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assembly checkpoint dysregulation in radioresistant oesophageal
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Abstract

Purpose Oesophageal adenocarcinoma is an exemplar

model of obesity-associated cancer. Locally advanced

disease is treated with neoadjuvant chemoradiotherapy,

and survival rates are highest in patients demonstrating a

pathological response following neoadjuvant therapy.

Given that 55 % of oesophageal adenocarcinoma

patients are obese, uncovering the effect of adipose tis-

sue on radioresponse is clinically relevant. This study

investigates if adipose tissue activates genomic insta-

bility events in radioresponsive (OE33P) and radiore-

sistant (OE33R) oesophageal cancer cell lines and

tumour samples.

Methods OE33R and OE33P were cultured with adipose-

conditioned media derived from oesophageal adenocarci-

noma patients (n = 10). Anaphase bridges, a marker of

genomic instability, were enumerated in both cell lines

following treatment with adipose media, and normalised to

cell number. Genomic instability is regulated by the spin-

dle assembly complex. Expression of two spindle assembly

complex genes (MAD2L2, BUB1B) was assessed using

qPCR, and validated in patient tumour specimens from

viscerally obese (n = 46) and nonobese patients (n = 41).

Results Adipose-conditioned media increased anaphase

bridging in OE33R (p\ 0.0001), with a threefold increase

in OE33R compared to OE33P (p\ 0.01). Levels of ana-

phase bridges in OE33R cells correlated with visceral

obesity status as measured by waist circumference

(R = 0.709, p = 0.03) and visceral fat area (R = 0.794,

p = 0.006). Adipose tissue altered expression of MAD2L2

in vitro. In vivo, MAD2L2 expression was higher in vis-

cerally obese oesophageal adenocarcinoma patients com-

pared with nonobese patients (p\ 0.05).

Conclusions Anaphase bridge levels are influenced by

obesity and radiosensitivity status in oesophageal adeno-

carcinoma. Furthermore, visceral adipose-conditioned

media stimulates dysregulation of the spindle assembly

complex in oesophageal adenocarcinoma patients.

Keywords Oesophageal cancer � Obesity � Genomic

instability � Radiotherapy

Introduction

The incidence of oesophageal adenocarcinoma is increasing

more than any other cancer in the western world, paralleling

the current epidemic of obesity [1]. In fact, oesophageal

adenocarcinoma is the strongest model of a cancer associated

with obesity, making it the ideal model for studying the

molecular effects of obesity [2]. Visceral adipose tissue

secretes factors in a paracrine and systemic manner, which

facilitates tumour development by promoting the acquisition

of the hallmarks of cancer [1]. One of the emerging enabling

hallmarks of cancer is genomic instability, an established

feature of most forms of cancer and pre-malignant conditions

such as Barrett’s oesophagus, as well as being associated

with obesity [3, 4]. Genomic instability refers to the

increased tendency of the genome to acquire mutations when

the processes involved in maintaining and replicating the
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genome are dysfunctional [3]. We and others have demon-

strated that anaphase bridges are closely related to genomic

instability in human disease [5, 6]. Anaphase bridges consist

of DNA strands connecting the nuclei of daughter cells

which fail to resolve following anaphase in cell division [7].

The majority of anaphase bridges formed will break, giving

rise to structural chromosomal rearrangement, with a net

gain of chromosomal material in one daughter cell, and a

corresponding net loss in the other daughter cell [7]. Acti-

vation of the spindle assembly checkpoint is also essential in

the prevention of genomic instability [8]. Checkpoint defi-

ciencies enable chromosomal rearrangements to be dupli-

cated, leading to genomic amplifications and deletions,

generating a pro-cancer genome [8].

Accumulation of genomic instability events (including

anaphase bridge formation and spindle assembly checkpoint

dysregulation), is associated with poor prognosis across a

range of cancer types, and with resistance to therapy [9, 10].

