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Natural selection in neoplastic progression of Barrett’s esophagus
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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 three
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 model
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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A neoplasm is a microcosm of evolution. This fact l
at the heart of why we get cancer and why it has bee
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hard to cure. Within a neoplasm, mutant clones compete for
space and resources[1–5]. Those that have a competitive
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 a
new selective force to the neoplasm and tend to select for
resistance[6–12]. Thus, natural selection leads to both pro-
gression and relapse.

There are three necessary and sufficient conditions for
natural selection: (1) There must be variation in the popu-
lation. (2) The variation must be heritable. (3) The variation
must affect the number of offspring contributed to the pop-
ulation by an individual[13]. When these three conditions
are met, natural selection ensues in the population, whether
it be a population of organisms or cells in a neoplasm. Cells
in neoplasms evolve by natural selection because: (1) There
is genetic and epigenetic variation within a neoplasm due
to somatic mutations and methylation[1–5]. (2) That vari-
ation is heritable because it is encoded in the nucleotides
and methylation of the DNA. (3) The genetic and epigenetic
alterations lead to the phenotypic changes embodied by the
hallmarks of cancer, including liberation from a reliance on
growth signals, insensitivity to anti-growth signals, evasion of
the immune system, suppression of apoptosis, neoangiogen-
esis, and finally invasion and metastasis[14,15]. All of these
phenotypes provide a competitive advantage to the mutant
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that a single cell will acquire all the necessary and sufficient
mutations to become malignant[17–19].

3. Barrett’s esophagus as a model of clonal evolution
in neoplastic progression

Nowell’s hypothesis of clonal evolution in neoplastic pro-
gression should apply to all neoplasms. However, it has been
difficult to study in most neoplasms because either the pre-
cursor lesions are not easily identified, or if they are identified,
they are removed and so cannot be studied longitudinally to
see how the clones evolve. Barrett’s esophagus (BE) is an
exception.

BE is a pre-malignant neoplastic[20] condition of the
esophagus, that is the only known precursor of esophageal
adenocarcinoma (EA)[21,22]. BE is defined by the presence
of crypt structured, intestinal metaplasia in the esophagus
replacing the normal multi-layered squamous epithelium.
BE develops as a complication of chronic gastroesophageal
reflux disease (GERD) in approximately 5–12% of GERD
patients[23,24]. The only proven therapy for BE/EA is
an esophagectomy. Unfortunately, esophagectomies have a
morbidity and mortality of 3–8% in high-volume hospitals
and 16–23% in low-volume hospitals where most surgeries
are performed[25–28]. Because only 0.5–1% of patients
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owell recognized the importance of natural selection in
lastic progression in 1976[16]. However, only recently ha

he field of cancer biology progressed to the point of t
ng Nowell’s hypothesis. Barrett’s esophagus, a premalig
eoplasm of the esophagus, is one of the few neoplas
hich Nowell’s hypothesis can be studied in detail, over ti

n vivo. Here we review what is known about the para
ers of clonal evolution in Barrett’s esophagus along with
mportant open problems that remain.

. Parameters of the rate of evolution

If neoplastic progression is an evolutionary process,
he rate of evolution should be associated with the ra
rogression to cancer. Evolution is traditionally and m
arrowly defined as changes in allele frequencies. Ther

hree parameters that determine the rate of evolution in a
lasm: (1) mutation rate, (2) population size, and (3) stre
f selection. The faster that new mutations accumulate
eoplasm, the faster the neoplasm will acquire all the ne
ary carcinogenic lesions for malignancy. This is a func
f both the mutation rate per cell and the number of cel

he neoplasm. The larger the population of neoplastic c
he more likely that at least one cell will acquire a carc
enic mutation. The strength of selection is important bec

he faster a mutant clone spreads in the neoplasm, the
he population of mutant cells available to acquire further
inogenic mutations. If clones grow slowly, then it is unlik
ith BE progress to EA annually[29,30], periodic endo
copic biopsy surveillance using a systematic biopsy
ocol is recommended for early detection of cancer[21].
hus, the clinical standard of care makes it possible to s
lonal evolution of BE in vivo, longitudinally in a cohort
atients.

BE is an ideal model for the study of neoplastic prog
ion not only because it can be tracked longitudinally, but
ecause it exhibits some of the most common genetic le

n human solid tumors. Loss of p16 (CDKN2A/INK4
ccurs early in BE progression[31,32]. Loss of p53 (TP53
ccurs after loss of p16 in almost all cases[20]. Eventually

etraploidy (increased 4N fractions) and aneuploidy dev
efore cancer[33].

We will review the three parameters for the rate of e
ution in BE. A variety of forms of genetic instability ha
een measured in BE and likely play a role in progress
opulation sizes have been measured both in terms o
ent length and clone sizes. Evidence for natural sele

omes from both studies of the frequencies of lesions a
eoplasms and mutation frequencies within neoplasms

. Mutation rate

Mutation rates are difficult to study in humans in vi
ost estimates of mutation rates either come from cell cu

34,35] or the big blue mouse[36]. However, there is n
oubt that BE neoplastic cells have higher mutation r

han normal tissue because a variety of genetic and epige
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lesions have been observed in BE at higher frequencies than
are observed in normal tissues.

Allelotype studies, using a sparse set of microsatellite
markers scattered across the genome, have found evidence
of loss of heterozygosity (LOH) in BE on virtually every
chromosomal arm of the genome[37,38]. 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.
However, assays that measure copy number changes, such
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
studies have found both gains and losses of chromosomes
in Barrett’s epithelium[39–43]. LOH without copy number
change, for example, by gene conversion or mitotic recom-
bination, has been observed in retinoblastoma[44], breast
cancer[45], colon adenomas[46,47], bladder cancer[48]
and leukemia[49], 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 observed[20,50], though not at a
frequency to qualify as microsatellite instable[51,52]. These
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clusion: the initiation and establishment of a BE segment
must occur quickly relative to physicians ability to detect it
so that it is virtually impossible to catch BE in the act of
establishment.

