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OBJECTIVES: Most patients with Barrett’s esophagus do not
progress to cancer, but those who do seem to have markedly
increased survival when cancers are detected at an early
stage. Most surveillance programs are based on histological
assessment of dysplasia, but dysplasia is subject to observer
variation and transient diagnoses of dysplasia increase the
cost of medical care. We have previously validated flow
cytometric increased 4N fractions and aneuploidy as pre-
dictors of progression to cancer in Barrett’s esophagus.
However, multiple somatic genetic lesions develop during
neoplastic progression in Barrett’s esophagus, and it is
likely that a panel of objective biomarkers will be required
to manage the cancer risk optimally.

METHODS: We prospectively evaluated endoscopic biopsies
from 325 patients with Barrett’s esophagus, 269 of whom
had one or more follow-up endoscopies, by a robust plat-
form for loss of heterozygosity (LOH) analysis, using base-
line 17p (p53) LOH as a predictor and increased 4N, aneu-
ploidy, high-grade dysplasia, and esophageal
adenocarcinoma as outcomes.

RESULTS: The prevalence of 17p (p53) LOH at baseline
increased from 6% in negative for dysplasia to 57% in
high-grade dysplasia (p � 0.001). Patients with 17p (p53)
LOH had increased rates of progression to cancer (relative
risk [RR] � 16, p � 0.001), high-grade dysplasia (RR�
3.6, p � 0.02), increased 4N (RR� 6.1, p � 0.001), and
aneuploidy (RR� 7.5, p � 0.001).

CONCLUSIONS: Patients with 17p (p53) LOH are at in-
creased risk for progression to esophageal adenocarcinoma
as well as high-grade dysplasia, increased 4N, and aneu-
ploidy. 17p (p53) LOH is a predictor of progression in
Barrett’s esophagus that can be combined with a panel of
other validated biomarkers for risk assessment as well as

intermediate endpoints in prevention trials. (Am J Gastro-
enterol 2001;96:2839–2848. © 2001 by Am. Coll. of Gas-
troenterology)

INTRODUCTION

The incidence of esophageal adenocarcinoma has been ris-
ing rapidly in the United States and several regions of
Western Europe since the 1970s (1–4). Unfortunately, most
esophageal adenocarcinomas present at an advanced stage
in which the mortality is�90% (5). Barrett’s esophagus is
the only established precursor of esophageal adenocarci-
noma, and a systematic protocol of endoscopic biopsies can
detect cancers arising in Barrett’s epithelium at an early,
curable stage (6–9). However, multiple studies have shown
that most patients with Barrett’s esophagus do not progress
to cancer (10–13). These observations have led to dissoci-
ation between endoscopic practice patterns, in which most
patients with Barrett’s esophagus are followed annually or
biennially (14), and the results of cost-effectiveness analy-
ses, which suggest that 5-yr surveillance intervals would be
more appropriate (15).

One approach to management of the cancer risk in Bar-
rett’s esophagus is to develop a panel of biomarkers that
identify patient subsets with low and high risks for neoplas-
tic progression (16, 17). We have recently shown by pro-
spective evaluation of�300 patients with Barrett’s esoph-
agus that flow cytometric abnormalities (increased 4N
fractions and aneuploidy) are predictors of progression to
esophageal adenocarcinoma (18). These results are consis-
tent with other prospective studies indicating that DNA
content flow cytometry identifies patients at increased risk
for progression to intermediate endpoints (19–21). How-
ever, multiple somatic genetic lesions develop during the
multistep progression to cancer in Barrett’s esophagus, and
it is likely that a single biomarker will assess only one or a
limited number of stages of progression. Therefore, a panelD.S.L. is presently at AstraZeneca Pharmaceuticals (Wayne, PA).
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of biomarkers will probably be needed for risk stratification
for endoscopic surveillance and intervention strategies tai-
lored to stage of progression.