Obesity may be implicated in the initiation of genomic

instability events [11]. Obesity is associated with poor sur-

vival in a range of cancers including oesophageal, and

studies have demonstrated that visceral obesity is an inde-

pendent predictor of outcome after anti-angiogenic treat-

ment in colorectal and renal cell carcinoma [2, 12, 13]. The

interaction between obesity and treatment response in

oesophageal adenocarcinoma has not been adequately

addressed. Neoadjuvant chemoradiotherapy improves the

overall survival of patients with advanced adenocarcinoma

of the oesophagus according to current Cochrane analysis

[14], meta-analysis [15], and the CROSS-trial [16]. Given

that 55 % of oesophageal adenocarcinoma patients are

obese, the question of whether obesity is associated with

treatment failure following radiation therapy is clinically

relevant [17]. The aim of this study was to assess if visceral

adipose tissue drives genomic instability events, and iden-

tify if these instability events are associated with a

radioresistant phenotype in oesophageal adenocarcinoma.

Materials and methods

Oesophageal adenocarcinoma radioresistant cell line

OE33R and passage matched control OE33P

The human oesophageal adenocarcinoma OE33 cell line

was purchased from the American Collection of Cell

Cultures (ATCC, Virginia, USA). The radioresistant cell

line OE33R was established as previously described [18].

Briefly, the OE33 cell line was exposed to clinically rele-

vant fractionated doses of radiation to create an isogenic

radioresistant subline called OE33R. Parental cells were

mock-irradiated. Both OE33R and its age and passage

matched parental counterpart, OE33P, were cultured as

monolayers in Roswell Park Memorial Institute (RPMI-

1640) medium supplemented with 10 % foetal calf serum

and 1 % penicillin–streptomycin and maintained at 37 �C
in 95 % humidified air containing 5 % CO2.

Patient recruitment and anthropometry

Ethical approval was granted from the St. James’s Hospital

and AMNCH (Adelaide and Meath hospital incorporating

the National Children’s Hospital) Ethics review board. All

oesophageal adenocarcinoma patients undergoing elective

surgical resections were invited to participate. Patients

gave informed consent for sample collection for research.

Body weight, height, visceral fat area and waist circum-

ference were measured and body mass index (BMI) cal-

culated for all patients. Computed tomography (CT)

measurement of visceral fat area is the gold standard

marker of obesity, and was used as the primary indicator of

obesity status in this study [1]. Visceral fat area was cal-

culated by a radiologist using a previously standardised and

validated technique, and visceral fat areas in excess of

130 m2 were classified as obese [19]. All oesophageal

adenocarcinoma tumour samples were assessed as per

standard guidelines and histologically confirmed as oeso-

phageal adenocarcinomas by a pathologist [20].

Adipose tissue processing

Visceral adipose tissue was excised at the beginning of the

surgical resection, and processed according to an adapted

protocol from Fried and Moustaid-Moussa [17, 21]. Adi-

pose-conditioned media (ACM) was prepared as follows: a

5-g sample of minced and washed adipose tissue was

incubated in 10 mL of serum-free M199 media supple-

mented with 50 lg/mL gentamicin (Biosciences; Dublin,

Ireland), for 72 h at 37 �C and 5 % CO2, and the sample

filtered to remove adipose tissue fragments.

Co-culture with adipose-conditioned media

Cells were seeded in 12-well plates at a concentration of

2 9 104 cells/well for anaphase bridge enumeration and

6 9 104 cells/well for spindle assembly checkpoint gene

expression and allowed to adhere. 0.5 mL of the adipose-

conditioned media or M199 control media was added to the

wells and the plates incubated for 24 and 72 h.

Anaphase bridge enumeration

Cells were fixed with 3.7 % paraformaldehyde, stained with

haematoxylin, and washed in 50, 70 and 100 % ethanol

before drying on the bench for 1 h. Anaphase bridges were

defined as one or more interconnected strands between

Clin Transl Oncol (2016) 18:632–640 633

123



daughter nuclei, cells with no interconnecting strands were

scored as negative. Numbers of anaphase bridges were

counted using an Olympus CKX41 (Tokyo, Japan) micro-

scope with objective power of 1009 objective and eyepiece

power of 209. Crystal violet assays were performed at the

same time as anaphase bridge level enumeration to deter-

mine fold change in cell number in OE33P and OE33R cells

following treatment with adipose-conditioned media, to

allow for normalisation to change in cell number. Cells were

seeded in triplicate in 96-well plates at a concentration of

5000 cells/well and allowed to adhere overnight prior to co-

culture with 50 lL adipose-conditioned media or M199

control media for 24 and 72 h at 37 �C. Following 24 and

72 h, the media was decanted. Cells were washed with PBS

and fixed with 1 % glutaraldehyde at room temperature for

15 min. Cells were washed with PBS and stained with

500 lL 0.1 % crystal violet at room temperature for 30 min.

