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Abstract

Barrett's esophagus (BE) is a premalignant intermediate to esophageal adenocarcinoma, which develops in the
context of chronic inflammation and exposure to bile and acid. We asked whether there might be common
genomic alterations that could be identified as potential clinical biomarker(s) for BE by whole genome profiling.
We detected copy number alterations and/or loss of heterozygosity at 56 fragile sites in 20 patients with pre-
malignant BE. Chromosomal fragile sites are particularly sensitive to DNA breaks and are frequent sites of
rearrangement or loss in many human cancers. Seventy-eight percent of all genomic alterations detected by
array-CGH were associated with fragile sites. Copy number losses in early BE were observed at particularly high
frequency at FRA3B (81%), FRA9A/C (71.4%), FRASE (52.4%), and FRA 4D (52.4%), and at lower frequen-
cies in other fragile sites, including FRA1K (42.9%), FRAXC (42.9%), FRA 12B (33.3%), and FRA16D
(33.3%). Due to the consistency of the region of copy number loss, we were able to verify these results by
quantitative PCR, which detected the loss of FRA3B and FRA16D, in 83% and 40% of early molecular stage
BE patients, respectively. Loss of heterozygosity in these cases was confirmed through pyrosequencing at FRA3B
and FRA16D (75% and 70%, respectively). Deletion and genomic instability at FRA3B and other fragile
sites could thus be a biomarker of genetic damage in BE patients and a potential biomarker of cancer risk.

Mol Cancer Res; 8(8); OFI-11. ©2010 AACR.

Introduction

Barrett's esophagus (BE) is a condition in which the nor-
mal squamous lining of the esophagus is replaced by a
metaplastic columnar (intestinal type) epithelium. BE de-
velops in the context of chronic gastro-esophageal reflux
disease, with repeated cycles of injury and repair in a gen-
otoxic environment of exposure to acid, bile, and chronic
inflammation (1, 2). BE is a premalignant condition—it is
the only known precursor of esophageal adenocarcinoma
(EA), a cancer that is increasing at an exponential rate in
the United States. It is estimated that the incidence of gas-
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tro-esophageal reflux disease within the population is
~10%; BE is estimated to develop in 10% of those indivi-
duals, and the annual incidence of EA in these patients is
estimated to be 0.5% to 1% per year (3). BE is therefore of
considerable clinical significance because the 5-year surviv-
al rate of EA is only ~10%, unless detected at an early
stage, in which case it is curable. It is therefore recom-
mended that BE patients be managed by endoscopic sur-
veillance; however, at present, 95% of patients with EA do
not have a prior diagnosis of BE (4). It is therefore impor-
tant to define biomarkers that could be readily applied to
patients with gastro-esophageal reflux disease to identify
those who have BE and are at risk for EA, and would
therefore benefit from endoscopic surveillance and/or med-
ical or surgical intervention. Although conventional upper
GI endoscopy has become widespread in its applications
and availability, it is constrained by the requirement for pa-
tient sedation, as endoscopes large enough to allow biopsies
are not otherwise tolerated (5). To address this problem, an
accurate, sensitive molecular biomarker for the presence of
BE would be of great udility.

Widespread genomic instability is believed to facilitate
neoplastic progression in BE, as well as many other preneo-
plastic diseases. This process is facilitated by the loss and
mutation of important cell cycle checkpoint machinery
and tumor suppressor loci, such as p16 and p53. In addi-
tion, biomarkers of the process of genomic instability itself
may be of clinical use. We have documented shortened
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telomere length and chromosomal instability using fluores-
cence iz situ hybridization in BE (6, 7). Although we have
previously focused on sites of known tumor suppressors,
we and others have shown that chromosomal “fragile sizes”
and, in particular, FRA3B, have an extremely high rate of
deletion in BE patients (8, 9) and in patients that progress
to EA (10). Thus, we hypothesize that fragile sites may
serve as a sensitive biomarker of BE and the genotoxic in-
jury that accompanies BE.

Fragile sites are loci that exhibit an increased propensity
for sister chromatid exchange, translocation, and breaks
under conditions of genotoxic stress (11, 12). The suscep-
tibility of these loci to damage is believed to be a conse-
quence of their primary and secondary structure, which
affects chromatin organization and can stall DNA replica-
tion (13, 14). The resulting DNA gaps, breaks, and other
chromosomal aberrations at fragile sites affect genomic sta-
bility, and often manifest as deletions and translocations.
Currently, there are over 100 documented fragile sites
within the human genome, categorized as “common”
(present in all individuals) or “rare” (present in <5% of
the population; refs. 13, 14); most are defined cytogenet-
ically and their molecular characterization is not known.