Much has been learned in recent years about the molec-
ular pathogenesis of esophageal adenocarcinoma (17, 22–
25). It is clear that genetic errors in Barrett’ s epithelial cells
lead to selection of abnormal clones that can spread by a
process of clonal expansion to occupy large regions of
esophageal mucosa (26–28). Some cells develop progres-
sive instability, leading to the evolution of new clones with
additional genetic errors and the emergence of cancer (20,
25–27, 29, 30). Biomarkers accurately identifying patients
at risk for progressive instability and clonal evolution
should therefore be useful in detecting the subset of patients
with Barrett’ s esophagus at increased risk for cancer. Once
these biomarkers are validated as predictors of progression
to esophageal adenocarcinoma, they could also be used as
surrogate endpoints in prevention trials.

The p53 gene is a cell cycle control gene that prevents
cells with DNA breaks from entering DNA synthesis where
the breaks could be replicated, cause chromosome damage,
and lead to progressive genetic instability and cancer (31,
32). The p53 gene is located at chromosome 17p13, and
lesions in p53 are among the most common genetic abnor-
malities in human malignancies (33). Most people inherit
two normal alleles of p53, one from the mother and one
from the father, and most Barrett’ s segments have two
normal p53 alleles. However, during progression to cancer
in Barrett’ s esophagus, one allele of p53 is inactivated by
mutation and the second is lost by a mechanism termed loss
of heterozygosity (LOH). Loss of heterozygosity develops
when there is loss of genetic information on chromosome
17p as a result of deletion of a portion of the chromosome
or other events such as mitotic recombination or gene con-
version (34). 17p (p53) LOH is the most common genetic
lesion in esophageal adenocarcinomas and is found to occur
in up to 95–100% of cases when highly purified neoplastic
cell populations are evaluated (25, 35–39). The p53 gene has
been strongly implicated as the target for 17p LOH because
p53 mutations have been reported in up to 92% of esopha-
geal adenocarcinomas (35, 37, 40–42). Several studies have
reported 17p LOH in premalignant epithelium surrounding
esophageal adenocarcinomas in esophagectomy specimens,
indicating that it develops before cancer (29, 37, 42). Fi-
nally, inactivation of p53 by 17p (p53) LOH and mutation
seems to be a relatively early event in neoplastic progression
in Barrett’ s esophagus because it develops in diploid cells
before aneuploidy and other LOH events involving chro-
mosomes 5, 13, and 18 (25, 26, 29, 43). Thus, 17p (p53)
LOH is a promising biomarker for assessing risk of neo-
plastic progression in Barrett’ s esophagus (24).

Traditional means of LOH analysis are labor intensive
and not readily adaptable to the large sample numbers
required for clinical or population science studies for several
reasons. First, endoscopic biopsies are heterogeneous, con-
taining genetically normal stromal cells that can obscure the

detection of LOH in neoplastic epithelial cells (44). Second,
endoscopic biopsies are small, making it difficult to obtain
sufficient DNA to perform comprehensive genotyping (45).
Third, manual autoradiographic LOH assessment cannot
achieve the throughput required for clinical and population-
based studies. Thus, it has been difficult previously to assess
LOH as a predictor of progression in large numbers of
biopsy samples to determine its potential utility in identify-
ing risk subsets for progression to cancer in Barrett’ s esoph-
agus.

We have recently reported a method for LOH analysis for
clinical studies that uses flow sorting to purify neoplastic
cells, primer-extension preamplification to increase the
quantity of DNA, and fluorescent genotyping to increase
throughput (46). This method permits high-throughput anal-
ysis for large-scale clinical studies while simultaneously
assessing 17p (p53) LOH, increased 4N, and aneuploidy in
a single endoscopic biopsy (26). Here we report baseline
characterization of a cohort of 325 patients with Barrett’ s
esophagus for the presence or absence of 17p (p53) LOH as
well as determining its prognostic significance in identifying
low and high risk patient subsets for progression to cancer
and to validated intermediate markers of neoplastic progres-
sion, including increased 4N fractions, aneuploidy, and
high-grade dysplasia.