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. In two retrospective,
case-control studies, patients that had progressed to cancer
tended to have had larger BE segments than the controls
[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 significant[66].
However, closer inspection of this cohort showed significant
associations between the sizes of clones with p53 LOH, ane-
uploidy or tetraploidy and progression to EA[67]. 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
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ew alleles, or “microsatellite shifts,” are often obser
n tetranucleotide repeats[52], rather than the dinucleotid
epeats used to define microsatellite instability in colo
al cancer[51]. The cause of these microsatellite shift
nknown.

Sequence mutations have been detected in p16[32], p53
53] and K-ras, though K-ras mutations have only b
etected late in progression[54,55]. Inactivation of p16 b
equence mutations occurs in 15% of BE patients and
oes not affect the alternative reading frame of ARF[32]. A
uch more common form of inactivation of p16 is due
yper-methylation of the p16 promoter, which is detecte
pproximately 61% of BE patients and p16 LOH detecte
7% of Barrett’s patients[32]. APC has also be reported
e frequently methylated in BE[56,57].

. Population size

The size of a population is a fundamental constrain
he rate at which it can accumulate mutations and ev
ntil the mid 1970s, there were reports of BE segm
rowing over time[58–60]. However, since that time, su
eports have virtually disappeared[61]. It may not be a
oincidence that H2 blockers, the first effective acid s
ression medications, were introduced in the mid 19
oday, in the vast majority of cases, the length of the
ett’s segment remains stable over time[61], though some
imes it partially regresses with the re-growth of squam
issues[62,63]. This observation leads to a striking co
easons: very few neoplasms can be tracked over time an
nvestigators have measured the frequency of alleles w

neoplasm by assaying multiple biopsies[20,68].
The close association between gastroesophageal

nd the etiology of BE suggests that under the abnormal
onment of reflux, BE cells have a competitive advantage
quamous cells in the esophagus. BE is defined in part b
resence of goblet and other mucus-secreting cells that
bly help to protect the Barrett’s epithelium from the a
nd bile salts in the reflux[69].

.1. Natural selection on specific loci

A cross-sectional analysis that analyzed the frequ
ith which different genetic lesions went to fixation (>9
f the neoplasm) found strong evidence that loss of
ither by LOH, mutation or methylation, conferred a se

ive advantage on the mutant clone[20]. This corroborate
vidence from the high frequency with which p16 is los
E [32,70–72].
Loss of p53 was not observed in epithelium that had

lso lost p16[20] suggesting that either loss of p53 does
ive a competitive advantage to a p16 wildtype clone or

he crypt architecture of BE prevents a clone that has los
rom expanding beyond the crypt until it has also lost p

ithin a background of BE that had lost p16, clones with
esions tended to go to fixation more frequently than w
e expected by chance, giving further evidence that p53
nd sequence mutations are selectively advantageous

20].
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A large number of genetic losses have been observed in
BE but have not yet been associated with clones that regularly
grow to fixation. The strongest evidence is for aneuploidy and
tetraploidy, which, though they do not tend to grow to fixation,
are associated with significant risks of progressing to cancer
[73]. LOH on 5q, 18q and 13q and loss of the Y chromosome
are all commonly observed[37,38]. Losses on 5q are thought
to target the APC gene[74] and losses on 13q may target the
Rb gene, since it is in the p16 pathway. It is unclear what gene,
if any, is being targeted on 18q because a large number of
cancer-related genes can be found there, including SMAD4,
DCC, and Bcl2. Cyclin D1 is also frequently overexpressed
in BE [75,76].

6.2. Hitchhikers

The mere observation of a genetic or epigenetic alter-
ation in a neoplasm is not sufficient evidence to establish its
importance in neoplastic progression, even if the alteration
is observed at fixation throughout the neoplasm or across
multiple neoplasms. This is because an evolutionarily neu-
tral alteration may spread in a neoplasm due to the fact that
it occurs in a clone that has a selectively advantageous alter-
ation elsewhere in the genome. This phenomenon is called
hitchhiking in evolutionary biology and it has the potential
to mislead entire fields within cancer biology. Evidence that
a m the
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7. Open problems

Neoplastic evolution is probably better understood in BE
than any other human solid neoplasm, and is summarized
in Fig. 1. However, there are many unsolved mysteries that
require further study.

7.1. Initiation of Barrett’s esophagus

It is unknown what triggers the transition from squa-
mous to Barrett’s epithelium in GERD patients. Competing
hypotheses[89,90] include: (1) A change of expression in
the esophageal epithelium due to the abnormal exposures
of gastric reflux. (2) Migration of gastric cardia up into the
esophagus with subsequent changes in differentiation to pro-
duce goblet cells. (3) Colonization of cells from esophageal
gland ducts, and (4) A genetic or epigenetic lesion in a cell
that produces the BE phenotype and provides a competitive
advantage such that the Barrett’s clone expands to displace
the normal squamous epithelium. The best candidate locus
for this last hypothesis is the p16 tumor suppressor gene.
Since p16 alterations are found in over 85% of BE patients
at the first endoscopy when the BE epithelium is assayed,
and clones with p16 alternations often fill the entire Barrett’s
segment, loss of p16 in a reflux environment of the esopha-
gus may cause BE. Evidence against this hypothesis includes
t by
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n alteration is selectively advantageous must come fro
onsistent association of that alteration with clonal ex
ion [20], and may be contrasted with alterations that
lmost assuredly evolutionarily neutral, such as microsat
hifts in non-coding regions of the genome. This dist
ion between selective and hitchhiking alterations require
tudy of enough neoplasms to detect the difference bet
he random occurrence of an alteration due to genetic o
enetic instability and clonal expansions driven by nat
election.

