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a five-tiered histologic classification of dysplasia and car®@gr
Background: Abnormalities involving the p16 (also known as However, the value of endoscopic surveillance has been ques-
cyclin-dependent kinase N2 [CDKN2], p16 [INK4a], or tioned because multiple studi¢s0—15)have shown that most
MTS1) and p53 (also known as TP53) tumor suppressor patients with Barrett's esophagus do not progress to cancer.
genes are highly prevalent in esophageal adenocarcinomasMost patients will not benefit from endoscopic surveillance in
Loss of heterozygosity (LOH) at 9p21 and 17p13 chromo- terms of increased life expectancy because they will not progress
somes (locations for p16 and p53 genes, respectively) is freto cancer during their lifetimél4,16,17) Furthermore, the five-
quently observed in the premalignant condition, Barrett's tiered histologic classification of dysplasia in Barrett's esopha-
esophagus. We studied extensively the distribution and het- gus has not been shown to be reproducible in formal, blinded
erogeneity of LOH at 9p and 17p chromosomes throughout studies(18). High-grade dysplasia is a risk factor for subsequent
the Barrett's segment in patients who have not yet developed development of cancer, but the disease in many patients with
esophageal adenocarcinomaMethods: We evaluated 404 high-grade dysplasia does not progress and in some it may even
samples from 61 consecutive patients enrolled in the Seattleregresg19,20).These observations indicate the need for objec-
Barrett's Esophagus Study from February 1995 through tive, intermediate biomarkers of neoplastic progression in Bar-
September 1998. All patients had high-grade dysplasia but rett's esophagus that can be used alone or in combination with
no diagnosis of cancer. The samples were assayed for LOHhistologic staging to stratify patients’ risk of progressing to can-
at 9p and 17p chromosomes after amplification of genomic cer. Such diagnostic markers could be used to identify patients at
DNA by use of polymerase chain reaction and DNA geno- increased risk of progression to cancer so that they could be
typing. The cell fractions were purified by flow cytometry on  placed in more frequent surveillance, while patients at lower risk
the basis of DNA content and proliferation-associated anti- could be counseled, reassured, and undergo less frequent sur-
gen labeling. Association between LOH at 9p and LOH at veillance. In addition, such biomarkers could serve as interme-
17p with flow cytometric abnormalities was determined by diate end points in clinical and population-based prevention tri-
chi-squared test, and logistic regression models were used toals.

model and test for the extent to which a particular genotype Barrett's specialized metaplastic epithelium is hyperprolifera-
was found in 2-cm intervals.Results and ConclusionsLOH tive relative to other tissues of the upper gastrointestinal tract
at 9p and 17p chromosomes are highly prevalent somatic (21-24).Flow-cytometric techniques have been used to identify
genetic lesions in premalignant Barrett's tissue. LOH at 9pis proliferating epithelial cells, abnormal cell cycle fractions, and
more common than LOH at 17p in diploid samples and can cell populations with abnormal DNA contents in Barrett’s
be detected over greater regions of Barrett's epithelium. In esophagu$24—27).These methods are based on cell sorting by
most patients with high-grade dysplasia, the Barrett's mu- either staining DNA alone or dual staining involving prolifera-
cosa contains a mosaic of clones and subclones with differenttion-associated antigen identified by Ki67 antibody and DNA.
patterns of LOH. Some clones had expanded to involve ex- Prospective studie®8,29)have shown that an increased num-
tensive regions of Barrett's epithelium. LOH at 9p and 17p ber of cells with 4N fractions (cells with double the number of
chromosomes may be useful biomarkers to stratify patients’ chromosomes or an increase in cells in thg\Gfraction of the

risk of progression to esophageal cancer. [J Natl Cancer Inst cell cycle) and/or aneuploidy are risk factors for subsequent
1999;91:2087-95] neoplastic progression in Barrett's esophagus. Thus, Ki67 anti-
body-staining/DNA-content multiparameter flow-cytometric
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4N, and aneuploid DNA contents, as well as proliferating celtsllular DNA content alone or sorted by dual-marker selection involving fluo-

in the Gl phase of the cell cycle for Subsequent moleculgscent labeling of proliferation-associated antigen by Ki67 antibody and DNA
analyses(28 30 31) content, as described previouq§0,44).Ki67 is an antibody that identifies a