Crystal violet was discarded and the plate washed gently

with tap water, then left to air dry upside down for 10 min.

Cells were resuspended in 400 lL Triton X solution and

incubated on a shaker for 15 min at room temperature.

100 lL of sample was transferred into a 96-well plate. The

absorbance was read at 590 nm in a VERSAMax microplate

reader (Molecular devices, CA, USA). In this study, levels of

anaphase bridges are expressed as fold change in anaphase

bridge numbers normalised to change in cell number in cells.

Real-time PCR

RNA was harvested from OE33R and OE33P cell lines using

the TriReagent protocol. For tissue samples, oesophageal

adenocarcinoma tumour specimens were excised from

patients following recruitment to the upper gastrointestinal

biobank. RNA was extracted using Qiagen Rneasy Mini kit

(Qiagen Inc., CA, USA), and quantified using a Nanodrop

1000 spectrophotometer v3.3 (Thermo Scientific). cDNA

was synthesised by adding random primers (0.5 lg/lL) to

500 ng RNA, heating the sample to 70 �C for 10 min in order

to denature the RNA, and immediately chilling on ice for at

least 1 min. A master mix was added to each sample, con-

taining: RNaseOUT recombinant ribonuclease inhibitor

(1 unit/lL), dNTPs (10 mM, prepared as a 1:1:1:1 ratio of

dATP, dGTP, dTTP and dCTP), Bioscript reverse tran-

scriptase (200 units/lL) in 59 Bioscript reaction buffer.

This mixture was then incubated at 37 �C for 3 h and 70 �C
for 10 min. 1 lL of the resulting cDNA template was used to

investigate gene expression. The reverse transcriptase

enzyme and buffer were purchased from Bioline (Bioline,

Kilkenny, Ireland), all other reagents were purchased from

Invitrogen (Invitrogen Corp., CA, USA). qPCR was per-

formed in the oesophageal adenocarcinoma cell lines and

tumour samples, to quantify mRNA expression of spindle

assembly checkpoint genes relative to the endogenous

control. This was performed using a TaqMan� assay kit

(Applied Biosystems), and 18S was the endogenous control

(18S ribosomal RNA) used for data normalisation. Probe sets

were FAM labelled: 18s Assay ID: Hs 99999901_s1:

MAD2L2 Assay ID: Hs01057448_m1: BUB1b Assay ID:

Hs01084828_m1. Analysis was performed using SDS 2.3

and SDS RQ 1.2 relative quantification software (Applied

Biosystems). Gene expression in cell lines was expressed as

fold increase in expression relative to control. Gene

expression in patient tumour samples was expressed as rel-

ative quantification (RQ) values. One sample was set as the

calibrator for the analysis.

Statistical analysis

Statistical analysis was performed using Graphpad Prism 5

software. All data are expressed as mean ± standard error of

the mean (SEM). When two groups were compared a two-

tailed Student’s t test was used. Correlation between obesity

status and genomic instability events was assessed using

Pearson’s correlation. Comparison of patient cohorts was

performed using the Mann–Whitney U test. For all analysis,

p B 0.05 was considered to be statistically significant.

Results

Adipose-conditioned media stimulates anaphase

bridge formation

Figure 1a shows a representative image of an anaphase

bridge. Adipose-conditioned media used in anaphase bridge

enumeration and spindle assembly checkpoint gene expres-

sion studies was derived from oesophageal adenocarcinoma

patients. Anthropometric data for these patients are sum-

marised in Table 1 (supplementary data). OE33P cells

treated with adipose-conditioned media for 24 h showed a

twofold increase in anaphase bridge formation compared to

OE33P cells exposed to control media only (p\ 0.01).