.3. Resistance

Interventions in cancer therapy and prevention, by de
ion, change the environment of the neoplasm and thus ch
he selective pressures on the neoplastic cells. The fac
hese pressures select for clones resistant to the interve
s the single most important reason that cancer has prov
ifficult to cure. Esophageal adenocarcinoma is no excep
oth chemotherapy and radiotherapy have proven ineffe

n this disease[77,78]. The only proven cure for esophag
denocarcinoma is esophagectomy, which can be succ

or early cancer with localized disease[79–82].
There has been recent interest in photodynamic the

PDT) in which lasers, in combination with light react
yes, are used to burn away the BE epithelia in orde
revent progression to EA[83–86]. However, there are no
eports that patches of BE that have lost p53 tend to su
DT and these may explain reported cases that progr
A after PDT[87,88].
l

he minority of BE patients that show no p16 alterations
OH, mutation or methylation, as well as the larger gr
f patients that have at least one biopsy without those
tions. Yet, these exceptions may be explained by altera

n other loci of the p16 pathway including Rb and Cyclin D

.2. Genetic and epigenetic instability

Once a Barrett’s neoplasm is initiated, the BE cells s
egin to collect genetic and epigenetic alterations. The c
f genetic and epigenetic instability is generally unkno
articularly early in progression. Although most BE patie
re on powerful PPIs, many patients continue to reflux
astric acids as well as bile[91]. Both acids and bile sal
ay be mutagenic, and so directly cause genetic insta

ut they also may increase genetic instability by increa
ell turnover. Most biopsies of BE tissues show evide
f inflammation which may also cause genetic instab

hrough the production of mutagenic oxygen radicals
hrough increased cell turnover. Finally, it may be the c
hat epigenetic silencing of mismatch repair enzymes,
s MLH1, or other genes involved in maintenance of gen
tability leads to increased genetic instability, though this
et to be shown.

The different forms of instability, including methylatio
icrosatellite shifts, mitotic recombination, and chromo
al losses and gains, probably have different but interre
tiologies. They are likely to have different rates of muta
nd emerge or change at different times during prog
ion. For example, loss of p53 is permissive for a var
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Fig. 1. Clonal evolution in Barrett’s esophageal neoplastic progression. TheY-axis represents the vertical extent of a Barrett’s segment and theX-axis shows
change over time. Loss of each allele of p16 appears to give the clone a competitive advantage and leads to clonal expansion. p16 inactivation is either
the initiating event for Barrett’s esophagus or is an early event in progression. Lesions in evolutionary neutral loci probably occur in many clones within
the neoplasms but whether or not they expand over time is a random process of genetic drift, unless they hitchhike on the clonal expansion of a selectively
advantageous lesion. Hitchhikers may precede the selective mutation (hitchhiker 1 expands with the p16+/− clone) or 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 subsequent
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 permissivefor the
subsequent generation of tetraploid and aneuploid clones. Eventually, esophageal adenocarcinoma may evolve, typically deriving from an aneuploid clone. A
mutant cell within a clone carries all the genetic lesions of the ancestral clone. In this example, the cancer would be a p16−/−, p53−/− aneuploid clone with
at least one neutral hitchhiking lesion (hitchhiker 1).

of genomic alterations, and so the mutation rates are likely
to increase after p53 loss.

7.3. Effective population size

No one has been able to identify the stem cell population
in a BE crypt. Is it composed of just a few cells at the bottom
of the crypt, similar to a small intestinal crypt in the mouse
[92], or is the entire proliferating compartment evolving over
time? Another possibility is that the number of crypts in a
Barrett’s segment, and thus the effective population size is
changing over time, even though the segment length remains
constant. Studies are on-going to address these questions.

7.4. Clonal expansion

In 1975, Cairns showed that the crypt architecture itself
acts as a tumor suppressor because mutations that occur in
most of the crypt will be purged from the crypt as the cells
migrate up the crypt and slough off into the lumen[93]. Even
if a mutation occurs in a stem cell of the crypt, it has no
obvious way to colonize neighboring crypts. However, given
that we see mutant clones covering more than 10 cm of a BE
segment and hundreds of thousands of crypts, this barrier to
clonal expansion has been breached. We do not know how.

res,
s pt to
b r in
t crypt

to divide more frequently than other crypts or increase the
chance that a crypt survives in the BE environment will tend
to spread in the BE epithelium. This may be driven by a
constant background rate of crypt death and bifurcation, or it
may be driven by wounding caused by acid and bile reflux,
and subsequent competition in the surviving epithelium to
repopulate the denuded areas. Furthermore, wound healing
may be accomplished by either crypt bifurcation or epithelial
restitution in which a flat sheet of epithelium migrates to
cover the wound and later invaginates to reconstitute the BE
crypts. The implications of these different tissue architecture
dynamics for neoplastic progression remain unknown.

7.5. Molecular alterations in progression

The best evidence for molecular alterations in BE pro-
gression involve lesions in p16, p53 and the generation of
tetraploidy and aneuploidy[32,73,94]. However, there are
likely other necessary alterations before BE epithelium may
become malignant.

Genetic dependency (“clonal ordering”) studies have been
used to associate loss of chromosome arms, which may carry
tumor suppressor genes with the development of EA[95,96].
This is how p16 and p53 were originally identified as impor-
tant alterations that precede the evolution of EA and so may
b thy-
l and
a s not
n

Little is known about the dynamics of tissue architectu
uch as crypt structured epithelium. What causes a cry
ifurcate? How often do crypts die? If there is turnove

he population of crypts, then a mutation that causes a
e necessary alterations for EA. While loss of 5 q and me
ation of APC are common, they can occur both before
fter the emergence of EA, suggesting that loss of APC i
ecessary for EA, though it may affect prognosis[56]. Loss
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of 18 q is commonly observed before EA, but as discussed in
Section6.1, the gene or genes being targeted by these losses
is unknown.

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, such asmyc andras, have not
found any consistent alterations in BE pre-malignant epithe-
lium [54,55,97,98]. Alternatively, chronic wound healing and
inflammation may be providing the proliferative signal usu-
ally supplied by oncogenes during progression, and so there
may be no relevant oncogenes in BE progression.

Aneuploidy is commonly observed late in progression but
preceding EA. These aneuploid clones include large-scale
chromosome gains and losses[42,99–101]. It is unknown
what loci these gains and losses are targeting, and in particu-
lar, what alterations finally produce the invasive phenotype.

7.6. Insights for clinical management and
computational models

An evolutionary understanding of neoplasms leads to two
important insights. In order to solve the problem of cancer,
we will either have to prevent cancer at a stage before somatic
m
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Fig. 2. An example run of a computational model simulating a benign cell
booster applied to a pre-malignant neoplasm. Each time step represents half
a day (8000 time steps≈11 years). The benign cell booster, applied for 5
years starting at time step 8000, decreases the generation time of cells that
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),
but resistance is detrimental to the cell, since it prevents a benign cell from
gaining the benefit of the booster. Cells that have progressed to high grade
dysplasia (HGD, shown in red) have inactivated key tumor suppressor genes,
including the one targeted by the benign cell booster. In the presence of
the benign cell booster, benign cells out-compete HGD cells and prevent
progression. Figure reproduced with permission from Maley et al.[103].

the cells in the neoplasm are vulnerable. We call this the
“Sucker’s gambit.”