MATERIALS AND METHODS

Patients
Eligible patients had metaplastic columnar epithelium in
esophageal biopsies, no history of esophageal malignancy,
and an endoscopic biopsy evaluation in the Seattle Barrett’ s
Esophagus Study between January 5, 1995, and December
2, 1999. A total of 325 patients, including 256 men and 69
women, met entry criteria for baseline evaluation; 269 of
these have had one or more follow-up endoscopies in the
Seattle Barrett’ s Esophagus Study. The baseline endoscopy
for this study was defined as the first after January 1, 1995.
The mean and median follow-up times among the 243
patients without cancer at last endoscopy were 34 and 36
months, respectively. Patients were counseled concerning
risks and benefits of surveillance and informed of alterna-
tives, including esophagectomy for high-grade dysplasia.
The Seattle Barrett’ s Esophagus Study was approved by the
Human Subjects Division of the University of Washington
in 1983 and renewed annually thereafter, with reciprocity
from the Fred Hutchinson Cancer Research Center since
1993.

Endoscopy and Biopsy
Endoscopy and biopsy were performed as described previ-
ously (47). Patients with a history of high-grade dysplasia
had four-quadrant biopsies at 1-cm intervals in the Barrett’ s
segment, whereas those without a history of high-grade
dysplasia underwent four-quadrant surveillance at 2-cm in-
tervals. Multiple biopsies were taken of any endoscopically
visible abnormalities.
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Histology
Biopsies were fixed, processed, and interpreted as described
previously (47). Patients were classified according to the
maximum abnormality (negative, indefinite, low-grade dys-
plasia, high-grade dysplasia, and cancer) in any biopsy at a
given endoscopy. Histological interpretations were made
without knowledge of 17p or flow cytometric status. Histo-
logical criteria for diagnosing esophageal adenocarcinoma
were described previously (48).

Flow Cytometry
Biopsy specimens were frozen in dimethyl sulfoxide and
stored at �80°C. Each frozen specimen was minced and
processed by DNA content or Ki67/DNA content flow cy-
tometry as described previously (47). Ki67 is a prolifera-
tion-associated antibody that identifies an antigen expressed
in G1, S, and G2, but not G0 phases of the cell cycle (49, 50).
Using Ki67/DNA content flow cytometry, Ki67-positive G1

(2N) and, when present, increased 4N or aneuploid fractions
were sorted. A DNA content 4N fraction of �6% was
classified as abnormal as described previously (47). Flow
cytometric interpretations were made without knowledge of
17p or histological status.

LOH Analysis
LOH analysis was typically performed on flow-purified
biopsy samples taken at 2-cm intervals in the Barrett’ s
segment, as described previously (26). We evaluated 1824
flow cytometrically purified DNA samples. An average of
5.7 (range � 1–29) flow-purified DNA samples, depending
on Barrett’ s segment length, and a constitutive control were
evaluated for each patient. DNA was extracted from the
flow-purified neoplastic populations of one biopsy specimen
per level of the Barrett’ s segment using either standard
phenol/chloroform or the Puregene DNA Isolation Kit as
recommended by the manufacturer (Gentra Systems, Min-
neapolis, MN). Whole genome amplification using primer
extension preamplification (PEP) was performed as de-
scribed previously (45, 46). Locus-specific primers labeled
with either FAM, TET, or HEX from Research Genetics
(Huntsville, AL) included D17S1298 (17p13.3), TP53
(17p13.1) pentanucleotide repeat, TP53 (17p13.1) dinucle-
otide, D17S1537 (17p13.2), D17S786 (17p13.1), D17S974
(17p12), D17S1303 (17p12), and D17S1288 (17p11). Lo-
cus-specific PCR reagents and conditions were described
previously (26). PCR products were run on an ABI 373 or
377 DNA sequencer using the internal size standard Genes-
can-500. After each gel run, lanes were manually tracked
and data were visually inspected using Genescan and pro-
cessed using Genotyper software (ABI). Allele ratios were
determined by measuring the fluorescence intensity (peak
height) of the smaller (basepair) allele “A” relative to the
fluorescent unit intensity of the larger allele “B”(A/B). LOH
was determined by assessing the ratio of peak heights in
tumor or neoplastic tissue samples relative to the ratio in the
corresponding normal control.

QLOH �
(tumor allele ratio)

(normal allele ratio)

Depending on whether the smaller or larger allele was lost,
QLOH could have any value between zero and infinity, with
0.0 being 100% loss of allele A, and infinity being 100%
loss of allele B. QLOH values of �0.4 or �2.5 were con-
sidered to be clearly indicative of LOH, as described pre-
viously (26, 46). 17p (p53) LOH was defined as LOH at or
spanning the p53 locus, as described previously (26).