OE33P cells treated with adipose-conditioned media for

72 h demonstrated significantly lower levels of bridge for-

mation compared to untreated cells (twofold decrease,

p\ 0.0001) (Fig. 1b). Higher levels of anaphase bridge

formation were detected at 24 compared to 72 h (p\ 0.05).

There was no difference in levels of bridging induced by

adipose-conditioned media from nonobese compared to

obese patients (n = 5 obese, 5 nonobese, data not shown).

OE33R cells exposed to adipose-conditioned media for

24 h showed a sixfold increase in anaphase bridge forma-

tion compared to controls (p\ 0.0001). OE33R cells

exposed to adipose-conditioned media for 72 h demon-

strated a twofold increase in levels of anaphase bridge

formation compared to controls (p\ 0.01) (Fig. 1b). This
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increase was significantly higher in cells treated with adi-

pose-conditioned media from obese compared to nonobese

patients (p\ 0.01, n = 5 obese 5 nonobese, data not

shown). Higher levels of anaphase bridge formation were

seen at 24 compared to 72 h (p\ 0.05). Levels of ana-

phase bridging were significantly higher in adipose-con-

ditioned media-treated OE33R compared to OE33P cells at

both 24 (p\ 0.01) and 72 h (p\ 0.0001) (Fig. 1b). There

was no difference in levels of anaphase bridge formation

between untreated OE33P and OE33R cell lines (data not

shown).

Anaphase bridge formation in adipose-conditioned

media-treated cells correlates with obesity status

Levels of anaphase bridge formation in the OE33P cell line

at 72 h, correlated with obesity status as measured by BMI

(R = 0.704, p = 0.05) (Fig. 2a), but did not correlate with

waist circumference or visceral fat area (data not shown).

Anaphase bridge formation in OE33R cells at 72 h corre-

lated with obesity as measured by BMI (R = 0.811,

p = 0.02), waist circumference (R = 0.709, p = 0.03) and

visceral fat area (R = 0.794, p = 0.006) (Fig. 2b–d).

Levels of anaphase bridge formation in OE33P and OE33R

following 24 h of adipose-conditioned media treatment did

not correlate with obesity status (data not shown).

Adipose-conditioned media drives MAD2L2

expression in OE33P and OE33R

There was a sixfold increase in MAD2L2 expression in

OE33P cells following adipose-conditioned media treat-

ment for 24 h (p\ 0.0001). A twofold increase in

expression was detected following adipose-conditioned

media treatment for 72 h (p\ 0.01) (Fig. 3a). Significantly

higher expression was seen following exposure to adipose-
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Fig. 1 Levels of anaphase bridging are enumerated in OE33P and

OE33R cell lines following exposure to adipose-conditioned media

(ACM) for 24 and 72 h. a Representative image of anaphase bridges

enumerated in this study. b Increased bridging is seen in OE33P

following exposure to ACM compared to control media for 24 h

(p\ 0.05), but decreased bridging is seen in OE33P following

treatment with ACM for 72 h. Increased bridging is seen in OE33R

following exposure to ACM for 24 and 72 h. Levels of bridging

induced by ACM are higher in OE33R compared to OE33P at both 24

and 72 h. Data are expressed as fold increase in bridging per fold

increase in cell number in n = 10 patients, results represent the

average from three independent experiments. Analysis was performed

using paired Student’s t test to compare ACM-treated OE33P and

OE33R versus controls, *p\ 0.05, **p\ 0.001, ***p\ 0.0001; an

unpaired two-tailed Student’s t test was used to compare ACM-treated

OE33P cells versus ACM-treated OE33R cells, up\ 0.05,
uup\ 0.001, uuup\ 0.0001. ACM adipose-conditioned media

Table 1 Anthropometric data

for patient adipose-conditioned

media used in anaphase bridge

enumeration and spindle

assembly checkpoint gene

expression studies

Patient Age Gender Body mass

index (kg/m2)

Waist

circumference (cm)

Visceral fat

area (cm2)