proliferation-associated antigen expressed in & and G/M but not in G,

Abnormalities mvolvmg the pl6 (also known as CyClm'phasesofthe cell cycl@6,47).With the use of Ki67 staining/DNA content flow

dependent kinase N2 [CDKNZ2], p16 [INK4a], or MTS1) an@ytometry, a minimum of two flow cytometrically purified fractions were gen-
p53 (also known as TP53) tumor suppressor genes, locatedeRifed per biopsy specimen, yielding Ki67-negative cells with a 2N DNA con-
chromosomes 9p21 and 17p13, respectively, are among the m@stKi67-positive cells in Gphase, cells with a 4N DNA content, or aneuploid
common somatic genetic lesions in human cancers. Loss of Hesctions. In Fig. 1, these cell cycle fractions will be denoted as 2N (Ki67-
erozygosity (LOH) is the predominant mechanism for inactiva@fgative diploi.d.) and Q(Ki§7-positive diploid?. A 4N cell fraction.greater than.
ing one of the two alleles of each gene, and 9p21 and 17p13 g(méyvas classified as having an abnormal _mcreased 4N fractlon, as described
. . reviously(25). The prevalence of abnormalities as determined by flow cytom-
the two most Commo_” reglons_ of LOH in esophageal adenoc ry in these 61 patients has been reported previgdsly We used these flow
cinomas, occurring in approximately 75% and 95% of cas&§tometric techniques, in addition to LOH at chromosomes 9 and 17, to char-
respectively(31-35).In Barrett's esophagus, the remaining pl@cterize cell populations that have evolved into apparent clonggo as part of
allele is inactivated in the majority of cases by either CpG islarige natural disease process. Movitro culturing or expansion of clones in the
methylation or mutation, and the remaining p53 allele is typfaboratory was performed. _
caIIy inactivated by mutatio(Bl,36—40)Retrospective investi- Polymerase chain reaction (PCR).DNA was extracted by use of either

; . tandard phenol/chloroform or the Puregene DNA Isolation Kit, as recom-
gations (30’31’41)0f patients who had already progressed @ nded by the manufacturer (Gentra Systems, Inc., Minneapolis, MN). Whole

cancer ,SqueSt th,at p16 a”‘{' p53 can be inactivated as eeé me amplification by use of primer extension preamplification was per-
events in neoplastic progression before the development of &med, as described previous¢4). Chromosome locus-specific primers la-
euploidy and cancer in Barrett's esophagus. Furthermore, L@kEled with either FAM, TET, or HEX phosphoramidite dyes from Research
at 17p is associated with the development of increased 4N fr&enetics (Huntsville, AL) included GATA62F03 (9p23), D9S935 (9p23),
tions that precede the development of aneuploidy in BarretP§S925 (9p22.3), D9S932 (9p21.3-22.1), D9S1121 (9p21.3), DIS1118 (9p21),

; At S1298 (17p13.3), TP53 (17p13.1) pentanucleotide repeat, TP53 (17p13.1)
esophagus, probably as a consequence of inactivation of p inucleotide, D17S1537 (17p13.2), D17S786 (17p13.1), D17S974 (17p12),

cell CyCIe ChECkpomt funCtlor(g8)' LOH at 9p and LOH at 17P D17S1303 (17p12), and D17S1288 (17pll). Locus-specific PCR reagents and
have also been shown to be precursors of clonal progressioRdhyitions were described previoug4). PCR products were run on an ABI

the bladder, lung, and other cancé42,43).Thus, 9p LOH and 373 or an ABI 377 DNA sequencer by use of the internal-size standard Gene-
17p LOH are potential candidates for objective molecular marksan-500 (PE Applied Biosystems, Foster City, CA). After each gel run, lanes
ers that can be used in combination with flow-cytometric aneere manually tracked and data were visually inspected by use of Genescan and

histologic staging to stratify patients’ risk of progressing tarqcessed by the use of Genotyp‘er software (PE App_lied B‘iosystems)._AIIeIe
esophageal adenocarcinoma. ratios were determined by measuring the fluorescence intensity (peak height) of

