107,108] as well as other organs including bladdés],

lung [109,110] pancreag111], colon[4], stomach[112],

squamous esophagi4 3], breasf2,114]and prostatgl15].

The evolution of neoplastic clones is the basis for both

chemotherapy. Ann Med 1995;27(2):157-67.

[13] Endler JA. Natural selection in the wild. Princeton: Princeton Uni-
versity Press; 1986.

[14] Hanahan D, Weinberg RA. The hallmarks of cancer. Cell
2000;100(1):57-70.
[15] Morales CP, Souza RF, Spechler SJ. Hallmarks of cancer progres-
sion in Barrett's oesophagus. Lancet 2002;360(9345):1587-9.
[16] Nowell PC. The clonal evolution of tumor cell populations. Science
1976;194(4260):23-8.

[17] Loeb LA. Mutator phenotype may be required for multistage car-
cinogenesis. Cancer Res 1991;51:3075-9.

[18] Tomlinson IPM, Novelli MR, Bodmer WF. The mutation rate and
cancer. Proc Natl Acad Sci USA 1996;93:14800-3.

progression to cancer and the emergence of therapeutic resis-[19] Moolgavkar SH, Luebeck EG. Multistage carcinogenesis and

tance. If we are to be successful in preventing or curing
cancer, we will have to find methods to modulate that evo-
lution. The first step in that effort is to understand clonal
evolution in neoplastic progression. We are hopeful that we
finally have the technology and scientific foundation to take
those first steps.
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