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Abstract:

Background: Defects in DNA damage recognition and repair have been associated with a wide
variety of cancers. We conducted a prospective study to determine whether mutagen sensitivity, as
determined by an in vitro assay, was associated with the future development of cancer in patients with
Barrett’s esophagus, which is associated with increased risk of progression to esophageal
adenocarcinoma.

Methods: We measured sensitivity to bleomycin in peripheral blood lymphocytes in a cohort of 220
patients with BE. We followed these patients for 1,230 person—years (range, 3 months to 10.1 years;
median, 6.4 years), using development of cancer and aneuploidy as endpoints. A subset of these
patients was evaluated for inactivation of tumor suppressor genes CDKN2A/p16 and TP53 (by
mutation and loss of heterozygosity (LOH)) in their Barrett’s segments at the time of or before the
bleomycin test, and the patients were stratified by CDKN2A/p16 and TP53 status in an analysis of
mutagen sensitivity and progression.

Results: Bleomycin-sensitive patients were found to be at significantly greater risk of developing
aneuploidy (adjusted HR=3.71; 95% CI=1.44-9.53) and non-significantly greater risk of cancer
(adjusted HR=1.63; 95% CI=0.71-3.75). Among patients with detectable LOH at the TP53 locus (on
chromosome 17p), increasing bleomycin sensitivity was associated with increased risk of developing
cancer (trend p<0.001) and aneuploidy (trend p=0.005).

Conclusions: This study supports the hypothesis that sensitivity to mutagens increases the risk of
neoplastic progression in persons with Barrett’s esophagus, particularly those with 17p LOH
including TP53.



Introduction

The incidence of esophageal adenocarcinoma (EA) has risen rapidly over the past 30 years in the US
and Western Europe [1-3]. Most cases appear to arise in Barrett’s esophagus (BE), a metaplastic
epithelium that develops in response to chronic gastroesophageal reflux disease (GERD) [4—7]. While
persons with BE are at an elevated risk for progressing to EA, estimated at 0.5—1.0% per year [8—10],
the vast majority of persons with BE will not develop EA within their lifetimes. Thus, discrimination
between persons at high risk of progression, who would benefit from more intensive prevention and
surveillance programs, and those at relatively low risk, for whom lower-cost alternatives might be
appropriate, is of critical importance. A variety of environmental and host factors are thought to play
arole in the etiology of EA, including acid reflux [4, 5, 11-13], gender, race, obesity [14—18],
Helicobacter pylori colonization, and cigarette smoking [14, 19, 20]. The mechanisms of action of
these factors are likely to directly or indirectly involve DNA damage. Increased levels of DNA
damage have been detected in Barrett’s mucosa [21] and may be associated with progression [22].
Impaired ability to repair such damage may therefore play a role in progression to EA, as has been
suggested in a study of polymorphisms in DNA repair genes in persons with BE [23].

The bleomycin mutagen sensitivity assay is an indirect measure of an individual’s constitutive
ability to repair DNA damage [24, 25] (reviewed in [26] and [27]). The assay measures the number of
unrepaired bleomycin-induced double-strand chromatid breaks in peripheral blood lymphocytes in
vitro and is believed to reflect the equilibrium between mutation rate and DNA repair [26].
Lymphocytes from individuals with cancer, and in one study, oral pre-malignant lesions, have been
found to exhibit higher bleomycin sensitivity than healthy controls [28-33]. Bleomycin sensitivity
may capture both individual susceptibility [27, 34—36] and environmental exposures, such as those to
tobacco smoke [37] or oral selenium [36], although most studies have found that sensitivity is not
affected by such exposures [38—40]. Prospective studies of mutagen sensitivity and cancer risk are
more difficult to conduct because the assay requires viable cells. Previous prospective bleomycin
sensitivity studies have analyzed cohorts of patients with cancer and used the recurrence of cancer
[41-43] or mortality [44] as endpoints.

Progression in BE is associated with the inactivation of tumor suppressor genes, in particular
CDKN2A/p16 (by mutation and chromosome 9p loss of heterozygosity (LOH)) and TP53 (by
mutation and 17p LOH) [45, 46]. Inactivation of these genes could allow cells with DNA damage to

progress through the cell cycle, possibly increasing cancer risk for bleomycin-sensitive individuals.
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The p16 tumor suppressor gene is lost frequently and early during neoplastic progression in BE. p16
loss is associated with loss of the wild-type late G1 arrest [47] and entry into cell cycle. TP53 is a
multi-function protein that mediates cell cycle arrest and apoptosis in response to a variety of
conditions, including double-strand DNA breaks, hypoxia, and depleted nucleotide pools [48].
Likewise, TP53 mutation and 17p LOH occur frequently in EA and have been shown to predict
progression [49—51]. Inactivation of the tumor suppressor pathways contribute to the extensive
genetic instability that characterizes the development of EA [46, 52, 53]. This instability can become
manifest as DNA content abnormalities, such as aneuploidy or tetraploidy, detectable by flow
cytometry. Flow cytometric abnormalities have been shown to be predictors of EA risk in BE [53—
55].