Both benign cell boosters and the Sucker’s gambit remain
only theoretical possibilities at the moment. How to instanti-
ate them in biology remain open problems to be explored in
pre-clinical models. There may well be better evolutionary
strategies yet to be discovered for cancer therapy and preven-
tion. It is intriguing to note that proton pump inhibitor (PPI)
medications, which suppress gastric acids, may be acting as
benign cell boosters by changing the esophageal environment
and selective pressures such that squamous cells have a com-
petitive advantage over BE cells. When PPIs are combined
with some form of wounding the epithelium that fills the
wound tends to be squamous[105]. However, there is also
evidence of resistance to PPIs as benign cell boosters. In some
cases, the squamous cells grow over the BE cells rather than
replacing them[106]. This poses a clinical problem because
the endoscopist can no longer see the BE epithelium, and so
it may progress to EA undetected.

8. Conclusions

Barrett’s esophagus has proven a fruitful model system
of human neoplastic progression in which to test Nowell’s
hypothesis in vivo. All of the necessary components of natural
s ding
s er-
e tion.
T gy
utations are likely to have generated a resistant clone[102]
r develop interventions that account for the clonal dive
ithin the neoplasm[103]. The problem with intervenin
arly in progression is that only a minority of those patie
ould develop cancer in the absence of the interven
o the costs of rare complications from the interven
ay outweigh the benefits unless the intervention is
enign.

How can we develop therapies that avoid the evolutio
esistant clones? We must find some way to interfere
lonal evolution. One useful initial step is the developm
f computational models that can represent the genetic
rogeneity within a neoplasm and the evolution of resist

103]. Agent-based computational models can represen
enetic state of each cell in a neoplastic cell population a
ith stochastic neutral and selective mutations, apopt

imited space, resources and the competition that en
104]. These computational models act as pre-pre-clin
odels that may be used as test-beds for exploring e

ionary strategies for cancer therapy and prevention.
volutionary strategies show promise in computational m
ls: benign cell boosters and chemosensitive boosters[103].
benign cell booster is an intervention that increases th

ess of the relatively benign cells in or around a neopl
lonal competition results in driving the less benign c
xtinct and thereby stalling progression (Fig. 2). Chemosen
itive boosters are similar except it is the cells that wil
ensitive to a chemotherapy whose fitness must be incre
n this case, the chemosensitive cells drive the resistant
xtinct so that when the chemotherapy is later applied
.
election in a neoplasm have been confirmed in BE inclu
omatic variation, heritability of that variation, and diff
nces in relative fitness of the clones due to that varia
he introduction of evolutionary theory to cancer biolo
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provides a useful set of quantitative analyses and explana-
tions for neoplastic progression.

While BE may be an ideal model for exploring clonal
evolution in neoplastic progression, it is by no means the only
one. In order to study evolution, one must, at the least, be able
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
done in vivo in head and neck neoplasms like oral leukoplakia
[107,108], as well as other organs including bladder[68],
lung [109,110], pancreas[111], colon [4], stomach[112],
squamous esophagus[113], breast[2,114]and prostate[115].

The evolution of neoplastic clones is the basis for both
progression to cancer and the emergence of therapeutic resis-
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.

A

955
a lpful
c

R

iver-
Res

etic
Res

tom-
man

mics
USA

tion.

ots
nce

R,
rapy
nce

in
ncer

ancer

[10] Laconi E, Pani P, Farber E. The resistance phenotype in the devel-
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.

[12] Woodhouse JR, Ferry DR. The genetic basis of resistance to cancer
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.

[19] Moolgavkar SH, Luebeck EG. Multistage carcinogenesis and
the incidence of human cancer. Genes Chromosomes Cancer
2003;38(4):302–6.

[20] Maley CC, Galipeau PC, Li X, Sanchez CA, Paulson TG, Reid
BJ. Selectively advantageous mutations and hitchhikers in neo-
plasms: p16 lesions are selected in Barrett’s esophagus. Cancer
Res 2004;64(10):3414–27.

[21] Sampliner RE. Updated guidelines for the diagnosis, surveil-
lance, and therapy of Barrett’s esophagus. Am J Gastroenterol
2002;97(8):1888–95.

[22] Wild CP, Hardie LJ. Reflux Barrett’s oesophagus and ade-
nocarcinoma: burning questions. Nat Rev Cancer 2003;3:676–

oll
can-

ce and

pos-
ccult
rology

spi-
Am

FL,
ited

iller
out-
Surg

ual
te. J

pub-
gus.

carci-
s in

lonal
d 17p
r Inst

lount
lities
lium.
cknowledgements

This work was supported by NIH grants P01 CA91
nd K01 CA89267-02. Thanks to Thomas Paulson for he
omments and suggestions.

eferences

[1] Shibata D, Aaltonen LA. Genetic predisposition and somatic d
sification in tumor development and progression. Adv Cancer
2001;80:83–114.

[2] Fujii H, Marsh C, Cairns P, Sidransky D, Gabrielson E. Gen
divergence in the clonal evolution of breast cancer. Cancer
1996;56(7):1493–7.

[3] Coons SW, Johnson PC, Shapiro JR. Cytogenetic and flow cy
etry DNA analysis of regional heterogeneity in a low grade hu
glioma. Cancer Res 1995;55(7):1569–77.

[4] Gonzalez-Garcia I, Sole RV, Costa J. Metapopulation dyna
and spatial heterogeneity in cancer. Proc Natl Acad Sci
2002;99(20):13085–9.

[5] Wolman SR. Cytogenetic heterogeneity: its role in tumor evolu
Cancer Genet Cytogenet 1986;19(1–2):129–40.

[6] Barthe C, Cony-Makhoul P, Melo JV, Mahon JR. Ro
of clinical resistance to STI-571 cancer therapy. Scie
2001;293(5538):2163.

[7] Gorre ME, Mohammed M, Ellwood K, Hsu N, Paquette
Rao PN, et al. Clinical resistance to STI-571 cancer the
caused by BCR-ABL gene mutation or amplification. Scie
2001;293(5531):876–80.