Statistical Analysis
The relationship between grade of dysplasia and prevalence
of 17p LOH was evaluated by testing the contribution of an
ordered covariate for histological grade to a logistic regres-
sion model of 17p LOH. Relative risk (RR) estimates for the
effect of 17p loss on the incidence of cancer, high grade
dysplasia, aneuploidy, and 4N abnormality were obtained
from univariable Cox proportional hazards regression mod-
els. Outcome and censoring times were defined relative to
baseline endoscopy. Wald test ps for association of 17p loss
with progression to these outcomes were based on coeffi-
cient estimates for this predictor in the corresponding mod-
els. Analysis of progression from HGD to cancer was re-
stricted to patients with HGD detected at baseline
endoscopy.

The Kaplan-Meier estimator was used for cumulative
incidence curves and incidence estimates for cancer and
HGD. Observations were censored at time of last surveil-
lance endoscopy for patients without the outcome of inter-
est. Corresponding 95% CIs were based on Greenwood SE
estimates.

RESULTS

Prevalence of 17p LOH, Increased 4N, and Aneuploidy
at the Baseline Endoscopy
We determined the prevalence of 17p (p53) LOH, in-
creased 4N fractions, and aneuploidy in different grades of

Figure 1. Percentage of patients with 17p (p53) LOH and flow
cytometric abnormalities (increased 4N, aneuploidy) as a function
of histological grade of dysplasia in Barrett’ s esophagus. The y
axis represents percent of patients, and the x axis represents his-
tological grade. HGD � high-grade dysplasia; IND � indefinite
for dysplasia; LGD � low-grade dysplasia; MET � metaplasia
negative for dysplasia; � � 17p (p53) LOH; ■ � increased 4N or
aneuploidy.
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dysplasia at the baseline endoscopy for the 325 patients
(Fig. 1). Only 312 patients are represented for 17p (p53)
LOH because the remaining 13 were not informative for
polymorphic markers at or spanning the p53 locus. The
prevalence of 17p (p53) LOH increased from 6% in patients
whose biopsy specimens were negative for dysplasia to 57%
in patients who had high-grade dysplasia (p � 0.001).
Similarly, the prevalence of increased 4N and/or aneuploidy
increased from 11% in patients who were negative for
dysplasia to 54% in those with high-grade dysplasia. One
interpretation of this pattern of cross-sectional results would
be that 17p (p53) LOH arises as a late event during neo-
plastic progression in Barrett’ s esophagus, at about the stage
of high-grade dysplasia. An alternative interpretation is that
it arises early and that those patients with 17p (p53) LOH

have an increased risk for progressing to high-grade dys-
plasia and esophageal adenocarcinoma. To distinguish be-
tween these two hypotheses, we evaluated baseline 17p
(p53) LOH as a predictor of neoplastic progression during
prospective endoscopic biopsy evaluation of the cohort of
patients.

17p (p53) LOH and Progression to
Esophageal Adenocarcinoma
The 17p (p53) LOH was a strong and significant predictor of
progression to esophageal adenocarcinoma (Fig. 2A). Of the
269 patients followed prospectively, 256 had baseline 17p
(p53) LOH data; 20 of 54 patients (37%) with 17p (p53)
LOH progressed to cancer, compared to only six of 202
patients (3%) with two 17p alleles (RR � 16; 95% CI � 6.2,

Figure 2. (A) Cumulative incidence of cancer in patients who had Barrett’ s esophagus with and without 17p (p53) LOH at the baseline
endoscopy. The patients represent all histological grades of dysplasia. Patients with 17p (p53) LOH have a significantly increased rate of
progression to esophageal adenocarcinoma. (B) Cumulative incidence of high-grade dysplasia or cancer among patients with and without
17p (p53) LOH at the baseline endoscopy.
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39; p � 0.001) (Table 1). The 3-yr cumulative incidence of
cancer in those with 17p (p53) LOH was 38% (95% CI �
26, 54) compared to 3.3% (95% CI � 1.4, 8.0) for those
with two 17p alleles. Only six of 202 patients (3%) pro-
gressed to esophageal adenocarcinoma without a clear 17p
(p53) LOH at the baseline endoscopy. Three of the six,
including two with “partial” 17p (p53) LOH at baseline,
developed clear 17p (p53) LOH at the follow-up endoscopy
in which cancer was diagnosed. Two other patients had
aneuploid cell populations without 17p (p53) LOH, suggest-
ing that an alternative pathway exists that can also cause the
genetic instability that leads to cancer in a minority of
patients with Barrett’ s esophagus. The final patient had
neither 17p (p53) LOH nor aneuploidy at baseline but de-
veloped aneuploidy at the follow-up endoscopy in which
cancer was diagnosed; 17p (p53) LOH was not evaluated in
this endoscopy.