Although instability at specific fragile sites has been
linked to different cancers (15, 16) including breast (17),
prostate, and lung (18, 19), there is still uncertainty about
whether these fragile site alterations causally contribute to
cancer development or are only “silent markers” of genomic
stress. Putative tumor suppressors have been suggested to
be located within common fragile sites; the fragile histidine
triad gene, FHIT, at FRA3B and the WW domain—contain-
ing oxidoreductase, WWOX, at FRA16D have the best
documented evidence for a role in cancer progression
(20), whereas most other genes known to be at fragile sites,
such as parkin at FRAGE, have less clear evidence for roles
as tumor suppressors (21). Alternatively, breakage at fragile
sites could contribute to repeated cycles of bridge-breakage-
fusion, potentially promoting the amplification of onco-
genes (22) such as Mer within the FRA7G region (23) or
the prolactin-inducible protein (PIP) gene (24).

We propose that as a consequence of chronic acid and
nitric oxide exposure, and stalling the G;-S transition in
Barrett's epithelium combined with impaired DNA repair
pathways (25-28), there is an increased instability at fragile
sites in this premalignant tissue. In previous studies of BE
patients, copy number loss was detected at two fragile sites
(FRA3B and FRAI13B; refs. 8, 9). In this report, we in-
clude a larger sampling of new early-stage BE specimens
and report genomic instability [copy number loss and/or
loss of heterozygosity (LOH)] at many fragile sites in
BE, some of which show increasing alterations with disease
progression.

Materials and Methods

Patients and cells
All patients included in this study were participants in
the Seattle Barrett's Esophagus Study Program and were

evaluated as previously described (29). The endoscopic bi-
opsies were analyzed for molecular alterations at chromo-
some arm 9p (CDKN2A locus), chromosome arm 17p
(TP53 locus), and DNA content tetraploidy and aneuploi-
dy as previously described (29, 30). Two sets of patients
were examined; genomic DNA was isolated from paired
Barrett's epithelium and gastric samples: (2) 20 patients
without high-grade dysplasia characterized for chromo-
some arm 9p and/or 17p in which epithelial cells from se-
lected biopsies were purified by Ki67/DNA content flow
sorting. All biopsies were diploid by flow cytometry, mea-
sured as previously described (29). The maximum diagno-
ses for regions within 1 cm of biopsy site were as follows:
six metaplasia, nine indefinite, and five low-grade dyspla-
sia. Seven of the 20 patients were lost to follow-up; how-
ever, three of these patients progressed to low-grade
dysplasia during surveillance. DNA content tetraploidy
and aneuploidy was not detected in 19 of 20 of the base-
line endoscopies. (b) Twenty patients with early molecular
stage BE without chromosome arm 17p or DNA content
tetraploidy or aneuploidy (Table 1) were analyzed by PCR
and pyrosequencing, in which one to six biopsies (separat-
ed by a minimum of 2 cm longitudinally in the BE seg-
ment) were studied from each patient. Patients ranged in
age from 36 to 81 years of age (mean, 60.8 y), and BE
length ranged from 1 to 12 cm (mean, 5.7 cm). Biopsies
were analyzed for molecular alterations at chromosome
arm 9p (CDKNZ2A locus), chromosome arm 17p (7P53
locus), and DNA content flow cytometry as previously
described (29), and the maximum molecular abnormality
for that patient is listed in Table 1. Histologic diagnosis
was established by previously published criteria (29). All
of the biopsies evaluated were within 1 cm of the maxi-
mum diagnosis as shown in Table 1. None of these pa-
tients overlapped with those examined previously by
array-CGH (8).

Epithelial cells from these biopsies were purified by
Ki67/DNA content flow sorting, and gastric cells were
isolated by mincing of whole biopsy material as previ-
ously described. DNA was extracted using the Puregene
DNA isolation kit (Invitrogen) as previously described
(31). Cell lines from BE patients, CPA, CPB, CPC,
and CPD, and their culture were as previously described
(32, 33). The Seattle Barrett's Esophagus Study has been
approved by the Human Subjects Divisions of the Uni-
versity of Washington and/or the Fred Hutchinson Can-
cer Research Center continuously from 1983 to the
present.