1 68 Male 25 95 127.5

2 58 Male 83.0

3 50 Male 23.2 94 87.6

4 46 Male 100.3 17.0

5 58 Male 20.6 80 30.8

6 68 Male 28.8 104 284.8

7 72 Male 30.1 106.7 240.6

8 67 Male 27.2 102 216.8

9 62 Male 33.8 126 383.8

10 71 Male 22.9 88 227.0
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conditioned media from obese compared to nonobese

patients for 72 but not 24 h (p\ 0.05, n = 5 nonobese,

n = 5 obese, data not shown). MAD2L2 expression was

markedly increased in OE33R following adipose-condi-

tioned media treatment for 24 h (tenfold increase,

p\ 0.01), but was unchanged following 72 h of adipose-

conditioned media treatment (Fig. 3a). There was no dif-

ference in MAD2L2 expression in OE33R following

treatment with adipose-conditioned media from nonobese

compared to obese patients (data not shown). MAD2L2

expression was increased in both cell lines in response to

adipose-conditioned media, but this increase was greater in

the OE33R cells compared to the OE33P cells at 72 h

(p\ 0.01) (Fig. 3a). There was no difference in MAD2L2

expression between untreated OE33P and OE33R (data not

shown). Levels of MAD2L2 expression in OE33R cells

following 24 h treatment with adipose-conditioned media

correlated with obesity status as measured by waist cir-

cumference (R = 0.649, p = 0.05) (Fig. 3b).

Adipose-conditioned media upregulates BUB1b

expression

There was a fivefold increase in BUB1b expression in

OE33P cells following 24 h of treatment with adipose-con-

ditioned media (p\ 0.001). In contrast there was a twofold

decrease in BUB1b expression following 72 h of adipose-

conditioned media exposure (p\ 0.001) (Fig. 4a). BUB1b

expression was upregulated sixfold in OE33R cells treated

with adipose-conditioned media for 24 h (p\ 0.01), but

downregulated fivefold in cells treated for 72 h (p\ 0.001)

(Fig. 4b). Following 72 h of adipose-conditioned media

exposure, OE33R cells demonstrated significantly lower

levels of BUB1b expression compared to OE33P cells

(p\ 0.01) (Fig. 4a). There was no difference in BUB1b

expression between untreated OE33P and OE33R cells (data

not shown). There was no difference in BUB1b expression

following treatment with adipose-conditioned media from

nonobese compared to obese patients (data not shown).

BUB1b expression in OE33R cells at 24 h correlated with

obesity status as measured by BMI (R = 0.733, p = 0.04)

and waist circumference (R = 0.716, p\ 0.03) (Fig. 4b, c).

Obese oesophageal adenocarcinoma patients

demonstrate higher expression of MAD2L2

compared to nonobese patients

Expression of MAD2L2 and BUB1b in oesophageal ade-

nocarcinoma tumour tissue samples from nonobese and

obese patients was assessed using quantitative real-time

PCR. Anthropometric data for oesophageal adenocarci-

noma patients is summarised in Table 2 (supplementary
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Fig. 2 Levels of anaphase

bridge formation in OE33P and

OE33R following 72-h

treatment with ACM correlate

with obesity status. a Anaphase

bridge formation in OE33P

correlates with BMI

(R = 0.704, p = 0.05), but did

not correlate with waist

circumference or visceral fat

area (data not shown). Anaphase

bridge formation in OE33R

correlates with b BMI

(R = 0.811, p = 0.02), c waist

circumference (R = 0.709,

p = 0.03), and c visceral fat

area (VFA) (R = 0.794,

p = 0.006). Analysis was

performed using Pearson

correlation coefficient. ACM

adipose-conditioned media,

BMI body mass index, VFA

visceral fat area, R Pearson’s

correlation coefficient
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data). Oesophageal adenocarcinoma tumour samples from

viscerally obese patients (n = 46) demonstrated signifi-

cantly higher levels of MAD2L2 expression compared to

tumour samples from nonobese patients (n = 41, p\ 0.05,

Fig. 5a). There was no difference in BUB1b expression

between tumour tissue from obese (n = 46) and nonobese

patients (n = 41, p = 0.5, Fig. 5b).