17p (p53) LOH and Progression to
High-Grade Dysplasia
We then asked whether 17p (p53) LOH was a predictor of
progression to high-grade dysplasia or cancer among the
197 informative patients whose biopsy results were nega-
tive, indefinite, or low grade at the baseline endoscopy.

Again, we found that 17p (p53) LOH was a significant
predictor of progression during prospective surveillance
(Fig. 2B). Of 19 patients with 17p (p53) LOH, five pro-
gressed to high-grade dysplasia or cancer (26%) compared
to 16 of 178 patients without 17p LOH (9%) (RR � 3.6;
95% CI � 1.3, 10; p � 0.02) (Table 1).

17p (p53) LOH and Progression From High-Grade
Dysplasia to Esophageal Adenocarcinoma
High-grade dysplasia is an advanced stage of neoplastic
progression in Barrett’ s esophagus with an increased risk for
progressing to cancer (18, 51, 52). We therefore asked
whether 17p (p53) LOH was associated with an increased
risk for progression from high-grade dysplasia to esopha-
geal adenocarcinoma. We found that even at this late stage
of neoplasia, patients with 17p LOH had an elevated rate of
progression to cancer compared to those with two 17p
alleles. In all, 18 of 35 patients with high-grade dysplasia
and 17p (p53) LOH progressed to cancer (51%) compared
with five of 24 patients who had high-grade dysplasia with-
out 17p LOH (21%) (RR � 3.0; 95% CI � 1.1, 8.2; p �
0.03) (Fig. 3) (Table 1). Among patients with high-grade
dysplasia, the 3-yr cumulative incidence of cancer was 55%
(95% CI � 37, 54) for patients with 17p (p53) LOH at
baseline compared to 33% (95% CI � 14, 64) for patients
with two 17p alleles.

17p (p53) LOH and Progression to Increased 4N or
Aneuploid Cell Populations
We and others have previously reported that patients whose
biopsy specimens have increased 4N or aneuploid cell pop-
ulations are at increased risk for progression to high-grade
dysplasia and esophageal adenocarcinoma (19, 21, 47).
Therefore, we investigated the relationships between 17p
(p53) LOH and progression to these two documented inter-
mediate endpoints of neoplastic progression in Barrett’ s

Table 1. 17p (p53) LOH and Progression to Neoplastic Endpoints
Compared to Patients With Two 17p Alleles

Patient Subset Outcome RR
95%
CI p

All Barrett’ s EA 16 6.2, 39 �0.001
�HGD HGD or

EA
3.6 1.3, 10 0.02

Without 4N 4N 6.1 3.0, 12 �0.001
Without aneuploidy Aneuploidy 7.5 3.5, 16 �0.001
With HGD EA 3 1.1, 8.2 0.03

EA � esophageal adenocarcinoma; HGD � high-grade dysplasia.

Figure 3. Cumulative incidence of cancer in patients with high-grade dysplasia as a function of 17p (p53) LOH status at the baseline
endoscopy.
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esophagus. Again, we found that patients with 17p (p53)
LOH were at increased risk for neoplastic progression com-
pared to those with two 17p alleles (Table 1). Thus, among
the 211 patients without increased 4N at baseline, 14 of 30
(47%) with 17p (p53) LOH developed elevated 4N fractions
at follow-up endoscopies compared to 17 of 181 (9%) with
two 17p alleles (RR � 6.1; 95% CI � 3.0, 12; p � 0.001).
Similarly, among patients without aneuploidy at the baseline
endoscopy, 13 of 27 (48%) with 17p LOH progressed to
aneuploidy in follow-up compared to 14 of 181 (8%) with
two 17p alleles (RR � 7.5; 95% CI � 3.5,16; p � 0.001).