Agilent arrays

Genomic DNA. We obtained normal female 46, XX
genomic DNA from Promega. The BE cell lines were
maintained in modified MCDB 153 as previously de-
scribed (33). In brief, genomic DNA was prepared from
each cell line using the DNeasy Tissue kit (Qiagen). All
DNA samples were gel verified for quality and assayed
using a Nanodrop spectrophotometer to determine
concentration and purity.
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Table 1. Molecular and histologic data for samples analyzed by gPCR and pyrosequencing

Patient  Diagnosis 9p 17p Aneuploid Copy no. FRASB LOH FRA3B Copy no. FRA16D LOH FRA16D
1 Metaplasia ND ND No Gain 0of1 Normal 0of 1

2 Metaplasia No No No Loss 2of 4 Normal 3of4

3 Metaplasia No No No Loss 1 of 1 Normal 0of 1

4 Metaplasia No No No Loss 1 of 1 Loss 1of1

5 Metaplasia No No No Loss 2of 4 Loss 4 of 4

6 Metaplasia No No No Loss 0of1 ND 0 of 1

7 Metaplasia No No No Gain 1of1 Loss 1 of 1*

8 Metaplasia No No No Loss 1 of 1 Loss 1 of 1

9 Metaplasia  Yes No No Loss 6 of 6 Normal 4 of 6

10 Metaplasia  Yes No No Loss 0of1 Normal 1of1

11 Metaplasia  Yes No No Loss 3of 4 Loss 3of4

12 Indefinite No No No Normal 20of3 Normal 10f3

13 Indefinite No No No ND 20f2 ND 1of2

14 Indefinite No No No Loss 10of3 Normal 20of 3

15 Indefinite No No No Loss 20f2 ND 1of2

16 Indefinite Yes No No ND 3of3 ND 3of3

17 Indefinite Yes No No Loss 1of1 Normal 1 of 1*

18 Low grade  Yes No No Loss 2 of 2 ND 0of 2

19 High grade No No No Loss 1 of 1 Loss 1 of 1

20 High grade  Yes No No Loss 3of3 Normal 20of3
NOTE: For LOH, multiple sites were tested from patients, where available, relative to paired gastric constitutional. LOH reflects
proportion of sites in which LOH or Al (see Materials and Methods) was detected relative to the total number of sites tested per
patient. Copy number refers to gPCR data comparing the relative difference in copy number between the BE sample and the paired
constitutional samples for one to two sites within the respective fragile sites normalized against two flanking sites.

Abbreviation: ND, not determined.

*LOH flank refers to LOH detected in genomic sequence flanking the fragile site, but not within FRA16D itself.

Sample labeling. For cach CGH hybridization, 1 pg of
genomic DNA from the reference (46, XX female) and the
corresponding experimental sample was digested with Aful
(2.5 units) and Rsal (2.5 units; Promega). Labeling reac-
tions were done directly with the restricted DNA and
a Bioprime labeling kit (Invitrogen) according to the
manufacturer's directions in a 50-uL. volume with a deo-
xynucleotide triphosphate pool to final concentrations of
120 pmol/L dATP, 120 pmol/L dGTP, 120 umol/L dTTPR,
60 pmol/L dTTP, and 60 pwmol/L Cy5-dUTP or Cy3-
dUTP (Perkin-Elmer). Cell line samples were labeled with
Cy5-dUTP and the reference sample with Cy3-dUTP in
each experiment. Labeled targets were subsequently filtered
using a Centricon YM-30 filter (Millipore). Experimental
and reference targets for each hybridization were pooled,
mixed with 50 pg of human Cot-1 DNA (Invitrogen),
and 100 pg of yeast tRNA (Invitrogen) to a final volume
of 250 pL, then mixed with an equal volume of Agilent 2X
in situ Hybridization Buffer.

Oligonucleotide microarray processing. Before hybrid-
ization to Agilent Human Genome 244K CGH arrays
(Agilent Technologies), the 500-pL hybridization mix-
tures were denatured at 100°C for 3 minutes and incubat-
ed at 37°C for 30 minutes. To remove any precipitate,

each mixture was centrifuged at 214,000 x ¢ for 5 min-
utes and transferred to a new tube, leaving a small residual
volume (<5 pL). The sample was applied to the array us-
ing an Agilent microarray hybridization chamber, and hy-
bridization was carried out for 40 hours at 65°C in a
Robbins Scientific rotating oven at 20 rpm. The arrays
were then disassembled and washed for 5 minutes at
RT in wash 1 (0.5X saline-sodium phosphate-EDTA/
0.005% NLS), followed by 3 minutes at 37°C in wash
2 (0.1X saline-sodium phosphate-EDTA/0.005% NLS).
Slides were dried and scanned at 5-pum resolution using
an Agilent scanner. Image analysis was done using default
CGH settings of Feature Extraction Software version 9.1
(Agilent Technologies).

Illumina single nucleotide polymorphism genotyping
Paired constitutional and endoscopic BE samples were
analyzed by the Illumina Infinium assay on high-density
single nucleotide polymorphism (SNP) genotyping Bead
Chips per manufacturer's instructions. In brief, genomic
DNA was extracted from Ki67-positive flow-sorted epithe-
lium samples as described or unsorted constitutive fundal
mucosa from the lower esophageal sphincter or stomach.
These samples underwent whole-genome amplification
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using standard Infinium protocols. The resultant product
was fragmented to ~500 bp by enzymatic digestion, pre-
cipitated, resuspended in hybridization buffer, denatured,
and hybridized to the BeadChip overnight at 48°C. Bead-
Chips were washed, primer extended, and stained on a Te-
can Genesis/EVO robot using a Tecan GenePaint slide
processing system. After staining, the BeadChips were
washed, immediately coated with a protective reagent,
and imaged on Illumina's BeadArray Reader. The image
intensities are extracted, and the resultant data analyzed us-
ing the Illumina's BeadStudio 3.0 software.