LOH i lesi f di th bthe smaller (base pair) allele “A” relative to the fluorescent unit intensity of the
IS @ common [esion tound In most human cancers, Ile{Fger allele “B” (A/B). LOH was determined by assessing the ratio of peak

it has been difficult for a variety of reasons to use LOH as rignts in neoplastic tissue samples relative to the ratio in the corresponding
biomarker of neoplastic progression in large clinical or popul@ermal control. & = (sample allele ratio)/(normal allele ratio). Depending on
tion-based studies. Recently, we developed a method for invesether the smaller or larger allele was lost®®could have any value between
t|gat|ng LOH in |arge_sca|e studies using small clinical Samp'égl’o and infinity, with 0.0 being 100% loss of allele A and infinity being 100%
(44). Here, we use this approach to determine the prevalence,

distribution, and relationships among LOH at 9p and 17p chro-

mosomes and flow-cytometric abnormalities in flow cytometri-

cally sorted or purified samples from mapped endoscopic biodsy
specimens in 61 consecutive patients who h?d a diagnosig of 3 133 1 DO9pLOH
high-grade dysplasia without cancer in Barrett’'s esophagus. £ o 1 @17pLoH
] i
o Z
MATERIALS AND METHODS 2. 701 ? %
Patients. We evaluated 61 consecutive patients seen from February 1995 é 9 60 - é é
through September 1998 who had a diagnosis of high-grade dysplasia witHout 5 50 ;,é ﬁ
cancer and who were enrolled in the Seattle Barrett's Esophagus Study. Sixty of g 3 40 - ':;;/’f /ﬁ
61 patients had sufficient flow cytometrically purified tissue for LOH analysig. ‘5 .5 30 4 % é
The Seattle Barrett's Esophagus Study was approved by the Human Subjects 2 § é %
Division of the University of Washington (Seattle), with reciprocity from the .,% £ 201 é fyj
Fred Hutchinson Cancer Research Center (Seattle, WA). Patients were coungeled £ 10 1 é %
concerning risks and benefits of endoscopic surveillance for Barrett's esophagus § 0 = Z
and informed of potential alternatives, including surgery for high-grade dyspla- 2 2N G1 G2M 'ncrfﬁsed Aneuploid
sia.
Biopsy specimen coIIectiopEndoscopic biopsy specimens were thained, ;s Flow-cytometrically puritied fraction
described previously7,45). Biopsy specimens were taken at 2-cm intervals i

the Barrett's segment. The cell populations in the biopsy specimen were softed
and purified by flow cytometry. In most instances, purified DNA was availablEig. 1. Prevalence of loss of heterozygosity (LOH) at chromosomes 9p and 17p
for LOH analysis from tissue taken at sequential 2-cm intervals. We evaluaiedlow cytometrically sorted cell populations from patient biopsy tissues from
404 flow cytometrically purified DNA samples. An average of seven (rang®arrett's epithelium. A total of 404 sorted fractions from 60 patients with a final
2-20) flow-purified DNA samples, depending on the Barrett’'s segment lengtiagnosis of high-grade dysplasia were evaluated, including 53 2N fractions
plus a constitutive control were evaluated for each patient. (diploid Gy/G,), 167 G fractions (Ki67-positive @), 108 G/M fractions (4N

Flow cytometry. Biopsy specimens were frozen in dimethyl sulfoxide andNA content composed of <6% of the cells in the biopsy), 15 increased 4N
were stored at =70 °C. Each frozen biopsy specimen was minced, and the fnaetions (4N DNA content composed of >6% of the cells in the biopsy), and 61
mogenates were processed and then sorted by flow cytometry on the basiam&uploid populations.
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loss of allele B. &°" values less than 0.4 or greater than 2.5 were considered td@able 2. Prevalence of 9p LOH and 17p LOH in patients with and without

be clearly indicative of LOH. flow-cytometric abnormalities*

Statistical analysis.Exact binomial 95% confidence intervals (Cls) are pro
vided, with observed LOH prevalence rates shown in Table 1. The Peardatients with increased 4N Patients with normal flow-cytometric
chi-squared test was used to test for the association between 9p LOH or 17pand/or aneuploidy characteristic (diploid only)

LOH with flqw-cytometric abnorma_li_ties in Table 2. We used the_ Mantel— 9p het 9p LOH Total 9phet 9p LOH Total
Haenszel chi-squared test for stratified tables and the corresponding Mantel—