Discussion

This study demonstrates that adipose tissue stimulates the

genomic instability events anaphase bridge formation and

spindle assembly complex dysregulation: viscerally obese

oesophageal adenocarcinoma patients demonstrate higher

MAD2L2 expression compared to nonobese patients.
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and adipose-conditioned media (ACM) for 24 and 72 h. Quantitative

real-time PCR was carried out using a specific primer probe for

MAD2L2. a Upregulation of MAD2L2 expression was detected in

OE33P following ACM treatment for 24 (p\ 0.0001) and 72 h
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at 72 h. MAD2L2 expression was not significantly different in ACM-

treated OE33P compared to ACM-treated OE33R at 24 h, but

expression was higher in ACM-treated OE33P cells at 72 h

(p\ 0.001). Data are expressed as mean fold change in

expression ± SEM for n = 10 patients, results represent the average

from three independent experiments. Analysis was performed using

paired Student’s t test to compare ACM-treated OE33P and OE33R

versus controls, *p\ 0.05, **p\ 0.001, ***p\ 0.0001; an unpaired

two-tailed Student’s t test was used to compare ACM-treated OE33P

cells versus ACM-treated OE33R cells, up\ 0.05, uup\ 0.001,
uuup\ 0.0001. b MAD2L2 expression in OE33R at 24 h correlated

with obesity status as measured by waist circumference (R = 0.649,

p = 0.05). Analysis was performed using Pearson correlation coef-
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Fig. 4 OE33P and OE33R cell lines were treated with control media

and adipose-conditioned media (ACM) for 24 and 72 h. Quantitative

real-time PCR was carried out using a specific primer probe for

BUB1B. a ACM upregulated BUB1b expression fivefold in OE33P at

24 h, and twofold in OE33P at 72 h. ACM upregulated BUB1b

expression sixfold in OE33R at 24 h post-ACM treatment, and

fivefold following 72 h of ACM treatment. There was no difference in

BUB1b expression in ACM-treated OE33P cells compared to ACM-

treated OE33R cells at 24 h, but BUB1b expression was significantly

lower in OE33P compared to OE33R cells following 72 h of

treatment. Data are expressed as mean fold change in expres-

sion ± SEM for n = 10 patients, results represent the average from

three independent experiments. Analysis was performed using paired

Student’s t test to compare ACM-treated OE33P and OE33R versus

controls, *p\ 0.05, **p\ 0.001, ***p\ 0.0001; an unpaired two-

tailed Student’s t test was used to compare ACM-treated OE33P cells

versus ACM-treated OE33R cells, up\ 0.05, uup\ 0.001,
uuup\ 0.0001. BUB1b expression in OE33R at 24 h correlated with

obesity status as measured by b BMI (R = 0.733, p = 0.04), and

c waist circumference (R = 0.716, p = 0.03). Analysis was per-

formed using Pearson correlation coefficient. ACM adipose-condi-

tioned media, R Pearson’s correlation coefficient, BMI body mass

index
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Furthermore, anaphase bridge levels are higher in

radioresistant compared to radioresponsive oesophageal

cancer cells.

This is the first study to demonstrate that visceral adi-

pose tissue stimulates anaphase bridge formation in

oesophageal adenocarcinoma. Anaphase bridges are a

functional, mechanistic marker of genomic instability. The

breakage–fusion–bridge cycle links telomere shortening

and anaphase bridge formation. The question of which

exposures or lifestyle factors drive anaphase bridge

Table 2 Anthropometric

details for viscerally obese and

nonobese oesophageal

adenocarcinoma patients

selected for validation of

spindle assembly checkpoint

gene expression

Nonobese (n = 46) Obese (n = 41) p value

Age at surgery (years)* 65 (42–86) 64 (45–83) NSa

Gender

Male/female 35/11 33/8 NSb

Obesity status

Body mass index (kg/m2)* 23.4 (10.1–33.6) 29.3 (18.3–39) \0.0001a

Waist circumference (cm)* 88 (61–109) 101 (85–130) \0.0001a

Visceral fat area (cm)* 73.9 (4.3–158) 211.4 (110.6–381.1) \0.0001a

Neoadjuvant therapy

Yes/no 23/23 21/18 NSb

Pathological T stage NSc

Tis 0 1

T0 5 19

T1 6 0

T2 6 7

T3 29 12

T4 0 1

Tx 0 1

The two cohorts were equivalent except for statistically significant differences in markers of obesity (body

mass index, waist circumference, visceral fat area)