The two types of SNP genotyping arrays used were as
follows: HumanHap300 BeadChip (317k loci) and a
noncommercial multisample HumanHap300_Pool 10
BeadChip (33k loci) that contained a subset (single
beadpool) of the overall SNPs from the HumanHap300
BeadChip (33k) in a 12-sample format (32). Illumina
HumanHap300 arrays were processed and scanned at
the Children's Hospital of Philadelphia, and the Ilumi-
na Human-1 and [llumina multisample 33k BeadChips
were processed at Illumina, Inc. All sample pairs were
analyzed in “paired mode” using BeadStudio 2.0 or
3.0 as described (34).

Copy number estimates and genotype calls for Illumina
BeadChips were calculated using the BeadStudio 2.0 out-
put for raw intensity values and subsequent analyses. Log,
intensity ratios for BE samples relative to paired constitu-
tional controls were analyzed per patient for significant re-
gions of copy number loss or gain using the Clustering
among Chromosomes software (35) with a three-SNTP
moving window and a False Discovery Rate of 0.01. Copy
number differences were manually curated to include only
events with an average log, intensity ratio of >0.26 or
<-0.32, corresponding to a minimum change of 20%
between constitutional and test samples. Fragile site names
and cytoband locations were downloaded from the Na-
tional Center for Biotechnology Information MapViewer
(Build 36.2; http://www.ncbi.nlm.nih.gov/mapview/
map_search.cgi’taxid=9606). Cytoband positions were ob-
tained from the University of California at Santa Cruz Ge-
nome Annotation Database (hgl8; http://hgdownload.cse.
ucsc.edu/goldenPath/hg18/database/). LOH was deter-
mined as a minimum of 20% difference in the relative
allele frequency between the paired constitutional and
BE samples in regions containing at least one informative
SNP. Frequency P values for the all copy number loss, copy
number gain, and LOH were evaluated for each chromo-
some arm using STAC v1.2 with data outputted in binary
format per 1-Mb region and 500 permutations per analysis
(36). A P value cutoff of 0.05 was used for selection of
fragile sites with significant regions of loss.

Quantitative PCR

DNA was extracted from gastric or flow purified BE ep-
ithelium, and amplified with quantitative PCR using the
Biotage Rotorgene RG-3000 using a protocol adapted
from Boehm et al. (37). Initial DNA concentrations were
measured using the Nanodrop ND-1000 and adjusted to 4

ng/uL. Cycle threshold was determined using a Sybr Green
fluorescence threshold of 20%; copy numbers were esti-
mated based on amplification relative to a standard curve
(two-fold increments ranging from 0.25 to 4 ng) and pre-
pared with pooled male genomic DNA (Promega #1471).
One Cycle threshold difference equates to a loss of one
gene copy. Individual runs were normalized against multi-
ple genomic DNA control samples to facilitate comparison
between reactions with varying efficiencies. Two primers
located within region of loss (as determined by SNP gen-
otyping) and one 5’ and one 3’ flanking primer set (on the
same chromosome but at least 10-Mb from the fragile site)
were used to compare copy number. Primer sequences are
provided in Supplementary Table S1. Copy number esti-
mates were evaluated per chromosome, with flanking re-
gions normalized to two copies. The ratio between copy
number for BE relative to gastric within the fragile site
was then used to identify copy number gains (ratio,
21.2) or copy number loss (ratio, <0.8). All samples were
run in triplicate.