[8] Gottesman MM, Fojo T, Bates SE. Multidrug resistance
cancer: role of ATP-dependent transporters. Nat Rev Ca
2002;2(1):48–58.

[9] Greenwood E. Drug resistance: resisting arrest. Nat Rev C
2002;2(6):406.
85.
[23] Hirota WK, Loughney TM, Lazas DJ, Maydonovitch CL, Rh

V, Wong RK. Specialized intestinal metaplasia, dysplasia, and
cer of the esophagus and esophagogastric junction: prevalen
clinical data. Gastroenterology 1999;116(2):277–85.

[24] Winters Jr C, Spurling TJ, Chobanian SJ, Curtis DJ, Es
ito RL, Hacker 3rd JF. Barrett’s esophagus. A prevalent, o
complication of gastroesophageal reflux disease. Gastroente
1987;92(1):118–24.

[25] Begg CB, Cramer LD, Hoskins WJ, Brennan MF. Impact of ho
tal volume on operative mortality for major cancer surgery. J
Med Assoc 1998;280(20):1747–51.

[26] Birkmeyer JD, Siewers AE, Finlayson EV, Stukel TA, Lucas
Batista I, et al. Hospital volume and surgical mortality in the Un
States. N Engl J Med 2002;346(15):1128–37.

[27] Dimick JB, Cattaneo SM, Lipsett PA, Pronovost PJ, Heitm
RF. Hospital volume is related to clinical and economic
comes of esophageal resection in Maryland. Ann Thorac
2001;72:334–41.

[28] Patti MG, Corvera CU, Glasgow RE, Way LW. A hospital’s ann
rate of esophagectomy influences the operative mortality ra
Gastrointest Surg 1998;2(2):186–92 [see comments].

[29] Shaheen NJ, Crosby MA, Bozymski EM, Sandler RS. Is there
lication bias in the reporting of cancer risk in Barrett’s esopha
Gastroenterology 2000;119(2):333–8.

[30] Jankowski JA, Provenzale D, Moayyedi P. Esophageal adeno
noma arising from Barrett’s metaplasia has regional variation
the West. Gastroenterology 2002;122:588–90.

[31] Galipeau PC, Prevo LJ, Sanchez CA, Longton GM, Reid BJ. C
expansion and loss of heterozygosity at chromosomes 9p an
in premalignant esophageal (Barrett’s) tissue. J Natl Cance
1999;91(24):2087–95.

[32] Wong DJ, Paulson TG, Prevo LJ, Galipeau PC, Longton G, B
PL, et al. p16 INK4a lesions are common, early abnorma
that undergo clonal expansion in Barrett’s metaplastic epithe
Cancer Res 2001;61:8284–9.



C.C. Maley, B.J. Reid / Seminars in Cancer Biology 15 (2005) 474–483 481

[33] Barrett MT, Sanchez CA, Prevo LJ, Wong DJ, Galipeau PC, Paul-
son TG, et al. Evolution of neoplastic cell lineages in Barrett
oesophagus. Nat Genet 1999;22(1):106–9.

[34] Monnat Jr RJ. Molecular analysis of spontaneous hypoxanthine
phosphoribosyltransferase mutations in thioguanine-resistant HL-
60 human leukemia cells. Cancer Research 1989;49:81–7.

[35] Seshadri R, Kutlaca RJ, Trainor K, Matthews C, Morley AA. Muta-
tion rate of normal and malignant human lymphocytes. Cancer Res
1987;47(2):407–9.

[36] Hill KA, Buettner VL, Halangoda A, Kunishige M, Moore SR,
Longmate J, et al. Spontaneous mutation in Big Blue mice
from fetus to old age: tissue-specific time courses of muta-
tion frequency but similar mutation types. Environ Mol Mutagen
2004;43(2):110–20.

[37] Barrett MT, Galipeau PC, Sanchez CA, Emond MJ, Reid BJ. Deter-
mination of the frequency of loss of heterozygosity in esophageal
adenocarcinoma by cell sorting, whole genome amplification and
microsatellite polymorphisms. Oncogene 1996;12(9):1873–8.

[38] Gleeson CM, Sloan JM, McGuigan JA, Ritchie AJ, Weber JL,
Russell SE. Barrett’s oesophagus: microsatellite analysis provides
evidence to support the proposed metaplasia–dysplasia–carcinoma
sequence. Genes Chromosomes Cancer 1998;21(1):49–60.

[39] Doak SH, Jenkins GJS, Parry EM, D’Souza FR, Griffiths AP,
Toffazal N, et al. Chromosome 4 hyperploidy represents an
early genetic aberration in premalignant Barrett’s oesophagus. Gut
2003;52:623–8.

[40] Fahmy M, Skacel M, Gramlich TL, Brainard JA, Rice TW,
Goldblum JR, et al. Chromosomal gains and genomic loss of
p53 and p16 genes in Barrett’s esophagus detected by fluores-
cence in situ hybridization of cytology specimens. Mod Pathol
2004;17(5):588–96.

berg
ett’s)
athol

D,
eno-
e. Am

nus
Bar-

R,
oso-
:779–

of
arci-

no-
llites.

M,
an

Natl

et-
n 8p

ancer

ap-
or-

ue to
Res

, et
oid

and aneuploid cell populations of Barrett’s-associated esophageal
adenocarcinomas. Cancer Res 1994;54(13):3379–82.

[51] Boland CR, Thibodeau SN, Hamilton SR, Sidransky D, Eshle-
man JR, Burt RW, et al. A National Cancer Institute Workshop
on Microsatellite Instability for cancer detection and familial pre-
disposition: development of international criteria for the determi-
nation of microsatellite instability in colorectal cancer. Cancer Res
1998;58(22):5248–57.

[52] Kulke MH, Thakore KS, Thomas G, Wang H, Loda M, Eng C, et al.
Microsatellite instability and hMLH1/hMSH2 expression in Barrett
esophagus-associated adenocarcinoma. Cancer 2001;91(8):1451–7.

[53] Prevo LJ, Sanchez CA, Galipeau PC, Reid BJ. p53-mutant
clones and field effects in Barrett’s esophagus. Cancer Res
1999;59(19):4784–7.