DISCUSSION

Most patients with Barrett’ s esophagus will live out their
lifespan without developing esophageal adenocarcinoma
(53), and they therefore derive no benefit from expensive
and invasive programs for early detection or prevention of
malignancy. In contrast, the subset of patients who are at
increased risk for progression seem to have markedly im-
proved survival if the cancers are detected at an early,
curable stage (5–9). Thus, identification of patient subsets
with different risks of progression will likely improve the
management of the cancer risk in Barrett’ s esophagus by
permitting medical resources to be focused on those patients
whose increased risk warrants more frequent surveillance or
intervention, whereas those at low risk can be monitored
less frequently and reassured. Our results demonstrate that
17p (p53) LOH is a strong and significant predictor of
progression to esophageal cancer as well as to surrogate
endpoints, including increased 4N, aneuploidy, and high-
grade dysplasia, in Barrett’ s esophagus. Patients whose bi-
opsy specimens had 17p (p53) LOH had a relative risk of 16
(p � 0.001) for progression to cancer compared with those
whose biopsy samples had two 17p alleles. The 3-yr cumu-
lative incidence of cancer in those with 17p (p53) LOH was
38% compared to 3.3% for those with two 17p alleles. 17p
(p53) LOH seems to arise as an early event in a subset of
patients with negative, indefinite or low-grade dysplasia
who are at increased risk for progression to high-grade
dysplasia or cancer (RR � 3.6). Further, patients with 17p
(p53) LOH also had an increased risk for progressing from
high-grade dysplasia to esophageal adenocarcinoma (RR �
3.0).

Our results, combined with those of earlier studies and the
results in model systems, suggest that 17p (p53) LOH is
permissive for the evolution of additional genetic lesions
including increased 4N and aneuploid cell populations (20,
25–27, 29, 31). It is likely that lesions in this pathway are the
cause of progression to cancer in most patients with Bar-
rett’ s esophagus. In our study, 20 of 26 patients (77%) who
progressed to cancer had 17p (p53) LOH at the baseline
endoscopy. Two others had aneuploidy without 17p (p53)
LOH at baseline, suggesting that alternative pathways or
lesions in a minority of Barrett’ s patients can also lead to the
instability that causes esophageal adenocarcinoma. Three

patients, including two with “partial” 17p (p53) LOH at
baseline, had 17p (p53) LOH detected at the endoscopy in
which cancer was diagnosed, and the remaining patient
developed an aneuploid cell population at the endoscopy in
which cancer was detected. We do not know when these
abnormalities developed in patients in whom they were not
detected at baseline because intermediate endoscopies were
not evaluated. However, it is possible that sampling error
may have contributed because we only evaluated one biopsy
sample taken at 2-cm intervals in the Barrett’ s segment for
17p (p53) LOH. Regardless, 85% of patients (22 of 26) who
developed cancer in this study had 17p (p53) LOH or
aneuploidy detected at their baseline endoscopy, and 100%
had 17p (p53) LOH or aneuploidy detected by the time of
the cancer diagnosis.

Neoplastic progression is characterized by evolution of
genetically abnormal clones of cells culminating in a “ge-
netic catastrophe” that leads to cancer (31, 32, 54). We have
shown previously in retrospective and cross-sectional stud-
ies that inactivation of p53 seems to predispose to this
“genetic catastrophe,” which is characterized by evolution
of increased 4N and aneuploid cell populations, other LOH
events, including those affecting chromosomes 5q, 13q, and
18q, and cancer in Barrett’ s esophagus (17, 20, 25–27, 29).
We have extended these observations in the present study by
demonstrating that 17p (p53) LOH is a predictor of progres-
sion to increased 4N fractions (RR � 6.1; 95% CI � 3.0,
12.4; p � 0.001), aneuploid cell populations (RR � 7.5;
95% CI � 3.5, 16; p � 0.001) and high-grade dysplasia
(RR � 3.6; 95% CI � 1.3, 10. p � 0.02) during prospective
endoscopic surveillance. Thus, 17p (p53) LOH, increased
4N and aneuploidy represent manifestations of genomic
instability in Barrett’ s esophagus that can be used to assess
risk for progression to esophageal adenocarcinoma and as
surrogate endpoints for prevention trials.

