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SUMMARY

Oesophageal exposure to duodenogastroesophageal refluxate is implicated in the

development of Barrett’s metaplasia (BM), with increased risk of progression to

oesophageal adenocarcinoma. The literature proposes that reflux exposure activates

NF-jB, driving the aberrant expression of intestine-specific caudal-related homeobox

(CDX) genes. However, early events in the pathogenesis of BM from normal epithe-

lium are poorly understood. To investigate this, our study subjected a 3D model of the

normal human oesophageal mucosa to repeated, pulsatile exposure to specific bile

components and examined changes in gene expression. Initial 2D experiments with a

range of bile salts observed that taurochenodeoxycholate (TCDC) impacted upon NF-

jB activation without causing cell death. Informed by this, the 3D oesophageal model

was repeatedly exposed to TCDC in the presence and absence of acid, and the epithe-

lial cells underwent gene expression profiling. We identified ~300 differentially

expressed genes following each treatment, with a large and significant overlap between

treatments. Enrichment analysis (Broad GSEA, DAVID and MetacoreTM; GeneGo Inc)

identified multiple gene sets related to cell signalling, inflammation, proliferation, dif-

ferentiation and cell adhesion. Specifically NF-jB activation, Wnt signalling, cell adhe-

sion and targets for the transcription factors PTF1A and HNF4a were highlighted.

Our data suggest that HNF4a isoform switching may be an early event in Barrett’s

pathogenesis. CDX1/2 targets were, however, not enriched, suggesting that although

CDX1/2 activation reportedly plays a role in BM development, it may not be an initial

event. Our findings highlight new areas for investigation in the earliest stages of BM

pathogenesis of oesophageal diseases and new potential therapeutic targets.

Keywords

acid, Barrett’s metaplasia, HNF4alpha, oesophageal adenocarcinoma, reflux,

taurochenodeoxycholate, tissue engineering

Exposure of the lower oesophagus to gastric refluxate [gas-

tro-oesophageal reflux disease (GORD)] is a critical factor

in the pathogenesis of the metaplastic columnar phenotype

Barrett’s metaplasia (BM). The development of BM places

an individual at risk of developing oesophageal adenocarci-

noma (OAC), which typically has a poor prognosis with

little improvement in survival rates in recent years. Under-

standing BM pathogenesis is essential if we are to develop

scientifically rational strategies to reduce OAC mortality.

The development of dysplasia and progression to carci-

noma reflects the acquisition of increasing genetic damage,

but the mechanism and precise refluxate components which

lead to BM are less well understood. Studies suggest that

reflux exposure ultimately leads to transcriptional activa-

tion of members of the caudal-related homeobox (CDX)

gene family, resulting in inappropriate differentiation

towards a columnar, intestinal phenotype (Wong et al.

2005). NF-jB activation is observed in BM tissue (Konturek
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et al. 2004), increasing with progression from normal tissue

to OAC (O’Riordan et al. 2005), and is implicated in the

aberrant expression of CDX2 (Debruyne et al. 2006).

The gene expression profiles of BM and OAC tissue sam-

ples have produced diverse results, potentially reflecting dif-

ferences in sample production, data analysis and the

presence of contaminating tissue types. Nevertheless, it is

possible to discriminate between squamous (normal) and

columnar (BM/OAC) epithelia on the basis of their tran-

scriptomes (Fox et al. 2005; Gomes et al. 2005) although

discriminating between BM and OAC is less successful

(Wang et al. 2006; Nancarrow et al. 2011).

Other studies have evaluated gene expression changes in

cell lines exposed to acid or bile. However, the relevance of

data from immortalized or established OAC cell lines to the

initial development of BM is questionable; conventional cell

culture systems omit important cell–cell and cell matrix inter-

actions, and there is little published data using primary cells

or models that more closely reflect the native human oesoph-

agus. In vivo animal models, incorporating the artificial

induction of GORD, can provide a more relevant microenvi-

ronment, but the manipulation of specific reflux components

becomes technically challenging. There is also species

variation in dietary impact on refluxate composition. There-

fore, animal experiments may not reflect the events occurring

within the human oesophagus. A barrier to progress has been

the lack of appropriate experimental models.