[54] Campomenosi P, Conio M, Bogliolo M, Urbini S, Assereto P,
Aprile A, et al. p53 is frequently mutated in Barrett’s meta-
plasia of the intestinal type. Cancer Epidemiol Biomarkers Prev
1996;5(7):559–65.

[55] Sommerer F, Vieth M, Markwarth A, Rohrich K, Vomschloss S,
May A, et al. Mutations of BRAF and KRAS2 in the development
of Barrett’s adenocarcinoma. Oncogene 2004;23(2):554–8.

[56] Kawakami K, Brabender J, Lord RV, Groshen S, Greenwald BD,
Krasna MJ, et al. Hypermethylated APC DNA in plasma and prog-
nosis of patients with esophageal adenocarcinoma. J Natl Cancer
Inst 2000;92(22):1805–11.

[57] Eads CA, Lord RV, Kurumboor SK, Wickramasinghe K, Skinner
ML, Long TI, et al. Fields of aberrant CpG island hypermethylation
in Barrett’s carcinoma. Cancer Res 2000;60:5021–6.

[58] Goldman M. Barrett syndrome. Case Reports 1960;39(1):104–10.
[59] Mossberg SM. The columnar-lined esophagus (Barrett syndrome)—

an acquired condition. Gastroenterology 1966;50(5):671–6.
gus:
140
horac

reva-
logy

Bar-

sion
0 mg
acol

M,
car-

rdam

g S.
are

nterol

itch
k of
Ann

unt
an-
ancer

S,
esis.

eta-
om-
vest
[41] van Dekken H, Vissers CJ, Tilanus HW, Tanke HJ, Rosen
C. Clonal analysis of a case of multifocal oesophageal (Barr
adenocarcinoma by comparative genomic hybridization. J P
1999;188(3):263–6.

[42] Walch AK, Zitzelsberger HF, Bruch J, Keller G, Angermeier
Aubele MM, et al. Chromosomal imbalances in Barrett’s ad
carcinoma and the metaplasia–dysplasia–carcinoma sequenc
J Pathol 2000;156(2):555–66.

[43] Riegman PH, Vissers KJ, Alers JC, Geelen E, Hop WC, Tila
HW, et al. Genomic alterations in malignant transformation of
rett’s esophagus. Cancer Res 2001;61(7):3164–70.

[44] Cavenee WK, Dryja TP, Phillips RA, Benedict WF, Godbout
Gallie BL, et al. Expression of recessive alleles by chrom
mal mechanisms in retinoblastoma. Nature 1983;305(5937)
84.

[45] Murthy SK, DiFrancesco LM, Ogilvie RT, Demetrick DJ. Loss
heterozygosity associated with uniparental disomy in breast c
noma. Mod Pathol 2002;15(12):1241–50.

[46] Haigis KM, Caya JG, Reichelderfer M, Dove WF. Intestinal ade
mas can develop with a stable karyotype and stable microsate
Proc Natl Acad Sci USA 2002;99(13):8927–31.

[47] Sieber OM, Heinimann K, Gorman P, Lamlum H, Crabtree
Simpson CA, et al. Analysis of chromosomal instability in hum
colorectal adenomas with two mutational hits at APC. Proc
Acad Sci USA 2002;99(26):16910–5.

[48] Adams J, Williams SV, Aveyard JS, Knowles MA. Loss of h
erozygosity analysis and DNA copy number measurement o
in bladder cancer reveals two mechanisms of allelic loss. C
Res 2005;65(1):66–75.

[49] Raghavan M, Lillington DM, Skoulakis S, Debernardi S, Ch
lin T, Foot NJ, et al. Genome-wide single nucleotide polym
phism analysis reveals frequent partial uniparental disomy d
somatic recombination in acute myeloid leukemias. Cancer
2005;65(2):375–8.

[50] Meltzer SJ, Yin J, Manin B, Rhyu MG, Cottrell J, Hudson E
al. Microsatellite instability occurs frequently and in both dipl
[60] Naef AP, Savary M, Ozzello L. Columnar-lined lower esopha
an acquired lesion with malignant predisposition. Report on
cases of Barrett’s esophagus with 12 adenocarcinomas. J T
Cardiovasc Surg 1975;70(5):826–35.

[61] Cameron AJ, Lomboy CT. Barrett’s esophagus: age, p
lence, and extent of columnar epithelium. Gastroentero
1992;103(4):1241–5.

[62] Sampliner RE. Reduction of acid exposure and regression of
rett’s esophagus. Dig Dis 2000;18(4):203–7.

[63] Wilkinson SP, Biddlestone L, Gore S, Shepherd NA. Regres
of columnar-lined (Barrett’s) oesophagus with omeprazole 4
daily: results of 5 years of continuous therapy. Aliment Pharm
Ther 1999;13(9):1205–9.

[64] Menke-Pluymers MB, Hop WC, Dees J, van Blankenstein
Tilanus HW. Risk factors for the development of an adeno
cinoma in columnar-lined (Barrett) esophagus. The Rotte
esophageal tumor study group. Cancer 1993;72(4):1155–8.

[65] Avidan B, Sonnenberg A, Schnell T, Chejfec G, Metz A, Sonta
Hiatal hernia size, Barrett’s length, and severity of acid reflux
all risk factors for esophageal adenocarcinoma. Am J Gastroe
2002;97(8):1930–6.

[66] Rudolph RE, Vaughan TL, Storer BE, Haggitt RC, Rabinov
PS, Levine DS, et al. The effect of segment length on the ris
neoplastic progression in patients with Barrett’s esophagus.
Inter Med 2000;132:612–20.

[67] Maley CC, Galipeau PC, Li X, Sanchez CA, Paulson TG, Blo
PL, et al. The combination of genetic instability and clonal exp
sion predicts progression to esophageal adenocarcinoma. C
Res 2004;64(20):7629–33.

[68] Czerniak B, Li L, Chaturvedi V, Ro JY, Johnston DA, Hodges
et al. Genetic modeling of human urinary bladder carcinogen
Genes Chromosomes Cancer 2000;27(4):392–402.

[69] Levine DS, Rubin CE, Reid BJ, Haggitt RC. Specialized m
plastic columnar epithelium in Barrett’s esophagus. A c
parative transmission electron microscopic study. Lab In
1989;60(3):418–32.