Pyrosequencing

LOH at fragile sites was independently confirmed on 20
BE patients by SNP pyrosequencing. Patient data are sum-
marized in Table 2; DNA from multiple sites at 2-cm in-
tervals within a single BE segment was evaluated when
material was available. For each patient, genomic DNA
was extracted from flow-sorted endoscopic biopsies and
unsorted gastric biopsies. Pyrosequencing (forward, re-
verse, and sequencing) primers were designed using the
PSQ Assay Design 1.0 software to select primers with sim-
ilar melting temperatures, with products ranging from 80
to 120 bp, and overall scores above 85. BLAT search
(http://genome.ucsc.edu/cgi-bin/hgBlat) was used to con-
firm unique sequence for each PCR product. Primers
selected to interrogate fragile site FRA3B (see Supplemen-
tary Table S1) had a mean HapMap minor allele frequency
of 0.338, and FRA16D (see Supplementary Table S1)
had a mean HapMap minor allele frequency of 0.299.
PCRs were done using standard PCR protocol (1X PCR
buffer, 1.5 mmol/L MgCl,, 0.2 ng DNA, 5 mmol/L
deoxynucleotide triphosphate, 5 mol/L primers, 1.25 units
AmpliTaq) and amplified using this program: 95°C,
4 minutes, then 45 cycles at 95°C, 15 seconds; 57°C,
30 seconds; 72°C, 15 seconds. Pyrosequencing reactions
were purified over vacuum prep and mixed with sequencing
primer as per manufacturer's instructions. All reactions were
done on the Biotage PSQ HS 96. Allele frequencies were
outputted as relative percentages using the Biotage PSQ
software, and genotypes were assigned based on the relative
allele frequency between constitutional and experimental
samples. Informative calls were evaluated as relative ratios
of 50:50 + 10%. Allelic imbalance (AI) was assigned to
SNPs, which were informative in the constitutional sample
and showed relative allele frequencies of >66:33 to 89:11 in
the BE sample. LOH was determined as ratios 90:10 or
greater in the BE sample with an informative ratio in the
constitutional sample.
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Clustering analysis

Average copy number estimates for each fragile site re-
gion in Fig. 1A were analyzed in Cluster version 2 using
complete linkage and hierarchical clustering with uncen-
tered correlation. Heat maps were visualized using Tree-
View version 1.60.

Results

Instability at multiple fragile sites detected in
endoscopic BE samples

To examine whether copy number losses could be de-
tected in fragile sites from early-stage BE clinical samples,
genome-wide analyses were done using DNA isolated from
20 patients without high-grade dysplasia selected from the
Seattle Barrett's Esophagus Surveillance Program. DNA
extracted from diploid BE epithelium was Ki67/DNA
content flow sorted and analyzed for genome-wide abnor-
malities using multisample Illumina 33K arrays relative to
paired gastric constitutional DNA.

We first evaluated whether copy number alterations or
LOH would be associated with alterations at predicted
fragile sites defined solely by cytoband location because

most fragile sites are thus far uncharacterized. Copy num-
ber loss, copy number gain, and/or LOH were indeed de-
tected in two or more patients at genomic regions associated
with 56 different fragile sites (Fig. 1). Overall, copy number
loss was detected at an average of 9.8 fragile sites per patient
within this set, and 2 of the 20 patients showed copy loss at
over 20 different chromosomal fragile sites. As shown in
Fig. 1A (top), the most frequent and significant losses
were observed at FRA3B (81%), FRA9A/9C (71.4%),
FRA4D (52.4%), FRASE (52.4%), FRA1K (42.9%),
FRAXC (42.9%), FRA16D (33.3%), and FRA12B
(33.3%). Note that although there was no coverage for
p16/CDKN2A on the 33K arrays, we believe that the
deletion observed in the region of FRA9A/9C was likely
at p16/CDKN2A, consistent with earlier reports that this
locus is frequently mutated or deleted in BE. The regions
of deletion seen in fragile sites FRA3B and FRA16D
were surprisingly small and consistent; the consensus re-
gions of copy change being 400 and 230 kb, respectively.
The compact nature of these changes is further illustrated
in Figs. 2 and 3.

On average, copy gain was present at an average of 4.5

fragile sites per patient (Fig. 1A, middle). Individual sites of
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gain were observed at low frequency except at FRA19B
(42.9%), FRASD (33.3%), and FRASB (23.8%). LOH
was observed at an average of 2.6 sites per patient (Fig. 1A,
bottom) and was detected at higher than expected frequency
in three fragile sites, FRA3B (61.9%; P = 0.002), FRA9A/
9C/p16/CDKN2A (57.1%; P = 0.002), and FRA16D
(33.3%; P = 0.002). However, the total number of LOH
calls made with the 33K arrays may be underestimated,
as the lower number of informative SNPs on these arrays
reduces the ability to detect small regions of LOH compared
with determination of copy change, which is based on
all 33K probes.

Figure 1B illustrates a clustering analysis of patients
showing copy number gain or loss at individual fragile
sites; the highest correlation was detected for losses at
FRA3B and FRA9A/9C/p16/CDKN2A. We observed that
a subset of patients (patient #6, 12, 15, and 16) had copy
number loss detected at several fragile sites including
FRAXC, FRASE, FRA4D, FRA12B, FRAI11D, and
FRAI1K, although interestingly, the most frequent copy
number losses at FRA3B/FHIT and FRA9A/9C/p16/
CDKN2A were not detected in patients 15 and 16. The
most striking copy number losses were observed for patient
#6. Future studies that correlate clusters of fragile site in-
stability with patient outcome should be revealing; how-
ever, that information was unavailable for the majority of
this patient set.