Haenszel common odds ratio estimator (@R to examine the relationship 17P het |1 @)t 2(6) | 3(9) 17phet | 12(52)| 7(30) 19(83)
between each LOH and flow cytometric abnormalities, with stratification oh7p LOH | 8 (24)| 22 (67) 30(91) 17p LOH| 1(4) 3(13)| 4@17)
presence or absence of the other LQH). Statistical analysis for Fig. 1 con-
siders the data as matched pairs of 9p LOH and 17p LOH measurements arising
from the flow cytometrically purified samples and uses McNemar’s (#43}. ; ;
Logistic regression models were used to model and test for the extent to which-CH = l0ss of heterozygosity; het heterozygous; increased 4N refers to
a particular genotype was found in additional 2-cm intervals of the Barret®@MPles with more than 6% of cells containing 4N DNA. ,
segment given that it was present in at least one 2-cm inteseaF{g. 4). The TNumbers of patients (% of total), rounding of totals is done after adding the

robust sandwich variance estimator was used to allow for nonindependencd@jrounded percentages). ) ,
data arising from multiple 2-cm intervals per patié80). Statistical tests were ~ +/ncludes only the 56 patients who were informative for markers on both 9p

Total 9(27) 24(73) 33% Total 13(57) 10(43) 23%

two-sided. and 17p.
RESULTS o _

. _ _ diploid samples onlyR#<.001; odds ratio [OR} 48; 95% Cl=
Prevalence of 9p LOH and 17p LOH in Patients With 10-225). 9p LOH was also more common in patients with in-
High-Grade Dysplasia creased 4N and/or aneuploidy; 24 (73%) of 33 (95% €I

0/H— 0, 1 0, 0
We determined the prevalence of LOH at chromosomal r‘g_fl/o 87%) had 9p LOH compared with 10 (43%) of 23 (95% Cl

= 0H—669 i inloi — . _ .
gions encompassing p16 and p53 genes by use of six and e@gb?3/° 66%) with diploid samples onl§(= .03; OR = 3.5;

short-tandem repeats (STRs) on chromosomes 9p and 17p, re{0 Cl = 1.1-10.5). We recognize that there may be a biologic

spectively (Table 1). A high prevalence of LOH was detecte asis for the association between 9p LOH and 17p LOH and thus

44 (73%) of 60 patients (95% G+ 60%—84%) had LOH at one ook into account the possible confounpllng effects_b_y looking at
. the association between flow-cytometric abnormalities and each
or more loci on 9p, 17p, or both chromosomes.

LOH, with stratification on the other LOH. The association be-
Association of Aneuploidy and Increased 4N With 9p LOH tween patients with 17p LOH and flow-cytometric abnormalities
and 17p LOH remains equally strong with or without adjusting for a confound-
) ) . . ing effect of 9p LOH (OR,; = 40; 95% CI = 8.0-200;
Aneuploid cell populations and increased 4N fractions iB< 0o1). However, when accounting for 17p LOH status, there
esophageal biopsy specimens have been shown to identifi & evidence for an association between patients with 9p LOH
subset of patients at increased risk of neoplastic progressionyify aneuploidy and/or increased 4N fractions (QR= 1.7;
Barrett's esophagu$28,29). Because we flow cytometrically g5o4 | = 0.32-8.9;P = .54).
purified diploid (2N), diploid Ki67-positive cell fraction in & \ye determined the presence or absence of 9p LOH and 17p
phase, 4N, and aneuploid fractions for LOH analysis, we WefeyH in 404 flow cytometrically purified samples from all pa-
able to evaluate relationships among ploidy, cell cycle abnqfants separated into 2N (diploid), Ki67-positive diploid,G
malities, and LOH involving 9p and 17p chromosomes throughormal 4N (G/M), increased 4N (>6% of the cells with 4N in
out the Barrett’'s segment of each patient. Fifty-six patients weggs cell cycle), and aneuploid cell populations (Fig. 1). 9p LOH
informative for one or more loci at or flanking both the p16 anga5 detected in 42% of normal-sorted diploid fractions (2, G
pS3 genes. Thirty-three of the 56 patients had increased 4Nq normal 4N @M fractions) in contrast to 17p LOH, which
fractions and/or aneuploidy, and 23 had only diploid samplgg;s detected in only 20% of the same sampfs.Q01]). 9p
(Table 2)(48).In patients with increased 4N and/or aneuploidy,oH and 17p LOH were detected in 73% and 78% of increased
30 (91%) of 33 (95% CI= 76%-98%) had 17p LOH compareds fractions, respectively. 9p LOH was detected in 58% of
with only four (17%) of 23 (95% Cl= 5%-39%) who had aneyploid populations, and 17p LOH was detected in 73% of
aneuploid populations. The difference between 9p LOH and 17p
Table 1.Prevalence of 9p and 17p LOH in 60 patients with a maximum LOH in increased 4N and aneuploid populations was not statis-
diagnosis of high-grade dysplasia* tically significant @ = .10). We re-evaluated these results using
only patients with LOH and excluding patients without LOH and
found similar results to those in which all patients were analyzed