482 C.C. Maley, B.J. Reid / Seminars in Cancer Biology 15 (2005) 474–483

[70] Barrett MT, Sanchez CA, Galipeau PC, Neshat K, Emond M, Reid
BJ. Allelic loss of 9p21 and mutation of the CDKN2/p16 gene
develop as early lesions during neoplastic progression in Barrett’s
esophagus. Oncogene 1996;13(9):1867–73.

[71] Bian YS, Osterheld MC, Fontolliet C, Bosman FT, Benhattar J.
p16 inactivation by methylation of the CDKN2A promoter occurs
early during neoplastic progression in Barrett’s esophagus. Gas-
troenterology 2002;122(4):1113–21.

[72] Klump B, Hsieh CJ, Holzmann K, Gregor M, Porschen R.
Hypermethylation of the CDKN2/p16 promoter during neo-
plastic progression in Barrett’s esophagus. Gastroenterology
1998;115(6):1381–6.

[73] Rabinovitch PS, Longton G, Blount PL, Levine DS, Reid BJ. Pre-
dictors of progression in Barrett’s esophagus III: baseline flow
cytometric variables. Am J Gastroenterol 2001;96(11):3071–83.

[74] Zhuang Z, Vortmeyer AO, Mark EJ, Odze R, Emmert-Buck MR,
Merino MJ, et al. Barrett’s esophagus: metaplastic cells with loss
of heterozygosity at the APC gene locus are clonal precursors to
invasive adenocarcinoma. Cancer Res 1996;56(9):1961–4.

[75] Arber N, Lightdale C, Rotterdam H, Han KH, Sgambato A, Yap
E, et al. Increased expression of the cyclin D1 gene in Barrett’s
esophagus. Cancer Epidemiol Biomarkers Prev 1996;5(6):457–9.

[76] Bani-Hani K, Martin IG, Hardie LJ, Mapstone N, Briggs JA, For-
man D, et al. Prospective study of cyclin D1 overexpression in
Barrett’s esophagus: association with increased risk of adenocarci-
noma. J Natl Cancer Inst 2000;92(16):1316–21.

[77] Burak Jr WE. Is neoadjuvant therapy the answer to adenocarcinoma
of the esophagus. Am J Surg 2003;186(3):296–300.

[78] Enzinger PC, Mayer RJ. Esophageal cancer. N Engl J Med
2003;349(23):2241–52.

[79] Farrow DC, Vaughan TL. Determinants of survival following the
ancer

il-
based

e of
83–8.
TC,

rett’s
ents. J
2.
arr
ised
por-
GD)
as-

LS.
erapy
ma in

geal
Dis

A.
erapy
intest

S,
pre-

ology

S,
Bar-
ology

[89] Jankowski JA, Harrison RF, Perry I, Balkwill F, Tselepis C. Bar-
rett’s metaplasia. Lancet 2000;356(9247):2079–85.

[90] Hamilton SR. Pathogenesis of columnar cell-lined (Barrett’s)
esophagus. In: Spechler SJ, Goyal R, editors. Barrett’s esophagus:
pathology, diagnosis and management. New York: Elsevier; 1985.
p. 29–37.

[91] Ouatu-Lascar R, Fitzgerald RC, Triadafilopoulos G. Differentiation
and proliferation in Barrett’s esophagus and the effects of acid
suppression. Gastroenterology 1999;117(2):327–35.

[92] Potten CS. Stem cells in gastrointestinal epithelium: numbers
characteristics and death. Phil Trans R Soc London-Ser B
1998;353:821–30.

[93] Cairns J. Mutation selection and the natural history of cancer.
Nature 1975;255:197–200.

[94] Reid BJ, Prevo LJ, Galipeau PC, Sanchez CA, Longton G, Levine
DS, et al. Predictors of progression in Barrett’s esophagus II: base-
line 17p (p53) loss of heterozygosity identifies a patient subset
at increased risk for neoplastic progression. Am J Gastroenterol
2001;96:2839–48.

[95] Blount PL, Meltzer SJ, Yin J, Huang Y, Krasna MJ, Reid BJ.
Clonal ordering of 17p and 5q allelic losses in Barrett dysplasia
and adenocarcinoma. Proc Natl Acad Sci USA 1993;90(8):3221–5.

[96] Reid BJ, Barrett MT, Galipeau PC, Sanchez CA, Neshat K, Cowan
DS, et al. Barrett’s esophagus: ordering the events that lead to
cancer. Eur J Cancer Prev 1996;5(Suppl 2):57–65.

[97] Meltzer SJ, Zhou D, Weinstein WM. Tissue-specific expression of
c-Ha-ras in premalignant gastrointestinal mucosae. Exp Mol Pathol
1989;51(3):264–74.

[98] Persons DL, Croughan WS, Borelli KA, Cherian R. Interphase
cytogenetics of esophageal adenocarcinoma and precursor lesions.
Cancer Genet Cytogenet 1998;106(1):11–7.

em-
ar-

a and
genet

iza-
shows

s Can-

R,
omas

rology

nce
Res

that
ating
r Epi-

neu-
25–

itz
Bar-
686–

liner
neath.

, et
and

risk

M,
of
diagnosis of esophageal adenocarcinoma (United States). C
Causes Control 1996;7(3):322–7.

[80] Corley DA, Levin TR, Habel LA, Weiss NS, Buffler PA. Surve
lance and survival in Barrett’s adenocarcinomas: a population-
study. Gastroenterology 2002;122(3):633–40.

[81] Streitz JJM, Andrews JCW, Ellis FH. Endoscopic surveillanc
Barrett’s esophagus. J Thorac Cardiovasc Surg 1993;105(3):3

[82] Peters JH, Clark GW, Ireland AP, Chandrasoma P, Smyrk
DeMeester TR. Outcome of adenocarcinoma arising in Bar
esophagus in endoscopically surveyed and nonsurveyed pati
Thorac Cardiovasc Surg 1994;108(5):813–21, discussion 21-

[83] Overholt BF, Lightdale CJ, Wang K, Canto M, Burdick S, B
H, et al. International, multicenter, partially blinded, random
study of the efficacy of photodynamic therapy (PDT) using
fimer sodium (POR) for the ablation of high-grade dysplasia (H
in Barrett’s esophagus (BE): results of 24-month follow-up. G
troenterology 2003;124(4 Suppl 1):A-20.