Because most fragile sites are uncharacterized, we asked
whether conserved copy number and genotypic alterations
could be detected in more defined regions within the cyto-
bands; therefore, we used the frequency and footprint anal-
ysis of the Significance Testing for Aberrant Copy number
(STAC) algorithm as described by Diskin et al. (36). We

postulated that if the fragile site instabilicy were a conse-
quence of the shared environment of inflammation and ox-
idative stress created in BE and enriched in specific DNA
sequences, then conserved regions of copy number change
should be detectable among our patient set. Results of the
STAC analysis are shown in Table 2, which displays the
subset of the fragile sites at which copy number losses,
copy number gains, or LOH were statistically significant
by this method. Seventeen regions of copy loss, gain, or
LOH were identified within putative fragile sites. More-
over, there were an additional 10 regions of copy number
loss, gain, or LOH located within 10 Mb of cytoband re-
gions previously identified as fragile sites (Table 2, middle).
These 27 regions in or near fragile sites represented 78.1%
of all genomic alterations identified by STAC analysis as
significantly altered in these 20 paired patient samples. Sig-
nificant copy gain events were detected at FRA 8D,
FRAI11H, FRA19B, and FRA22A. A part of all SNPs de-
tected as having LOH on the Illumina 33K arrays (29.5%)
were located within just three fragile site regions, FRA3B,

FRA9A/9C/p16/CDKN2A, and FRA16D.

Fragile site copy loss and LOH in early molecular stages
of BE confirmed by q-PCR and pyrosequencing

To confirm the results observed by SNP genotyping,
copy number and LOH were evaluated at two fragile sites
using quantitative PCR (q-PCR) and pyrosequencing in
20 BE patients selected as having the earliest molecular
stage of disease: without LOH on chromosome arm 17p
and without DNA content tetraploidy and aneuploidy
(30). Patient and biopsy information is provided in Table 1.
For each case, DNA isolated from a BE biopsy that was
Ki67/DNA content flow sorted was compared with a
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Table 2. Regions of copy change and LOH
Alteration(s) Cytoband(s) Start (Mb) End (Mb) Fragile Type Distance to Frequency Frequency Footprint
site fragile site P P
Cloned fragile sites
Copy loss 3p14.2 59 62 FRA3B Common 80.00% 0.001 0.004
Copy loss 18922.1 63 66 FRA18C Rare 35.00% 0.001 0.004
Copy loss 160g23.3-24.1 76 78 FRA16D  Common 35.00% 0.001 0.004
Copy loss 7931.2 117 118 FRA7G Common 20.00% 0.001 0.002
LOH 3p14.2 59 61 FRA3B Common 60.00% 0.001 0.002
LOH 160923.3-24.1 77 79 FRA16D  Common 35.00% 0.001 0.002
Associated with fragile sites
Copy loss 9p21 21 23 FRA9A/9C Rare 75.00% 0.001 0.01
Copy loss 5p14 23 30 FRASE Common 55.00% 0.001 0.004
Copy loss 4p15 33 36 FRA4D Common 45.00% 0.001 0.004
Copy loss 5p13 29 30 FRA5A Common 45.00% 0.001 0.004
Copy loss Xg22.1 98 99 FRAXC Common 35.00% 0.01 0.01
Copy loss 1931 185 187 FRA1K Common 30.00% 0.001 0.01
Copy loss 12g21.3 81 85 FRA12B  Common 30.00% 0.01 0.002
Copy loss 10921 67 69 FRA10C  Common 15.00% 0.07 0.01
Copy gain 8924.3 144 146 FRA8D Common 25.00% 0.39 0.01
Copy gain 19p13 0 5 FRA19B Rare 35.00% 0.01 0.01
LOH 9p21 21 23 FRAQA/9C Rare 55.00% 0.001 0.01
Near fragile sites
Copy loss 5q14.3 83 90 (FRA5B/5D) Common 1.9 Mb 50.00% 0.001 0.004
Copy loss  3g25-26.1 163 170 (FRA3D) Common 1.8 Mb 45.00% 0.001 0.004
Copy loss 13931.1 81 86 (FRA13B) Common 9.9 Mb 40.00% 0.001 0.004
Copy loss 11p13 38 39 (FRA11E) Common 1.6 Mb 35.00% 0.03 0.004
Copy loss 7921.11 84 86 (FRA7E)  Common 4.9 Mb 35.00% 0.001 0.002
Copy loss 6921 101 104 (FRABF)  Common 0.8 Mb 30.00% 0.05 0.01
Copy loss 7p22 9 11 (FRA7B) Common 1.8 Mb 20.00% 0.02 0.01
Copy loss 11922.1 97 98 (FRA11F) Common 8.1 Mb 20.00% 0.01 0.004
Copy loss 11g14.2 89 90 (FRA11F) Common 1.1 Mb 20.00% 0.01 0.004
Copy gain 10026.3 134 135 (FRA10F) Common 6 Mb 15.00% 0.02 0.03
Nonfragile sites
Copy loss Xp21.1 31 33 45.00% 0.001 0.01
Copy loss 3pi12.1 83 87 40.00% 0.001 0.004
Copy loss Xqg25 125 126 40.00% 0.003 0.01
Copy loss 6022.31 124 125 35.00% 0.003 0.004
Copy loss 219211 20 22 25.00% 0.01 0.04
Copy gain 9g34.2 135 138 20.00% 0.001 0.004
Copy gain  20g13.33 60 61 20.00% 0.01 0.002
NOTE: Shown are significant regions of copy number loss or LOH. Regions within cloned fragile sites (top set), associated with
fragile sites (second from top), near fragile sites (within 10 Mb, third from top), or at nonfragile sites (bottom set) are shown.
Cytogenetic band locations and the chromosome positions (start and end) are noted; the latter indicates the largest extent of
the chromosomal region identified by STAC as being statistically altered. The frequency of each alteration is shown. Frequency
and footprint P values were generated in STAC.