We therefore conducted a prospective study of persons with Barrett’s esophagus to determine
whether mutagen sensitivity is associated with the subsequent development of cancer and the
intermediate endpoint of aneuploidy. To determine the effects of bleomycin sensitivity in patients
with inactivated tumor suppressor genes, we compared the rates of progression in the subsets of
patients with and without detectable alterations in p16 or TP53 coincident with or prior to the
bleomycin sensitivity test. Our results indicate that bleomycin-sensitive Barrett’s esophagus patients
are at significantly increased risk for developing aneuploidy and may be at increased risk of

developing EA.

Materials and Methods

Study Subjects

Patients were enrolled in the Seattle Barrett’s Esophagus Study, originally 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 (FHCRC) Institutional Review Board
from 1993 to 2001. Since 2001, the study has been approved by the FHCRC IRB with reciprocity
from the University of Washington Human Subjects Division. Endoscopic biopsies of Barrett’s
epithelium, acquired at 2-cm intervals in the esophagus according to a standard protocol [53, 55],
were evaluated from 220 patients who had BE without cancer at the time of the endoscopy associated
with the blood draw for the bleomycin assay (the “baseline” endoscopy). Biopsies were evaluated by

flow cytometry and sorted on the basis of proliferation/DNA content as described previously [S6—
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58]. All patients in this cohort received follow-up endoscopies (Table 1). Biopsies obtained at or
before baseline from a subset of these patients were evaluated for 9p21 and 17p LOH using
polymorphic microsatellite markers, as described previously [58, 59]. One hundred eighty-three
patients were evaluated for 9p LOH, 181 patients for 17p LOH, 178 for p16 mutation, and 180 for

TP53 mutation.

Bleomycin Sensitivity Assay

A 10-ml blood sample was obtained for all patients at the time of the baseline endoscopy. Blood was
drawn into sodium heparinized tubes, packed on dry ice, and shipped overnight to the laboratory of
Dr. Xifeng Wu in Houston, Texas. 1 ml of whole blood was cultured in 9 ml of RPMI-1640 tissue
culture medium (JRM Biosciences, Lenexa, KS) supplemented with 10% fetal calf serum and 0.2 ml
of phytohemagglutinin (Wellcome Research Laboratories, Research Triangle Park, NC). At 67 hours,
bleomycin (Nippon Kayaku Co., Ltd., Tokyo, Japan) was added to each culture to a final
concentration of 0.03 units/mL for 5 hours. During the last hour, cells were treated with 0.04 pg/ml
colcemid to induce mitotic arrest. Cells were treated with hypotonic 0.07 M KCI solution for 12
minutes, fixed, washed with freshly prepared Carnoy’s fixative (methanol and acetic acid 3:1) and
air-dried on wet slides. Prepared slides were coded and stained with Giemsa solution. From stained
preparations of each sample, 50 metaphases were examined under oil immersion and breaks counted
and expressed as the average number of breaks per cell. Gaps or attenuated regions were disregarded.
Patients with an average of over 0.6 double-strand breaks per cell (the median number in our study)
were deemed to be bleomycin sensitive. We also used 0.8 breaks/cell as a threshold for bleomycin

sensitivity, as previously defined in [25].

Interview and Anthropometric Data

At the time of or before the baseline endoscopy, all 220 subjects underwent structured interviews
carried out in person by trained staff as described in [60, 61] to determine the use of tobacco, alcohol,
and medications. Anthropometric measurements were taken at the time of this interview and follow-

up visits using a standardized protocol.

Statistical Analysis

Kaplan-Meier curves were used to plot the cumulative incidence of aneuploidy and cancer. A
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proportional-hazards model was used to calculate the hazard ratios (HR), 95% confidence
intervals (CI), and p values. The HRs were adjusted as necessary using patient age (as a
continuous variable), gender, NSAID use (current/former/never), tobacco (ever/never), and
waist-to-hip ratio (above/below gender-specific median) using the subset of 219 patients (out
of 220) for whom we had information on all of these factors. Statistical analyses were carried

out using the R statistical computing language version 2.3.0 [62].