We recently described a 3D oesophageal model with an

anatomically realistic squamous epithelium, incorporating

primary human oesophageal squamous (HOS) cells,

oesophageal fibroblasts (HOFs) and a porcine oesophagus-

derived matrix (Green et al. 2010). We now report the use

of this model to investigate early events in BM development,

providing data that are difficult to obtain in other ways.

The model is, however, labour intensive and less suitable

for screening multiple compounds. Consequently, we first

investigated the impact of the bile salt components of reflux

using immortalized oesophageal squamous (HET-1A) cells.

As NF-jB activation appears to play a critical role in early

BM development, we studied the effect of individual bile

salts at neutral pH and pH 4, to identify the bile salts that

impact upon NF-jB activation without causing cell death.

The bile salts used reflected those observed in GORD (Kauer

et al. 1997). Informed by these results, we repeatedly

exposed our oesophageal model to taurochenodeoxycholate

(TCDC) with and without acid and examined changes in

the epithelial gene expression profile.

Materials and methods

All materials were purchased from Sigma-Aldrich (Dorset,

UK) unless otherwise stated.

HET-1A cell culture

HET-1A cells (ATCC-LGC, Middlesex, UK) were cultured

in serum-free BRFF-EPM2 media (Axxora, Nottingham,

UK). The medium was replaced every 3–4 days, and cells

were passaged at 80% confluency.

Effect of pulsatile exposure to bile salts on HET-1A cells

HET-1A cells were seeded in the inner 60 wells of a 96 well

plate (3 9 104/well). After 24 h, cells were exposed to bile

salts at pH 7.4 or pH 4, with two 10 min treatments per day

for 3 days. The bile salts used (13 lM–1.3 mM) were glycoch-

olate (GC), glycodeoxycholate (GCDC), glycochenodeoxycho-

late (GDC), taurocholate (TC), TCDC and taurodeoxycholate

(TDC). Cells were then cultured for 24 h before determining

cell metabolic activity by 1-(4,5-dimethylthiazol-2-yl)-3,5-

diphenyltetrazolium bromide (MTT-ESTA) assay.

MTT-ESTA assay

Cells were incubated with MTT-ESTA (0.5 mg/ml in PBS,

40 min, 37 °C). Acidified isopropanol (200 ll) was added

and absorbance measured at 540 nm with a protein refer-

ence of 630 nm subtracted. Activity was calculated as a per-

centage of the control.

High content analysis of NF-jB translocation

Cells were exposed to bile salts (400 lM) at pH 7.4 or pH 4,

with two 10-min treatments per day for 3 days. The bile salts

used were as described above. Cells were cultured for a further

24 h, fixed in 1% formalin (30 min), washed 92 in PBS and

stored in PBS (4 °C) prior to imaging. Positive controls were

treated with IL1-a (10 ng/ml). Immunofluorescent staining of

NF-jB p65 subunit and high content analysis was performed

by Imagen Biotech (Cheshire, UK). Six out of a possible 50

fields of view were analysed at random per well. Total fluores-

cence and nuclear–cytoplasmic ratios were calculated.

Primary human oesophageal squamous epithelial cell and
human oesophageal fibroblast isolation and culture

Oesophageal tissue samples were taken from disease-free,

background tissue proximal to any macroscopic pathology.

Cells were isolated and cultured as described previously

(Green et al. 2010). Human oesophageal squamous cells

were used between passage 1 and 4, while HOFs were used

between passages 4 and 9.

Ethical approval

Oesophageal tissue samples were obtained with informed

consent and appropriate ethical approval (Human Tissue

Bank licence number 12179 and SSREC 165/03) from

patients undergoing gastric or oesophageal surgery.