Statistical analysis was performed using Mann–Whitney U test for n = 87 patients

* p\ 0.05, ** p\ 0.001, *** p\ 0.0001, NS nonsignificant

* Values given are median (range); NS not significant
a Analysis performed using Mann–Whitney U test
b Analysis performed using Fisher’s exact test
c Pathological T stage 0–2 compared to pathological T stage 3–4, analysis performed using Fisher’s exact

test
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Fig. 5 MAD2L2 and BUB1B expression levels were determined in

oesophageal adenocarcinoma tumour samples from nonobese and

obese patients using quantitative real-time PCR. a Tumour samples

from obese patients demonstrated significantly higher levels of

MAD2L2 expression compared to tumour samples from nonobese

patients (p\ 0.05). b There was no difference in BUB1B expression

in tumour samples from nonobese patients compared to tumour

samples from obese patients. Data are expressed as median relative

quantification (RQ) values ± SEM. Statistical analysis was per-

formed using Mann–Whitney U test, *p B 0.05
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formation has not previously been addressed in the litera-

ture, but telomere shortening in leucocytes has been linked

to obesity and obesity-related conditions such diabetes

mellitus [11]. Telomere shortening in Barrett’s oesophagus

is inversely correlated with subsequent risk of adenocar-

cinoma [6]. Our study further highlights the link between

obesity and genomic instability in oesophageal

adenocarcinoma.

Anaphase bridge formation correlated with obesity sta-

tus as measured by body mass index, waist circumference

and, importantly, visceral fat area. Visceral fat area is the

gold standard marker of obesity and visceral fat is more

metabolically active than subcutaneous fat, therefore one

would expect the downstream effects of obesity to correlate

with visceral rather than overall adiposity [17].

Live cell imaging showed that the majority of anaphase

bridges formed will break, usually unevenly, giving rise to

structural chromosomal rearrangement [22]. In this study,

adipose-conditioned media induced anaphase bridge for-

mation in both OE33P and OE33R cells, but bridging was

significantly higher in OE33R. Anaphase bridge formation

was maximal at 24 h, in keeping with previous reports that

levels of bridges decrease by 72 h in accordance with

preferential breakage fate of bridges during cell division

[22].

This is the first study demonstrating that increased levels

of anaphase bridge formation are associated with radiore-

sistance, and that levels of anaphase bridges correlate with

obesity status in radioresistant cells. Genomic instability is

associated with intrinsic taxane resistance in ovarian cancer

and multi-drug resistance in colorectal cancer [9, 10].

Telomere dysfunction has been associated with altered

radiosensitivity [23, 24]. Telomerase-deficient Terc-/-

mice that also demonstrated telomere shortening and

increased anaphase bridge formation exhibited a

radiosensitive phenotype associated with accelerated mor-

tality [23]. Anaphase bridge formation is easily measured

in vitro. Due to the heterogenous cell population typical of

tumour samples, and low proportion of cells in this tran-

sient configuration, anaphase bridge quantification in

patient samples is much more difficult. Thus anaphase

bridge measurement has limited usefulness as a biomarker

of radiosensitivity in vivo [5].

Our group has demonstrated that the radioresistance of

the OE33R cells is due at least in part to alterations in DNA

damage repair efficiency [18]. Anaphase bridges are asso-

ciated with DNA double strand breaks (DSBs) [25]. While

the majority of DSBs are repaired correctly, restoring the

original chromosome structure, misalignment of two non-

matching ends may also occur resulting in anaphase

bridges and chromosomal instability [25]. Non-homolo-

gous end joining (NHEJ) acts to prevent anaphase bridges

and in its absence the activity of homologous

recombination (HR) leads to anaphase bridge formation;

intrinsic NHEJ activity correlates with the induction of

anaphase bridges, suggesting a mechanistic link between

genomic instability and radioresistance [25].