Results

Patients were followed from 3 months to 10.1 years; patient follow-up is summarized in Table 1. Table 2
summarizes the characteristics and bleomycin sensitivity assay results for the 220 BE patients in the
cohort. The mean numbers of bleomycin-induced breaks were slightly but not significantly higher among
males, persons over 70, those with lower waist-to-hip ratios, and current NSAID users. The Kaplan-Meier
curves describing cumulative incidence of cancer and aneuploidy stratified by bleomycin sensitivity are
shown in Figure 1.

Bleomycin-sensitive (having more than the median of 0.6 breaks per cell) patients had a statistically
significantly greater risk of developing aneuploidy (adjusted HR=3.71, 95% CI=1.44-9.53, p=0.006) and
a non-significant 1.63-fold increased risk (95% CI=0.71-3.75) of developing cancer (Table 3). The results
were similar when the threshold for bleomycin sensitivity was raised from >0.6 to >0.8 or >1.0 (cutoffs
commonly used in the literature [25], data not shown for the 1.0 cutoff) breaks per cell and when the inter-
quartile (quartiles defined as <0.44 breaks/cell, 0.44 < breaks < 0.6, 0.6 < breaks < 0.87, and >0.87
breaks) hazard ratios of increasing bleomycin sensitivity were compared (Table 3). Bleomycin sensitivity
was not significantly associated with the future development of cancer when the number of bleomycin-
induced breaks was modeled as a continuous variable (adjusted p=0.23) or as an ordinal variable
representing the bleomycin break quartiles (adjusted p=0.24, see Table 3 for inter-quartile HRs).

We stratified the cohort based on the presence or absence of chromosome 9p (p16) LOH, 17p (TP53)
LOH, p16 mutation, and TP53 mutation in the Barrett’s segment either at or immediately before the
endoscopy that coincided with the bleomycin sensitivity assay (Table 4). Among patients with detectable
9p or 17p LOH, bleomycin sensitivity (>0.6 breaks per cell) was associated with a greater risk of
developing aneuploidy. Among patients with 17p LOH, bleomycin sensitivity approached significance for

cancer outcome (p=0.053), and we found a significant trend modeling the number of bleomycin-induced



breaks as a continuous variable. The HR from such a model comparing the third vs. first quartiles
(corresponding to 0.44 breaks) was 3.25 (95% CI=1.62—6.53, trend p<0.001) for patients with 17p LOH
and 1.20 (95% CI=0.51-2.83, trend p=0.68) for patients without 17p LOH. The HR using aneuploidy as
an endpoint is 35.5 (95% CI=2.92-430, trend p=0.005) for patients with 17p LOH and 1.63 (95%
CI=0.85-3.11, trend p=0.14) for patients without 17p LOH. Bleomycin sensitivity was not a significant

predictor of cancer in patients with (or without) 9p LOH, TP53 mutation, or p16 mutation.

Discussion

Defects in DNA damage recognition and repair have been associated with a wide variety of cancers [63].
BE is characterized by chronic inflammation, cellular damage/repair, and increased proliferation [56, 64—
66]. Chronic inflammation is associated with oxidative damage and increased levels of double-strand
DNA breaks. Thus, diminished DNA repair in BE could lead to accelerated progression to EA. Here, we
report that BE patients whose peripheral blood lymphocytes were sensitive to bleomycin-induced double-
strand DNA breaks were at significantly increased risk for subsequent development of aneuploidy, a
validated intermediate marker of progression to EA [53—55], and, to a lesser extent, EA itself.

Progression in persons with BE is associated with increasing chromosomal instability [46]. LOH at the
TP53 locus (17p LOH) generally precedes aneuploidy in persons with BE [57, 67], and patients with 17p
LOH are at increased risk for progression to EA [49]. Although the bleomycin-sensitive patients in
aggregate were not significantly more likely to progress to EA in our study, the risk among those with 17p
LOH at or before baseline was significantly higher. We hypothesize that bleomycin-sensitive individuals
have higher spontaneous chromosomal mutation rates and/or diminished DNA repair capacity, and in that
background, the loss of p53 function in the Barrett’s epithelium allows cells to continue to cycle even
though chromosomal damage may not be fully repaired. G1 arrest in cells with double-strand breaks is
believed to be p53-dependent [68, 69], and there is strong evidence that alterations in a number of damage
repair genes are associated with the development of cancer [70].