No. with LOH/No.
studied (% [95% CI])

together.
60 total patients, any LOH on 9p or 17p 44/60 (73 [60%—-84%)]) .
Patients informative for at least one locus Orderlng LOH at Chromosomes 9p and 17p
Prevalence of 9p LOH 35/59 (59 [46%—72%]) . . .
Prevalence of 17p LOH 34/57 (60 [46%-72%]) We used the method of clonal ordering (comparing genetic
56 patients in whom both 9p and 17p changes within a clone two by two to determine whether the_
loci could be evaluated events are dependent or independent and whether they occur in
Patients with neither 13/56 (23 [13%-36%]) a specific order relative to each other) to determine the relative
; ! o oo . )
Patients with 9p LOH only 9/56 (16 [8%-28%]) order of occurrence of the two LOH events in 21 patients who
Patients with 17p LOH only 9/56 (16 [8%—28%]) . . .
Patients with both 17p LOH and 9p LOH 25/56 (45 [319%-59%]}ad both 9p LOH and 17p LOH in a single clonal population
(Table 3)(30,31,41,51)For LOH on one chromosome arm to be
*LOH = loss of heterozygosity; Ck confidence interval. classified as occurring “before” the other, a patient must have at
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Table 3.Ordering of loss of heterozygosity (LOH) events in patients with 90_OH pattern for both chromosomes. However, for the majority
LOH, 17p LOH, or both of patients, we found evidence that the Barrett's segment con-
tained a mosaic of clones and subclones with different patterns

Patients with an order No. with order of LOH and ploidies. For example, 13 (30%) of the 44 patients
17p before 9p 1/21(5%)  had the same LOH pattern in both the diploid and the aneuploid
gg gﬁ???éiggether 11;/2211((542;33) populations (e.g., Fig. 2, B; case No. 916). In these patients,
Other patients with 9p LOH and/or 17p LOH LOH could have developed in diploid progenitor cells before the
9p and 17p in mutually exclusive clones 4 patients evolution of aneuploid progeny. Four (9%) of the 44 patients had
Either 9p LOH or 17p LOH but not both 19 patients mytually exclusive clones, with 9p LOH in one subset of

*Of 44 patients with 9p LOH, 17p LOH, or both, an order could be determin samp!es and 17p LOH in others byt never both 9p LOH and 17p
in 21 patients who had clones with both 9p LOH and 17p LOH detected in te#eOH in the samg sample (e.g., Fig. 2, D and_E; Ca‘se Nos. 368
same DNA sample. and 790, respectively). These clones arose either independently

of each other or from a common progenitor that had one or more

abnormalities not being assessed in this study. Seven (16%) of
least one sample with both 9p LOH and 17p LOH as well astiae 44 patients had alternate alleles lost in different samples
separate sample with LOH on only one of the arms, and tfeg., Fig. 2, F; case No. 306). In these cases, one or more
losses must have the same STR patterns. 17p LOH was rasgynples had LOH of the larger allele, whereas other samples
detected before 9p LOH in one (5%) of 21 patients, but 9p LOtom the same patient had LOH of the smaller allele. We also
was detected before 17p LOH in 11 (52%) of 21. The twiwund evidence for clonal evolution of LOH in 13 (30%) of 44
abnormalities were always detected together in nine (43%) of gatients, as evidenced by the accumulation of loss on different
patients (i.e., all samples had lost the same allele and loci dmromosomes in different samples or the expansion of the region
each chromosome arm). In an additional four patients, 9p LQ# loss along the length of the chromosome. For example, in Fig.
and 17p LOH were detected in mutually exclusive clones, no@eC (case No. 994), the 1.8N population had both 9p LOH and
of which had both 9p LOH and 17p LOH in the same sample. i¥p LOH, whereas other samples had only 9p LOH, suggesting
19 other patients, we detected either 9p LOH or 17p LOH btliat a diploid clone with 9p LOH was the progenitor for the 1.8N
not both. We detected 9p LOH without 17p LOH in 10 patientasneuploid progeny with both 9p LOH and 17p LOH. Expansion
and 17p LOH without 9p LOH in nine patients, supporting thef loss along the length of the chromosome was identified in
concept that either abnormality can occur in the absence of theee patients (e.g., Fig. 3). In this patient, the sortgdr&tion