Visceral fat area is an independent predictor of outcome

after anti-angiogenic treatment in colorectal and renal cell

cancer, indicating that angiogenic factors produced by

visceral fat may influence tumour progression and response

to chemotherapy [12, 13]. Increasing BMI is associated

with a higher rate of recurrence following adjuvant

chemoradiotherapy in rectal cancer and treatment failure

following radiotherapy in prostate cancer [26, 27]. Visceral

adipose-conditioned media in oesophageal adenocarcinoma

patients is a rich source of adiponectin, leptin and numer-

ous cytokines such as TNF-a, IL-6, monocyte chemoat-

tractant protein-1 (MCP-1), IL-8, IL-10 and VEGF. These

factors have been implicated in tumour progression.

Treatment of oesophageal cancer cells with recombinant

IL-6 and VEGF results in dose-dependent increases in

cellular proliferation, while neutralising VEGF signifi-

cantly reduces cellular proliferation [17]. VEGF is a pro-

angiogenic and survival factor for a variety of solid

malignancies. Recent studies highlighted a role for anti-

VEGF therapies prior to radiotherapy in a variety of

tumour model systems including oesophageal adenocarci-

noma [28]. VEGF is currently under investigation as a

therapeutic target for radiosensitisation in rectal cancer

[29]. We speculate that some of the biologically active

factors in visceral adipose tissue drive genomic instability

events in radioresistant oesophageal cancer cells, implying

that adipokines influence cancer behaviour and response to

therapy.

Adipose-conditioned media upregulates expression of

MAD2L2 and BUB1b in radioresponsive and radioresistant

oesophageal adenocarcinoma in vitro. Obese oesophageal

cancer patients demonstrate increased expression of

MAD2L2 but not BUB1b in their tumour specimens. The

reason for the discordant BUB1B expression in in vitro and

in vivo data is unclear. BUB1b overexpression may be a

tumour-specific effect, and the heterogenous cell popula-

tion typical of tumour samples may mask the effect of

obesity on tumour epithelial cells. Obesity has not previ-

ously been linked with spindle assembly complex disrup-

tion. Studies identifying causal mechanisms for spindle

assembly complex deregulation are lacking, although

oxidative stress has been linked to malfunction of the

spindle assembly complex in yeast [30]. Alterations in

MAD2L2 expression drive tumourigenesis in mice and are

seen in number of human epithelial cancers [31, 32].

BUB1b has a number of roles in the spindle assembly

complex and overexpression of this gene has been reported

in colorectal cancer33. Doak et al. reported both under and

over expression of both MAD2L2 and BUB1b genes in
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Barrett’s oesophagus specimens, but spindle assembly

complex disruption has not previously been documented in

oesophageal adenocarcinoma [34].

Anaphase bridge formation did not correlate with alter-

ations in BUB1b or MAD2L2 expression. Prencipe et al.

demonstrated that deregulation of MAD2L2 was associated

with increased anaphase bridge formation and polyploidy in

breast cancer cell lines [32]. Spindle assembly complex

deregulation is linked to genomic instability in a number of

cancer types, but genomic instability may still occur in the

presence of an intact spindle assembly complex, suggesting

that while both anaphase bridge formation and a compro-

mised spindle assembly complex are conducive to aneu-

ploidy and carcinogenesis, these processes may occur

independently of each other [32, 33]. A weakened spindle

assembly complex may function as a facilitator rather than a

driving force of tumorigenesis.

This study demonstrates a novel role for visceral obesity

in the induction of genomic instability events and high-

lights the complex interaction between obesity, genomic

instability and radioresponse in oesophageal adenocarci-

noma. Identification of the factors driving anaphase bridge

formation could identify shared pathways as potential

preventative and therapeutic targets, enabling the stratifi-

cation of patients based on predicted response to therapy

and ultimately to the manipulation of these factors to

sensitise resistant cells to radiation.
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