reference gastric DNA sample taken from the same individ-
ual. Fragile sites FRA3B and FRA16D were selected for this
study because, as noted above, the SNP genotyping analysis
indicated that these were commonly deleted sites with small
and consistent consensus regions of copy change; this
allowed molecular analysis to be done with the minimum

number of PCR targets for qPCR and pyrosequencing
(see Materials and Methods). As shown in Table 1, copy
number loss was detected at FRA3B and FRA16D in
83.3% (15 of 18) and 40% (6 of 15) of cases, respectively.
Copy number gain was detected at FRA3B in 11.1% (2 of
18) of patients tested. Of note, copy changes were just as

Mol Cancer Res; 8(8) August 2010

Molecular Cancer Research



Fragile Site Deletions in Barrett's Esophagus

frequent in cases without dysplasia as in cases with a maxi-
mum diagnosis of indefinite for dysplasia (FRA3B, P >
0.29; FRA16D, P > 0.44). Pyrosequencing of SNPs spaced
within FRA3B or FRA16D, compared with SNPs taken
from flanking regions, was done in one to six biopsies per
patient, based on availability. When multiple BE samples
were analyzed, samples were taken at 2-cm intervals within
the BE segment. LOH or Al was detected in at least one
SNP and at least one BE biopsy within FRA3B in 75.0%
(15 of 20) of patients (Table 1). At the FRA16D site, we
detected LOH or Al in 70.0% of patients (14 of 20). These
results confirm the high frequency of copy loss and LOH
observed by whole genome analysis.

Loss at fragile sites detected in BE cell lines

To further validate these results, we tested for the extent
of copy number losses at FRA3B and FRA16D in popula-
tions of BE cells grown in culture, cell lines CPA, CPB,
CPC, and CPD (32, 33), on higher density Agilent
244K SNP arrays. Figure 2 shows copy number plots at
two common fragile sites, FRA3B and FRA16D. Well-
defined interstitial one- and two-copy deletions were pres-
ent at FRA3B in all four cell lines tested, and moreover, in
each case, at least two to four discreet one- or two-copy
number loss events were visible. At FRA16D, two copy
losses were flanked by regions of one copy number loss
in CPA and CPC, whereas normal copy numbers were
observed at the FRA16D locus in cell lines, CPB and CPD.
A small region of copy number loss was also detected in
two of four cell lines at FRAXC (data not shown).

Evolution of FRA3B instability over time

Having shown that copy loss at fragile sites was present
at very high frequency in earlier molecular stages of this
disease, we next asked whether a temporal and spatial anal-
ysis would reveal evolving instability within fragile sites in
these patients. Endoscopic biopsies were examined from a
single low-risk patient (without dysplasia, p53, DNA con-
tent tetraploidy, or aneuploidy) followed during surveil-
lance (29) over a 16-year time span. Biopsies from three
different levels, 26, 29, and 32 cm (¢1 cm) within a single
BE segment, were analyzed using the Illumina Human-
Hap300 BeadChips. Figure 3 illustrates the regions of
greatest instabilicy at FRA3B observed longitudinally at
the 29-cm level. More than eight distinct copy loss events
were seen within FRA3B/FHIT, seven of which were ob-
served over a 4-year time span. Corresponding LOH was
detected in regions of one-copy (but not two copy) loss
(data not shown). Similar regions of one-copy loss were de-
tected at the other levels in the regions of 60.3 to 60.35 Mb
and 60.55 to 60.6 Mb on chromosome 3. Two-copy loss
was detected in a 240-kb region from 60.33 to 60.57 Mb
on this chromosome at all three levels at 1993. The
copy loss event at 60.6 to 60.63 Mb appeared with less
frequency—at 29/30 cm, two-copy loss was observed,
but at 26 and 32 cm, one-copy loss was observed. This
patient also had copy loss at other fragile sites (e.g.,

FRA16D and FRA7G), some of which showed additional

lesions over time (data not shown). Thus, in this patient,
FRA3B clearly showed the greatest rate of change and evo-
lution over time.