To our knowledge, ours is the first prospective study of bleomycin sensitivity (and perhaps mutagen
sensitivity in general) and cancer risk before the onset of cancer. Because current technology does not
allow us to measure the in vivo DNA repair capacity of individuals directly, we used the bleomycin assay
as an indirect measure of the balance between DNA double-strand break formation and repair. A

prospective study of mutagen sensitivity in cancer-free patients ensures that mutagen sensitivity is not



influenced by the presence of cancer or its treatment. Detecting the association between bleomycin
sensitivity and cancer risk in patients with 17p LOH was possible because of the frequent and long-term
follow-up of the patients, the molecular characterization of our cohort using known biomarkers, and the
relatively large number of cancer outcomes due to the cohort’s increased risk for developing EA. Our use
of aneuploidy, a known risk factor for developing EA, as an intermediate endpoint strengthened the study.
However, some of our analyses were hindered by the limited number of cancer outcomes, especially when
stratifying the cohort on molecular criteria. There may have been insufficient cancer outcomes to
conclusively determine whether bleomycin sensitivity predicts EA in our cohort in aggregate, although the
quartile trend in Table 3 is consistent with bleomycin sensitivity being associated with the future
development of EA.

This study supports the hypothesis that sensitivity to mutagens can increase the risk of developing
cancer, particularly among those with inactivated tumor suppressor genes. We also find an association
between an in vitro mutagen sensitivity assay and the development of aneuploidy in Barrett’s esophagus
epithelium in vivo. Further studies would be required to determine whether or not mutagen sensitivity

assays could help risk-stratify patients with BE.

Acknowledgments

We thank David Cowan, Janine Kikuchi, and Terri Watson for database management; Christine

Karlsen for coordination of patient care; Valerie Cerera for coordination of research biopsies and
flow cytometry; Tricia Christopherson for management of patient interviews and data collection;
and the study interviewers and participants in the Seattle Barrett’s Esophagus Project for making

this study possible.

References

1. Bollschweiler E, Wolfgarten E, Gutschow C, Holscher, AH. Demographic variations in the rising
incidence of esophageal adenocarcinoma in white males. Cancer 2001;92:549-55.

2. Vizcaino AP, Moreno V, Lambert R, Parkin DM. Time trends incidence of both major histologic types
of esophageal carcinomas in selected countries, 1973-1995. Int J Cancer 2002;99:860-8.

3. Brown LM, Devesa SS. Epidemiologic trends in esophageal and gastric cancer in the United States.
Surg Oncol Clin N Am 2002;11:235-56.

4. Winters C Jr, Spurling TJ, Chobanian SJ, et al. Barrett’s esophagus. a prevalent, occult complication
of gastroesophageal reflux disease. Gastroenterology 1987;92:118-24.

5. Lagergren J, Bergstrom R, Lindgren A, Nyrén O. Symptomatic gastroesophageal reflux as a risk

7



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

factor for esophageal adenocarcinoma. N Engl J Med 1999;340:825-31.
Falk GW. Gastroesophageal reflux disease and Barrett’s esophagus. Endoscopy 2001;33:109—18.

Conio M, Filiberti R, Blanchi S, et al. Risk factors for Barrett’s esophagus: a case-control study. Int J
Cancer 2002;97:225-9.

Drewitz DJ, Sampliner RE, Garewal HS. The incidence of adenocarcinoma in Barrett’s esophagus: a
prospective study of 170 patients followed 4.8 years. Am J Gastroenterol 1997;92:212-5.

O’Connor JB, Falk GW, Richter JE. The incidence of adenocarcinoma and dysplasia in Barrett’s
esophagus: report on the Cleveland Clinic Barrett’s esophagus registry. Am J Gastroenterol
1999;94:2037-42.

Conio M, Blanchi S, Lapertosa G, et al. Long-term endoscopic surveillance of patients with Barrett’s
esophagus. incidence of dysplasia and adenocarcinoma: a prospective study. Am J Gastroenterol
2003;98:1931-9.

Chow WH, Finkle WD, McLaughlin JK, Frankl H, Ziel HK, Fraumeni JF Jr. The relation of
gastroesophageal reflux disease and its treatment to adenocarcinomas of the esophagus and gastric
cardia. JAMA 1995;274:474-17.

Coenraad M, Masclee AAM, Straathof JWA, Ganesh S, Griffioen G, Lamers CBHW. Is Barrett’s
esophagus characterized by more pronounced acid reflux than severe esophagitis? Am J Gastroenterol
1998;93:1068-72.