The 17p (p53) LOH, increased 4N, and aneuploidy can-
not be considered equivalent to histological grade of dys-
plasia or to each other. For each histological grade we found
subsets of patients with these genetic lesions. For example,
6% of patients whose biopsy specimens were negative or
indefinite for dysplasia, 20% of patients with low-grade
dysplasia, and 57% of patients with high-grade dysplasia
had 17p (p53) LOH at the baseline endoscopy. Similarly, we
found increased 4N fractions, aneuploidy or both in 11% of
patients whose biopsy results were negative for dysplasia,
8% of indefinite for dysplasia, 13% of low-grade dysplasia,
and 54% of high-grade dysplasia. We also found that 17p
(p53) LOH was not equivalent to flow cytometric abnor-
malities because 32% of the patients in our cohort have 17p
(p53) LOH without increased 4N or aneuploidy, and two
patients in this study developed cancer by an alternative
pathway that led to aneuploidy without 17p (p53) LOH.
Thus, it is likely that a panel of biomarkers will be required
to optimally manage the cancer risk in this condition, and
additional follow-up will be required to determine the op-
timum combination of biomarkers. Nevertheless, clones
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with 17p (p53) LOH, increased 4N fractions, and aneuploid
DNA contents can spread to involve large regions of Bar-
rett’ s mucosa (25–28, 30). Thus, it is likely that interven-
tions the only goal of which is to “downstage” grade of
dysplasia may leave residual metaplasia with genetically
abnormal clones of cells that can progress to cancer (55).
Such residual genetically abnormal clones are likely to be
responsible for the relatively rapid progression to high-
grade dysplasia and cancer that have been reported in some
cases after endoscopic ablation (55–58).

In this report, we investigated 17p (p53) LOH, in contrast
to many previous studies that have used p53 protein over-
expression as a biomarker in Barrett’ s esophagus (23, 59–
62). Although p53 protein overexpression is frequently con-
sidered a surrogate for p53 mutations, it has high false-
negative and false-positive (�25%) rates in esophageal
cancer compared to the “gold standard” of DNA sequencing
(37, 63, 64). We and others have shown previously that 30%
of the p53 mutations detected in high-grade dysplasia were
nonsense or frameshift mutations that would not be ex-
pected to produce a p53 protein (27, 37). However, even
given these limitations, three small studies have reported
follow-up data suggesting that p53 lesions may predict
progression. In one, 5/9 patients with p53 protein overex-
pression progressed from indefinite/low-grade to HGD or
EA compared to 0/16 who were p53 negative (p � 0.01)
(65). In the second, four of 11 patients with p53 protein
overexpression progressed to EA compared with seven of
41 who were p53 negative (RR � 2.99; 95% CI � 0.57,
15.76; p � 0.197) (16). In the third, three of six patients with
low-grade dysplasia and p53 protein overexpression pro-
gressed to HGD or EA compared to two of 25 who were p53
negative (p � 0.03) (66). Thus, the weight of evidence
indicates that p53 lesions identify risk subsets in Barrett’ s
esophagus; however, it will be necessary to use diagnostic
tests that minimize false positive and negative results to
achieve the greatest risk discrimination.

One potential cause of false-negative LOH results is
contamination with normal cells that have two 17p alleles
(44); for this reason, we have used highly purified flow-
sorted neoplastic cells in our studies (25, 26, 35, 46). High
levels of genetic instability in advanced esophageal adeno-
carcinomas can produce a “background” or random fre-
quency of LOH that we have estimated to be 23% (95%
CI � 20, 27) at any given chromosome locus (35). For
example, one study of chromosome 17 LOH in 12 advanced
esophageal adenocarcinomas suggested that there might be
five other tumor suppressor genes in addition to p53 on
chromosome 17p, but this study was too small to rule out the
possibility that the results were simply caused by random
instability in advanced cancers (67). Certainly, there is
strong evidence that p53 is a target for 17p LOH because up
to 92% of esophageal adenocarcinomas have p53 mutations
(37, 40–42). We conducted our study at earlier stages of
progression in which the background level of LOH is lower
and in which the p53 locus is selected for inactivation (25,