other. at the 34-cm level had 9p LOH involving STR polymorphic
. . Lo . , markers GATA62F03, D9S935, D9S925, and D9S932 with re-
Genetic Clonal Diversity in Premalignant Tissue tention of heterozygosity at D9S1121 and D9S1118, consistent

We investigated clonal diversity in premalignant tissue B{ith @ terminal deletion of 9p, but the sorted @action at the

assessing 9p LOH and 17p LOH systematically throughout tR8-C™ level had 9p LOH involving all STRs evaluated, indicat-
Barrett's segment in all patients. The ploidy, lost allele (i.e/N9 the evolution of additional losses.

smaller or larger allele in base- pair size), and patterns of I9§&ibution of Clones With LOH in the Barrett's Segment

along each chromosome as well as between the two chromo-

some arms (9p and 17p) were used to define clonal populationsthe extent to which a clone with a specific somatic genetic
and to determine the number of distinct clones that were preSgBhorma"ty can expand within Barrett’'s mucosa may influence
in the evaluated segment (Table 4). Forty-four patients had LQht risk of progression by increasing the size of the population in
at one or more STRs. In 14 (32%) of the 44 patients, we fouRghich subsequent genetic events can occur. Furthermore, the
evidence for only a single clone (e.g., Fig. 2, A; case No. 253xtent of clonal expansion may also determine whether a given
In these 14 cases, all abnormal samples had the same ploidy gig@sy protocol can detect the abnormality and, therefore, its
utility as an intermediate marker of progression. We assessed the
extent to which different clones expanded in the Barrett's seg-
ment (Fig. 4). Some clones showed little expansion, being de-
No. of patients* tected at only a single 2-cm level of the Barrett's segment,

Table 4.Prevalence of clonal heterogeneity in premalignant tissue

Clonal heterogeneity (%) whereas others expanded to involve the entire evaluated Bar-
Single clone 14 (32) rett's segment length. Many c!ones shqwed incomplete expan-
Ploidy change, same LOH patternt 13(30) sion and were detected at multiple 2-cm intervals of the Barrett's
'\Aﬂlutua"y e>i|clrsiv|e clgnes:c ;1 ((51925) segment, even though they did not involve the entire segment.

ternate alleles lost: ’ 1 -
Change in LOH pattern, accumulation of Ibss 13 (30) Because the length of the Barrett's segment differs among pa

tients, the number of levels evaluated for each patient varied,
*Some patients had loss of heterozygosity (LOH) patterns in multiple cated'émg'ng.frorn 21020 cm per patient (average, 6 cm per patle_nt).
ries. Percent is calculated from 44 total patients. Some diploid clones with LOH can undergo complete expansion
tPatients with the same alleles and loci lost on each chromosome in t@l involve the entire evaluated Barrett's segment. Clones ex-
samples with LOH. _ panding to multiple 2-cm intervals in the Barrett's segment were
fPatients have both 9p LOH and 17p LOH but never both in the sagRtected in 17 (77%) of 22 diploid clones with 9p LOH only, in
samples. four (36%) of 11 diploid clones with 17p LOH only(= .05),