Farrow DC, Vaughan TL, Sweeney C, et al. Gastroesophageal reflux disease, use of H2 receptor
antagonists, and risk of esophageal and gastric cancer. Cancer Causes Control 2000;11:231-8.

Vaughan TL, Davis S, Kristal A, Thomas DB. Obesity, alcohol, and tobacco as risk factors for cancers
of the esophagus and gastric cardia: adenocarcinoma versus squamous cell carcinoma. Cancer
Epidemiol Biomarkers Prev 1995;4:85-92.

Brown LM, Swanson CA, Gridley G, et al. Adenocarcinoma of the esophagus: role of obesity and
diet. J Natl Cancer Inst 1995;87:104-9.

Chow WH, Blot W], Vaughan TL, et al. Body mass index and risk of adenocarcinomas of the
esophagus and gastric cardia. J Natl Cancer Inst 1998;90:150-5.

Lagergren J, Bergstrom R, Nyrén O. Association between body mass and adenocarcinoma of the
esophagus and gastric cardia. Ann Intern Med 1999;130:883-90.

Moe GL, Kristal AR, Levine DS, Vaughan TL, Reid BJ. Waist-to-hip ratio, weight gain, and dietary
and serum selenium are associated with DNA content flow cytometry in Barrett’s esophagus. Nutr
Cancer 2000;36:7—-13.

Kabat GC, Ng SK, Wynder EL. Tobacco, alcohol intake, and diet in relation to adenocarcinoma of the
esophagus and gastric cardia. Cancer Causes Control 1993;4:123-32.

Brown LM, Silverman DT, Pottern LM, et al. Adenocarcinoma of the esophagus and esophagogastric
junction in white men in the United States: alcohol, tobacco, and socioeconomic factors. Cancer
Causes Control 1994;5:333-40.

Olliver JR, Hardie LJ, Dexter S, Chalmers D, Wild CP. DNA damage levels are raised in Barrett’s
oesophageal mucosa relative to the squamous epithelium of the oesophagus. Biomarkers 2003;8:509—
21.

Olliver JR, Hardie LJ, Gong Y, et al. Risk factors, DNA damage, and disease progression in Barrett’s
esophagus. Cancer Epidemiol Biomarkers Prev 2005;14:620-5.

Casson AG, Zheng Z, Evans SC, Veugelers PJ, Porter GA, Guernsey DL. Polymorphisms in DNA
repair genes in the molecular pathogenesis of esophageal (Barrett) adenocarcinoma. Carcinogenesis
2005;26:1536-41.

Cherry LM, Hsu TC. Bleomycin-induced chromosome damage in lymphocytes of medullary thyroid
8



285.

26.

27.
28.

29.

30.

31.

32.

33.

34.

3S.

36.

37.

38.

39.

40.

41.

42,

43.

44.

carcinoma patients and their family members. Anticancer Res 1983;3:367-72.

Hsu TC, Johnston DA, Cherry LM, et al. Sensitivity to genotoxic effects of bleomycin in humans:
possible relationship to environmental carcinogenesis. Int J Cancer 1989;43:403-9.

Berwick M, Vineis P. Markers of DNA repair and susceptibility to cancer in humans: an
epidemiologic review. J Natl Cancer Inst 2000;92:874-97.

Au WW. Mutagen sensitivity assays in population studies. Mutat Res 2003;544:273-7.

Schantz SP, Hsu TC. Mutagen-induced chromosome fragility within peripheral blood lymphocytes of
head and neck cancer patients. Head Neck 1989;11:337-42.

Wu X, Hsu TC, Annegers JF, Amos CI, Fueger JJ, Spitz MR. A case-control study of nonrandom
distribution of bleomycin-induced chromatid breaks in lymphocytes of lung cancer cases. Cancer Res
1995;55:557-61.

Wu X, Lippman SM, Lee JJ, et al. Chromosome instability in lymphocytes: a potential indicator of
predisposition to oral premalignant lesions. Cancer Res 2002;62:2813-38.

Sturgis EM, Wei Q. Genetic susceptibility—molecular epidemiology of head and neck cancer. Curr
Opin Oncol 2002;14:310-7.

Zheng YL, Loffredo CA, Yu Z, et al. Bleomycin-induced chromosome breaks as a risk marker for
lung cancer: a case-control study with population and hospital controls. Carcinogenesis 2003;24:269—
74.