27, 35, 68). Further, we have used a platform for LOH
analysis that incorporates a panel of robust polymorphic
markers, and 17p LOH events that were used in this study
included the p53 locus. Finally, we found p53 mutations in
exons 5–9 of the remaining allele in 82% of patients (28/34)
who had 17p (p53) LOH in high-grade dysplasia, strongly
supporting p53 as the target of 17p (p53) LOH in these cases
(data not shown). Thus, we believe that under these condi-
tions, 17p (p53) LOH is a specific marker of risk in Barrett’ s
esophagus.

Most programs of endoscopic biopsy surveillance are
based on histological assessment of dysplasia, but this has
several shortcomings. The diagnosis of dysplasia is subjec-
tive and has well recognized observer variation that has been
documented in multiple studies (69–75). Observer variation
makes validation of surveillance guidelines difficult because
varying histological interpretations may lead to different
estimated rates of progression. Even the risk for high-grade
dysplasia progressing to cancer varies among centers, and
prospective studies have demonstrated that some cases of
high-grade dysplasia seem to regress to lesser degrees of
biopsy abnormality (47, 51, 52). Most patients with biopsy
results that are negative, indefinite, or low-grade dysplasia
do not progress to cancer during prolonged follow-up, and
we found no statistically significant difference in rates of
progression to cancer for these three diagnostic categories in
a previous study (47). Further, transient diagnoses of dys-
plasia seem to increase the cost of endoscopic surveillance
in patients with Barrett’ s esophagus (76). Thus, there is a
need for objective biomarkers that can be used as adjuncts
to histological assessment of dysplasia to identify patients at
increased risk for progression to cancer so that they can be
managed appropriately, whereas patients at low risk can be
reassured and undergo surveillance less frequently. Our
results indicate that 17p (p53) LOH, increased 4N fractions
and aneuploidy are all predictors of progression to esopha-
geal adenocarcinoma in Barrett’ s esophagus, providing a
panel of objective biomarkers that can be measured in a
single endoscopic biopsy and used for risk assessment (20,
25, 26, 46, 47).

Our cohort is high risk, as evidenced by the number of
patients who progressed to cancer during the course of this
study. Some investigators might suggest that cancers de-
tected during the first year of surveillance should be classi-
fied as prevalent cases and excluded from analysis. How-
ever, there are no data to support such arbitrary
classifications. We have chosen to express our results based
on the baseline evaluation and to include all cancers de-
tected subsequently, because exclusion of cancers develop-
ing during an arbitrary time interval would convey an inac-
curate impression, making it difficult to develop accurate
risk stratification based on findings at the baseline endos-
copy. Ideally, our results should be confirmed by a prospec-
tive study of patients followed in the community, but such
a study will require large numbers of patients followed for
prolonged periods because of the low risk for progression in
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most patients with Barrett’ s esophagus (10, 11). Until other
investigators confirm our results, and certified laboratories
are established to measure LOH in clinical samples, we do
not recommend any definitive intervention, including sur-
gery or endoscopic ablation, based solely on 17p (p53) LOH
status.

Our results illustrate the need for prospective studies to
define “early” and “ late” events of human neoplastic pro-
gression. Cross-sectional results, such as those shown in
Figure 1, have been used to conclude that p53 lesions arise
as “ late” events in neoplastic progression in Barrett’ s esoph-
agus and other conditions because their prevalence increases
in advanced histological grades. An alternative interpreta-
tion is that p53 lesions arise in a small subset of patients at
early histological stages, predisposing to progression to
more advanced stages of neoplastic progression. Our results,
combined with previous studies and those in model systems,
are consistent with this latter interpretation and suggest that
17p (p53) LOH arises as an early event that is permissive for
the evolution of additional genetic lesions that drive neo-
plastic progression to more advanced stages (20, 25–27, 29,
31, 32, 77). The 17p (p53) LOH, increased 4N fractions, and
aneuploidy can all be assessed on a single endoscopic bi-
opsy, thereby providing a panel of biomarkers that can be
used to assess risk for progression and as surrogate end-
points in prevention trials.
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