§Patients with one clone that has loss of the smaller allele and a second clone, ™ L. .
that has loss of the larger allele. and in six (50%) of 12 diploid clones with both 9p LOH and 17p

|Patients have clones with different LOH patterns along the chromosomeld?H (P = .13). Aneuploid and increased 4N p0pU|ati0nS_With
clones that have evolved to contain LOH on both 9p and 17p chromosome®p LOH, 17p LOH, or both could also expand over variable
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A) Single clone B) Change in ploidy C) Accumulation of loss
Chromosome Chromosome Chromosome
Sort 17 9 Sort 17 9 Sort 17 9
oS oS [
?., 36cm 25cm 34cm a1
g 7S 8 a 'S $ES
i ARt
a Gl N 36cm | 2N
AENNEESE - "B
3: LES
o 40cm
Gl
E 3N : 8
a2 LES
33cm
Fig. 2. Loss of heterozygosity (LOH) along
the Barrett’s epithelial segment in individual D) Mutually exclusive E) Mutually exclusive F) Alternate allele patterns
patients. Six examples of patients with dif- Chromosome Chromosome Chromosome
ferent LOH patterns. OS (ora serrata) and Sort 17 9 Sort 17 9 Sort 17 9
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Barrett's segment lengths from 2 to 20 cm. Aneuploid or irisland methylation31,35,36,39,41,52-56Retrospective stud-
creased 4N clones showed expansion in 29%, 40%, and 39%es3f(30,31,36,41,52pf patients who had developed an esopha-
the clones with 9p LOH, 17p LOH, or both, respectively. Dipgeal adenocarcinoma have shown that 9p LOH and 17p LOH
loid clones with 9p LOH only were typically detected over &an develop in premalignant Barrett’s epithelium before aneu-
greater extent of Barrett's epithelium than aneuploid and iptoidy and cancer. However, it has previously been difficult to
creased 4N population® (= .02) and diploid populations with prospectively investigate LOH in large numbers of small clinical
either 17p LOH only or both 9p LOH and 17p LOR (= .05). samples from human premalignant conditions/ivo (53-55).
Here, we demonstrate that our biopsy protocol, combined with
fluorescence-based PCR and LOH analysis of flow cytometri-
LOH at chromosomes 9p and 17p, targeting p16 and p8&ally sorted human samples, can be used to investigate the bio-
genes, respectively, are among the most common genetic lesiogéc behavior of clones with 9p LOH, 17p LOH, or both in the
in esophageal adenocarcinomas. It is likely that inactivation pfemalignant epithelium of patients who have not developed
these pathways by LOH is part of the pathogenesis of thessophageal adenocarcinoma. Our results extend earlier investi-
cancers because 9p and 17p LOH arise at a similar stagegafions by demonstrating that 9p LOH and 17p LOH are highly
progression as mutations in p53 and pl6 genes and pl6 Qp@&valent somatic genetic abnormalities in patients with high-
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A. Examples of LOH peaks and QUCH allele ratios for chromosome 9p analysis B. Schematic of LOH along
the Barrett’s segment
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Fig. 3. Genotyping by use of fluorescent staining of markers for loss of heterB) Schematic of all LOH results along the Barrett's epithelial segment. An extra
zygosity (LOH) analysisSeeFig. 2 legend for the definitions of OS and LES.allele was found in the diploid and aneuploid populations from level 32, but
Fluorescent traces (graphic) for LOH results for all chromosome 9 loci in caadditional alleles were not used as markers of clonality in this st@dierisk

No. 336 are showr) The @°" ratio (see*Materials and Methods” section) is indicates different LOH pattern along the same chromosomes, as indicated by
given below the peaks. LOH is indicated by @amow pointing to the lost allele. boxed patterns. Open circless no LOH; filled circles = LOH.

grade dysplasia and no diagnosis of cancer in Barrett's esoptiaprogression in Barrett’'s esophagus. Our results clearly indi-
gus. Clones with 9p LOH and/or 17p LOH can undergo variabtmate that 9p LOH or 17p LOH can each arise without the other
expansion within the Barrett's segment and evolve aneuplaid premalignant Barrett's epithelium. 9p LOH, however, was
and increased 4N fractions without progressing to cancer. Quore frequently detected before 17p LOH in patients in whom
results indicate a surprising degree of clonal heterogeneitydn order could be determined. The observation that 9p LOH can
premalignant Barrett's epithelium consistent with a complexe detected before other genetic abnormalities during progres-
pattern of evolution of neoplastic cell lineages rather thanséon is consistent with those in other cancers in which it has been
simple linear pathway of progressi¢al,57). suggested that 9p LOH is an early evé?,58—-60)Clones with