Gajecka M, Jarmuz M, Szyfter W, Szyfter K. Non-random distribution of chromatid breaks in
lymphocytes of laryngeal squamous cell carcinoma patients. Oncol Rep 2004;12:153-7.

Cloos J, Nieuwenhuis EJC, Boomsma DI, et al. Inherited susceptibility to bleomycin-induced
chromatid breaks in cultured peripheral blood lymphocytes. J Natl Cancer Inst 1999;91:1125- 0.

Yu GP, Zhang ZF, Hsu TC, Spitz MR, Schantz SP. Family history of cancer, mutagen sensitivity, and
increased risk of head and neck cancer. Cancer Lett 1999;146:93-101.

Kowalska E, Narod SA, Huzarski T, et al. Increased rates of chromosome breakage in BRCA1 carriers
are normalized by oral selenium supplementation. Cancer Epidemiol Biomarkers Prev 2005;14:1302—
6.

Zhang ZF, Morgenstern H, Spitz MR, et al. Environmental tobacco smoking, mutagen sensitivity, and
head and neck squamous cell carcinoma. Cancer Epidemiol Biomarkers Prev 2000; 9:1043-9.

King TM, Trizna Z, Wu X, et al. A clinical trial to evaluate the effect of vitamin C supplementation on
in vitro mutagen sensitivity. The University of Texas M. D. Anderson Clinical Community Oncology
Program Network. Cancer Epidemiol Biomarkers Prev 1997;6:537-42.

Székely G, Remenar E, Kasler M, Gundy S. Does the bleomycin sensitivity assay express cancer
phenotype? Mutagenesis 2003;18:59-63.

Székely G, Remenar E, Kasler M, Gundy S. Mutagen sensitivity of patients with cancer at different
sites of the head and neck. Mutagenesis 2005;20:381-5.

Spitz MR, Hoque A, Trizna Z, et al. Mutagen sensitivity as a risk factor for second malignant tumors
following malignancies of the upper aerodigestive tract. J Natl Cancer Inst 1994; 86:1681-4.

Spitz MR, Lippman SM, Jiang H, et al. Mutagen sensitivity as a predictor of tumor recurrence in
patients with cancer of the upper aerodigestive tract. J Natl Cancer Inst 1998;90:243-5.

Cloos J, Leemans CR, van der Sterre MLT, Kuik DJ, Snow GB, Braakhuis BJM. Mutagen sensitivity
as a biomarker for second primary tumors after head and neck squamous cell carcinoma. Cancer
Epidemiol Biomarkers Prev 2000;9:713-7.

Chang JY, Komaki R, Sasaki R, et al. High mutagen sensitivity in peripheral blood lymphocytes
predicts poor overall and disease-specific survival in patients with stage III non—small cell lung cancer

9



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

5S.

56.

57.

58.

59.

60.

61.

62.

63.
64.

treated with radiotherapy and chemotherapy. Clin Cancer Res 2005;11:2894-8.

Barrett MT, Sanchez CA, Prevo LJ, et al. Evolution of neoplastic cell lineages in Barrett oesophagus.
Nat Genet 1999;22:106-9.

Jenkins GJS, Doak SH, Parry JM, D’Souza FR, Griffiths AP, Baxter JN. Genetic pathways involved in
the progression of Barrett’s metaplasia to adenocarcinoma. Br J Surg 2002;89:824-37.

Lukas J, Parry D, Aagaard L, et al. Retinoblastoma-protein-dependent cell-cycle inhibition by the
tumour suppressor p16. Nature 1995;375:503—6.

Poyurovsky MV, Prives C. Unleashing the power of p53: lessons from mice and men. Genes Dev
2006;20:125-31.

Reid BJ, Prevo LJ, Galipeau PC, et al. Predictors of progression in Barrett’s esophagus II: baseline
17p (p53) loss of heterozygosity identifies a patient subset at increased risk for neoplastic progression.
Am J Gastroenterol 2001;96:2839-48.

Dolan K, Morris Al, Gosney JR, Field JK, Sutton R. Loss of heterozygosity on chromosome 17p
predicts neoplastic progression in Barrett’s esophagus. J Gastroenterol Hepatol 2003; 18:683-9.

Dolan K, Walker SJ, Gosney J, Field JK, Sutton R. TP53 mutations in malignant and premalignant
Barrett’s esophagus. Dis Esophagus 2003;16:83-9.

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

Rabinovitch PS, Longton G, Blount PL, Levine DS, Reid BJ. Predictors of progression in Barrett’s
esophagus III: baseline flow cytometric variables. Am J Gastroenterol 2001;96:3071-83.