[84] Pacifico RJ, Wang KK, Wongkeesong L, Buttar NS, Lutzke
Combined endoscopic mucosal resection and photodynamic th
versus esophagectomy for management of early adenocarcino
Barrett’s esophagus. Clin Gastro Hep 2003;1:252–7.

[85] Wolfsen HC. Photodynamic therapy for mucosal esopha
adenocarcinoma and dysplastic Barrett’s esophagus. Dig
2002;20(1):5–17.

[86] Buttar NS, Wang KK, Lutzke LS, Krishnadath KK, Anderson M
Combined endoscopic mucosal resection and photodynamic th
for esophageal neoplasia within Barrett’s esophagus. Gastro
Endosc 2001;54(6):682–8.

[87] Krishnadath KK, Wang KK, Taniguchi K, Sebo TJ, Buttar N
Anderson MA, et al. p53 mutations in Barrett’s esophagus
dict poor response to photodynamic therapy. Gastroenter
2001;120(5 Suppl 1):A-413.

[88] Krishnadath KK, Wang KK, Taniguchi K, Sebo TJ, Buttar N
Anderson MA, et al. Persistent genetic abnormalities in
rett’s esophagus after photodynamic therapy. Gastroenter
2000;119:624–30.
[99] Varis A, Puolakkainen P, Savolainen H, Kokkola A, Salo J, Ni
inen O, et al. DNA copy number profiling in esophageal B
rett adenocarcinoma: comparison with gastric adenocarcinom
esophageal squamous cell carcinoma. Cancer Genet Cyto
2001;127(1):53–8.

[100] Moskaluk CA, Hu J, Perlman EJ. Comparative genomic hybrid
tion of esophageal and gastroesophageal adenocarcinomas
consensus areas of DNA gain and loss. Genes Chromosome
cer 1998;22(4):305–11.

[101] El-Rifai W, Frierson Jr HF, Moskaluk CA, Harper JC, Petroni G
Bissonette EA, et al. Genetic differences between adenocarcin
arising in Barrett’s esophagus and gastric mucosa. Gastroente
2001;121(3):592–8.

[102] Goldie G, Coldman A. The genetic origin of drug resista
in neoplasms: implications for systemic therapy. Cancer
1984;44:3643–53.

[103] Maley CC, Reid BJ, Forrest S. Cancer prevention strategies
address the evolutionary dynamics of neoplastic cells: simul
benign cell boosters and selection for chemosensitivity. Cance
demiol Biomarkers Prev 2004;13(8):1375–84.

[104] Maley CC, Forrest S. Exploring the relationship between
tral and selective mutations in cancer. Artif Life 2000;6(4):3
45.

[105] Berenson MM, Johnson TD, Markowitz NR, Buchi KN, Samow
WS. Restoration of squamous mucosa after ablation of
rett’s esophageal epithelium. Gastroenterology 1993;104(6):1
91.

[106] Sharma P, Morales TG, Bhattacharyya A, Garewal HS, Samp
RE. Squamous islands in Barrett’s esophagus: what lies under
Am J Gastroenterol 1998;93(3):332–5.

[107] Mao L, Lee JS, Fan YH, Ro JY, Batsakis JG, Lippman S
al. Frequent microsatellite alterations at chromosomes 9p21
3p14 in oral premalignant lesions and their value in cancer
assessment. Nat Med 1996;2(6):682–5.

[108] Califano J, Westra WH, Meininger G, Corio R, Koch W
Sidransky D. Genetic progression and clonal relationship



C.C. Maley, B.J. Reid / Seminars in Cancer Biology 15 (2005) 474–483 483

recurrent premalignant head and neck lesions. Clin Cancer Res
2000;6(2):347–52.

[109] Franklin WA, Gazdar AF, Haney J, Wistuba II, La Rosa FG,
Kennedy T, et al. Widely dispersed p53 mutation in respiratory
epithelium A novel mechanism for field carcinogenesis. J Clin
Invest 1997;100(8):2133–7.

[110] Braakhuis BJ, Tabor MP, Kummer JA, Leemans CR, Braken-
hoff RH. A genetic explanation of Slaughter’s concept of field
cancerization: evidence and clinical implications. Cancer Res
2003;63(8):1727–30.

[111] Harada T, Okita K, Shiraishi K, Kusano N, Kondoh S, Sasaki
K. Interglandular cytogenetic heterogeneity detected by compar-
ative genomic hybridization in pancreatic cancer. Cancer Res
2002;62(3):835–9.

[112] Kim HS, Woo DK, Bae SI, Kim YI, Kim WH. Allelotype of the
adenoma-carcinoma sequence of the stomach. Cancer Detect Prev
2001;25(3):237–44.

[113] Roth MJ, Hu N, Emmert-Buck MR, Wang QH, Dawsey SM, Li
G, et al. Genetic progression and heterogeneity associated with the
development of esophageal squamous cell carcinoma. Cancer Res
2001;61(10):4098–104.

[114] Murphy DS, Hoare SF, Going JJ, Mallon EE, George WD, Kaye
SB, et al. Characterization of extensive genetic alterations in ductal
carcinoma in situ by fluorescence in situ hybridization and molec-
ular analysis. J Natl Cancer Inst 1995;87(22):1694–704.

[115] Mirchandani D, Zheng J, Miller GJ, Ghosh AK, Shibata DK, Cote
RJ, et al. Heterogeneity in intratumor distribution of p53 mutations
in human prostate cancer. Am J Pathol 1995;147:92–101.


	Natural selection in neoplastic progression of Barretts esophagus
	Natural selection in neoplastic progression
	Parameters of the rate of evolution
	Barretts esophagus as a model of clonal evolution in neoplastic progression
	Mutation rate
	Population size
	Strength of selection
	Natural selection on specific loci
	Hitchhikers
	Resistance

	Open problems
	Initiation of Barretts esophagus
	Genetic and epigenetic instability
	Effective population size
	Clonal expansion
	Molecular alterations in progression
	Insights for clinical management and computational models

	Conclusions
	Acknowledgements
	References