High-grade dysplasia is a risk factor for progression to cancerp LOH were more likely to be associated with increased 4N
in Barrett's esophagus, but prospective studi£8,20) have fractions or aneuploid cell populations, probably as a conse-
shown that many patients do not progress to cancer. We hauence of loss of cell cycle checkpoint functions of p53 with
found striking somatic genetic heterogeneity in the Barrett®ibsequent genetic instabilif28,61,62).In contrast, diploid
mucosa of patients with high-grade dysplasia. For example, 28¥6nes with 9p LOH were rarely associated with aneuploidy or
of the evaluable patients had no detectable LOH, 16% had oimgreased 4N fractions in the absence of 17p LOH and tended to
9p LOH, 16% had only 17p LOH, and 45% had both. Althoughpread to large regions of esophageal mucosa, possibly as a
prospective validation will be essential, it may be that somationsequence of inactivation of p16's/S-phase- or senescence-
genetic assessment of 9p LOH and 17p LOH can identify lowelated functiong63,64). Our observations might result from
and high-risk patients. For example, the fraction of patients witthonal expansion of diploid cells with 9p LOH, creating a field
both LOH events is comparable to the proportion of patienits which 17p LOH could develop as a later event. An alternative
previously diagnosed with high-grade dysplasia in the Seathigpothesis is that inactivation of p53 alone is not as permissive
Barrett's Esophagus Study whose disease progressed (Reidf@Jclonal expansion, thereby limiting detection of clones with
unpublished results). only 17p LOH.

Our results extend our understanding of the biologic behavior We have shown previously that, in patients whose disease
of clones with 9p LOH, 17p LOH, or both in human neoplastibad already progressed to cancer, the Barrett’'s epithelium sur-
progressionin vivo. A previous study(41) in patients whose rounding the malignancy contained multiple aneuploid cell
disease had already progressed to cancer suggested that thepelations and neoplastic cell lineages with multiple molecular
was no obligate order of 9p LOH and 17p LOH during neoplasbnormalitieq31,41,51,56,65)O0ur present results extend these
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observations by demonstrating that the metaplastic epitheliumbdblogic characteristics of clones with 9p LOH, 17p LOH, or
patients who have not yet developed cancer can consist obah. Our results suggest a model of clonal evolution during
mosaic of clones and subclones. Some mosaics appear tordmplastic progression in Barrett's esophagus. Inactivation of
velop from a common progenitor that evolves progeny withne allele of p16 and p53, as assessed by 9p and 17p LOH, is a
additional LOH events or changes in ploidy (Fig. 2, C). Howeommon genetic alteration in premalignant Barrett’'s epithelium
ever, a minority of mosaics may also develop from neoplasémd can develop before flow-cytometric biomarkers of progres-
cell lineages that arise independently (Fig. 2, D and E). In thesien, such as increased 4N fractions and aneuploidy. Diploid
cases, some clones have 9p LOH, whereas others have f@pulations with 9p LOH spread to involve variable regions of
LOH, none have both, or patients have neoplastic cell lineagesophageal mucosa, sometimes involving the entire Barrett's
with loss of alternate 9p or 17p alleles (Fig. 2, F). It is possibegment. Although either 9p LOH or 17p LOH can occur with-
in these cases that an unknown common progenitor evolveat the other, 9p LOH tends to be detected before 17p LOH
bifurcating neoplastic cell lineages leading to apparently indehen the two abnormalities can be ordered relative to each other
pendent pathways. These apparently independent clones are gorsingle patients. Progenitor clones can either arise indepen-
sistent with other studies, suggesting possible multifocal clor@gntly or evolve bifurcations that lead to divergent progeny and
evolution of human neoplasn{59,66—68). extensive clonal heterogeneity within premalignant tissue. Most
Although LOH is a common lesion found in the vast majoritypatients with aneuploidy and increased 4N fractions have both
of human cancers and precancerous lesions, it has been diffi@ptiOH and 17p LOH, and it seems likely that the acquisition of
to use LOH as a biomarker in large-scale clinical or populatio@p LOH and 17p LOH predisposes to the evolution of aneuploid
based studies. We recently described a method for higtell populations and other genetic abnormalities that culminate
throughput analysis of LOH in small, clinical samplé#4). in the development of cancer. Prospective follow-up will be
Here, we demonstrate that this method can be applied to a hreguired to determine which, if any, of the abnormal clones with
man premalignant condition to detect the presence, extent, &pdLOH and/or 17p LOH will undergo further progression. Our
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