Teodori L, Gohde W, Persiani M, et al. DNA/protein flow cytometry as a predictive marker of
malignancy in dysplasia-free Barrett’s esophagus: thirteen-year follow-up study on a cohort of
patients. Cytometry 1998;34:257-63.

Reid BJ, Levine DS, Longton G, Blount PL, Rabinovitch PS. Predictors of progression to cancer in
Barrett’s esophagus: baseline histology and flow cytometry identify low-and high-risk patient subsets.
Am J Gastroenterol 2000;95:1669-76.

Reid BJ, Sanchez CA, Blount PL, Levine DS. Barrett’s esophagus: cell cycle abnormalities in
advancing stages of neoplastic progression. Gastroenterology 1993;105:119-29.

Blount PL, Galipeau PC, Sanchez CA, et al. 17p allelic losses in diploid cells of patients with
Barrett’s esophagus who develop aneuploidy. Cancer Res 1994;54:2292-5.

Paulson TG, Galipeau PC, Reid BJ. Loss of heterozygosity analysis using whole genome
amplification, cell sorting, and fluorescence-based PCR. Genome Res 1999;9:482-91.

Galipeau PC, Prevo LJ, Sanchez CA, Longton GM, Reid BJ. Clonal expansion and loss of
heterozygosity at chromosomes 9p and 17p in premalignant esophageal (Barrett’s) tissue. J Natl
Cancer Inst 1999;91:2087-95.

Vaughan TL, Kristal AR, Blount PL, et al. Nonsteroidal anti-inflammatory drug use, body mass index,
and anthropometry in relation to genetic and flow cytometric abnormalities in Barrett’s esophagus.
Cancer Epidemiol Biomarkers Prev 2002;11:745-52.

Vaughan TL, Dong LM, Blount PL, et al. Non-steroidal anti-inflammatory drugs and risk of
neoplastic progression in Barrett’s oesophagus: a prospective study. Lancet Oncol 2005;6:945-52.

R Development Core Team. R: A Language and Environment for Statistical Computing. R Foundation
for Statistical Computing, Vienna, Austria, 2006.

Hoeijmakers JHJ. Genome maintenance mechanisms for preventing cancer. Nature 2001; 411:366—74.

Herbst JJ, Berenson MM, McCloskey DW, Wiser WC. Cell proliferation in esophageal columnar

10



65.

66.

67.

68.
69.

70.

epithelium (Barrett’s esophagus). Gastroenterology 1978;75:683-7.

Pellish LJ, Hermos JA, Eastwood GL. Cell proliferation in three types of Barrett’s epithelium. Gut
1980;21:26-31.

Gray MR, Hall PA, Nash J, Ansari B, Lane DP, Kingsnorth AN. Epithelial proliferation in Barrett’s
esophagus by proliferating cell nuclear antigen immunolocalization. Gastroenterology
1992;103:1769-76.

Blount PL, Meltzer SJ, Yin J, Huang Y, Krasna MJ, Reid BJ. Clonal ordering of 17p and 5q allelic
losses in Barrett dysplasia and adenocarcinoma. Proc Natl Acad Sci U S A 1993; 90:3221-5.

Ko LJ, Prives C. p53: puzzle and paradigm. Genes Dev 1996;10:1054-72.

Vernole P, Tedeschi B, Tentori L, et al. Role of the mismatch repair system and p53 in the
clastogenicity and cytotoxicity induced by bleomycin. Mutat Res 2006;594:63—77.

Khanna KK, Jackson SP. DNA double-strand breaks: signaling, repair and the cancer connection. Nat
Genet 2001;27:247-54.

11



n number of events number of person-years medianfollow-up in years (range)

Cancer 220 27 1230 6.4 (0.2-10.1)
Aneuploidy 180 23 982 6.3 (0.2-10.1)

Table 1. Distribution of follow-up by outcome.
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# persons %  bleomycin-induced DNA breaks (mean + sd)

Total 220 100.0% 0.69+0.36
Gender

Male 183 83.2% 0.70+£0.36

Female 37 16.8%  0.65+0.38
Age (years)

26-54 66 30.0% 0.67+0.37

55-69 97 44.1% 0.68+0.36

>70 57  259% 0.74+0.37
Tobacco use

Current 24 109%  0.63+0.33

former 123 559% 0.70+0.39

never 73 332% 0.70+0.34
Waist-to-hip ratio®?