Discussion

Using SNP genotyping analysis to profile for LOH and
copy number, with confirmation by quantitative PCR and
pyrosequencing, we have shown that copy number alter-
ation and/or LOH at chromosomal fragile sites are fre-
quent and early events in BE neoplasia. Copy number
loss and LOH was validated at FRA3B and FRA16D using
PCR and pyrosequencing. Copy number loss at FRA3B is
a particularly common early event, being observed in 80%
of 20 early-stage endoscopic biopsies. The fragile site dele-
tions that are reported were not observed in gastric samples
from these patients, and thus, these abnormalities are not
constitutional polymorphisms and are specific to the pre-
malignant columnar BE tissue.

Although instability at fragile sites has been reported in
several different cancers, this study shows high frequency
of copy number loss and LOH within multiple defined re-
gions associated with chromosomal fragile sites in a prema-
lignant tissue. Fragile sites may be particularly sensitive to
damage in Barrett's epithelium due to chronic acid expo-
sure, which promotes an antiproliferative effect on Barrett's
epithelium and increases stalling at the late replicating foci
(38). Although trinucleotide repeat expansion has been
reported as the mechanism for rare fragile site instability,
recent data suggest that the distinctions between mechanisms
of instability at common versus rare fragile sites are not so
stringent, as aphidocolin-induced instability was observed
at both common and rare fragile sites (39). We suggest that
fragile site instability in BE may be similar in this regard.

It seems that regions of copy loss and LOH in BE can be
narrow and well conserved, in at least in a subset of fragile
sites, and this is most evident in BE at FRA3B. Although
published studies of various cancers have reported deletions
at FRA3B, these deletions range in size from 300 kb to
over 2 Mb (40-42), and deletions consistently constrained
to this specific subregion of FRA3B (60.2-60.6 MB,
corresponding to FHIT exons 4-5) have not previously
been reported in the literature. Both the high frequency
and the uniformity of the alterations in BE may reflect a
common etiology of genotoxic stress; in BE, this is likely
oxidative damage, both as a direct effect of bile acids (15,
43, 44) and secondarily from oxygen and nitrogen-free ra-
dicals produced by inflammation. The primary, secondary,
and tertiary structure of fragile sites is thought to promote
stalling of DNA replication forks, which can induce re-
combination and strand breakage at fragile sites (45). If in-
stability at fragile sites does indeed reflect the history of
genotoxic stress in these patients, then it may serve as a
biomarker of an individual's history of such damage (45).
Importantly, breaks at fragile sites are induced by rep-
lication stresses in vitro (39, 46), suggesting that fragile
sites may be the first regions of the genome to be mutated
during chronic carcinogenic exposure iz vivo (13). Our

www.aacrjournals.org

Mol Cancer Res; 8(8) August 2010

OF9



OF10

Lai et al.

data support the idea of a specific DNA damage profile,
similar to asbestos-related lung cancer, in which a signifi-
cant association between copy changes at 11 fragile sites
(including FRA19B, FRA22A, and FRA11H) and asbestos-
associated alterations by SNP genotyping has been re-
ported (19).

Thus, measurement of deletion and LOH at fragile sites
merits evaluation as a biomarker of cancer risk in BE pa-
tients. This biomarker could also play a role as an interme-
diate indicator of the success of chemopreventative
strategies in BE. Such applications could include the use
of nonsteroidal anti-inflammatory drugs, which reduce in-
flammation and are protective for development of EA (47),
as well as long-term acid suppression, a common therapy
for BE, which has been shown to decrease cellular prolif-
eration through downregulation of Mcm?2 expression (48),
and could potentially stabilize fragile sites by alleviating
replicative stress.

There are several challenges to the development of ro-
bust assays that are sufficiently sensitive to detect rare se-
quences in a background of normal sequence: technical
challenges in detecting rare sequences against a normal
background and the challenge of defining a novel sequence
in the target cells of interest. Although some genetic altera-
tions have been reported to be present in premalignant BE
tissue (2, 49-51), none have thus far been present at a suf-
ficiently high frequency to enable their use in screening of
at-risk populations. We have described a genetic lesion that
is present in ~90% of early-stage BE. Therefore, this is a
unique case in which we know in advance with ~90% sen-
sitivity the identity of a DNA sequence abnormality in the
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