<0.900 53 24.1% 0.74+0.39

0.901-0.951 55 25.0% 0.74+0.40

0.952-0.998 56 255% 0.61+0.28

>0.998 55  25.0%  0.68+0.38
NSAID usea

Current 78  355% 0.72+0.39

former 49  22.3%  0.66+0.31

never 93  423% 0.68+0.37

“Interview and anthropometric data taken before baseline for some patients.
bThe waist-to-hip ratio of one patient was not available.

Table 2. Average number of bleomycin-induced breaks per patient at the time of the baseline endoscopy by
selected characteristics (220 patients).
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Cancer Aneuploidy

# breaks events n crude HR (95% P adjusted HR” p events n crude HR p adjusted HR“ p
CD
<0.6 10 110 1.0° 1.0° 7 93 1.00 1.0°
>0.6 17 10  1.60(0.74-3.51) 0 1.63 (0.71-3.75) 0 16 87 2.44(1.00-5.93) <0.05 3.71(1.44-9.53) 0.00
9 24 25 6
<0.8 16 15 1.0° 1.0 12 12 1.0° 1.0°
5 9
>(.8 11 64 1.86 (0.85-4.06) 0.12  1.74(0.74-4.09) 0.20 11 51 2.41(1.06-5.47) 0.04 4.02 (1.64-9.85) 0.002
<0.44 5 50 1.0 1.0° 2 43 1.0 1.0b
>0.44,<0.6 5 55 1.17 (0.33-4.09) 0.81 1.20(0.34-4.23) 0.77 4 46 1.98(0.36-10.8) 0.43 1.90 (0.34-10.54) 0.46
>0.6,< 8 59 1.31(0.43-4.01) 0.64 1.44(0.45-4.61) 0.54 7 47 3.19 (0.66-15.4) 0.15 4.11 (0.81-20.71)  0.09
0.87
>0.87 9 55 2.03 (0.67-6.18) 0.21 1.98(0.61-6.41) 0.25 10 44 5.33(1.17-24.3) 0.03 10.72 (2.19-52.52)  0.003

“HRs and 95% Cls adjusted for age, gender, waist-to-hip ratio, cigarette use, and NSAID use
breference group

Table 3. Crude and adjusted HR for cancer (left columns) and aneuploidy (right columns) by bleomycin sensitivity. HR are adjusted for age, gender (M/F), waist-
to-hip ratio (low/high), tobacco use (never/ever), and NSAID use (current/former/never). Waist-to-hip median was calculated with respect to gender. The first row
of each set of comparisons summarizes the reference groups (patients with <0.6, <0.8, and in the first quartile of bleomycin breaks (<0.44 breaks per cell)), and
the subsequent rows summarize the outcomes and hazard ratios with respect to the reference groups.
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Cancer Aneuploidy

events n crude HR (95% CI) »p events n crude HR (95% CI) »p

17p het

<0.6 3 68 1.0¢ 3 61 1.0°

>0.6 5 80 1.33(0.32-5.57) 0.70 9 67 2.61(0.71-9.65) 0.15
17p LOH

<0.6 6 19 1.0¢ 2 10 1.0°

>0.6 11 14 2.69(0.99-7.31) 0.053 5 5 879(1.68-46.1) 0.01
9p het

<0.6 3 30 1.0¢ 1 25 1.0

>0.6 2 37 0.39(0.07-2.37) 0.31 4 33 292(0.33-26.1) 0.34
9p LOH

<0.6 6 58 1.0¢ 4 47 1.0°

>0.6 14 58 2.30(0.88-5.99) 0.09 11 39 3.64(1.15-11.5) 0.03
TP53 wt

<0.6 4 71 1.0° 5 65 1.0

>0.6 10 84 2.00(0.63-6.38) 0.24 12 69 2.16(0.76-6.14) 0.15
TP53 mut

<0.6 5 15 1.0 0 6 1.0°

>0.6 6 10 2.18(0.66-7.18) 0.20 2 3 — —
pl6 wt

<0.6 7 73 1.0¢ 6 62 1.0

>0.6 12 76 1.50(0.59-3.80) 0.40 13 60 2.21(0.84-5.83) 0.11
pl6 mut

<0.6 3 13 1.0¢ 0 10 1.0°

>0.6 3 16 1.28(0.21-7.65) 079 2 12 — —

“reference group

Table 4. Crude HR for bleomycin sensitivity using cancer and aneuploidy endpoints stratified by tumor
suppressor mutation and LOH status. Bleomycin sensitivity is defined as having >0.6 breaks per cell.
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