Production of 3D oesophageal mucosal model

The production of a 3D oesophageal mucosal model has been

described previously (Green et al. 2010). Briefly, porcine
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oesophagus was dissected along the lamina propria and the

muscularis propria discarded. The epithelium was removed

by incubating tissue pieces (5 cm2) in 1 M NaCl, 200 IU/ml

penicillin, 200 lg/ml streptomycin, 1.25 lg/ml amphotericin

B (72 h, 37 °C) and the tissue sterilized in glycerol solution

(80%, 90% for 24 h each, 100% for >4 months). Prior to

use, the de-epithelialized oesophagus (DEO) was re-hydrated

in PBS and sterility tested (DMEM, 24 h, 37 °C).
Human oesophageal fibroblast cells (1 9 105) in 100 ll

fibroblast culture medium (Green et al. 2010) were seeded

on the DEO submucosal surface and medium replaced every

3–4 days. After 1 week, HOS cells (1 9 106) were seeded

on the mucosal side in 100 ll Composite Medium I (Green

et al. 2010). After 2 days, medium was switched to Com-

posite Medium II, and after a further 2 days, the composites

lifted to an air–liquid interface in Composite Medium III.

The medium was replaced every 3–4 days and the compos-

ites maintained at air–liquid interface for 16 days.

Practical limitations prevent the model incorporating fi-

broblasts and epithelial cells from the same patient; conse-

quently fibroblasts from one patient were used throughout

to limit variability arising from epithelial/stromal interac-

tions (Green et al. 2011).

Acid and taurochenodeoxycholate treatment of 3D
cultures

From 5th day at air–liquid interface, the composites were

exposed to simulated reflux twice a day for 11 days. Cul-

tures were submerged (10 min, 37 °C) in one of four solu-

tions – Composite Media III at pH 7.4 +/� 400 lM TCDC

or pH 4 +/� 400 lM TCDC. Cultures were rinsed in PBS

and returned to air–liquid interface.

The epithelial cells used in this study were obtained from

three different patients, (Patients 1, 2 and 3). Two separate

experiments (A and B) were performed using the cells from

each patient to produce technical replicates. In a single

experiment, four oesophageal composites were grown using

the cells from one patient, and each was exposed to a differ-

ent insult (control, pH 4, TCDC or TCDC pH 4). This

regime resulted in 24 separate composites, referred to by

patient number, experiment and treatment (i.e. 1A control

through to 3B TCDC pH 4).

After the final treatment, each culture was bisected, half

was fixed (10% formalin) for histological/immuno-histo-

chemical study, and the other was submerged in Medium III

and the epithelium removed by gentle scraping. The epithe-

lial cells were pelleted, washed in PBS and stored (�80 °C)
prior to RNA isolation. Total RNA was isolated using the

mirVana RNA isolation kit (Ambion, Austin, TX, USA)

following the manufacturer’s procedure.

Histology and immunohistochemistry

Formalin fixed samples were wax embedded, sectioned and

stained with haematoxylin and eosin (H&E). All immuno-

staining was performed with the Dako Autostainerplus using

the Flex+ visualization kit and DAB. The following primary

antibodies were used: Ki67 (Clone MIB1, 1:100; Dako, Ely,

UK); claudin-4 (Clone 3E2C1, 1:200; Invitrogen, Paisley,

UK), p63 (Clone 7JUL, 1:25; Leica, Milton Keynes, UK)

and p27 (Clone SX53G8, 1:100; Dako), P1-HNF4a (Clone

K9218, 1:200; Abcam, Cambridge, UK), P2-HNF4a (Clone

H6939, 1;100; R&D Systems, Abingdon, UK), broad

spectrum HNF4 (NB100-92338, 1:100, Novus Biologicals,

Cambridge, UK), HNF4c (Clone B6502A, 1:100; Abcam).

Heat-induced epitope retrieval was performed for all anti-

bodies using the Dako PT module with high pH buffer for

claudin-4, p63, P1-HNF4a and HNF4c and low pH buffer

for Ki67, p27, P2-HNF4a and broad spectrum HNF4.

Mouse IgG and TBS buffer were used as controls. Samples

were counterstained with haematoxylin.

Affymetrix analysis

Twenty-four RNA samples were isolated and named, as

described for the composites. RNA quality (2100 Bioanalyz-

er, RNA 6000 Nano LabChip; Agilent, Santa Clara, CA,

USA) and quantity (NanoDrop 1000 spectrophotometer)

were assessed. Equal amounts of RNA were combined as

follows: 1A control, 2A control and 3A control were pooled

to produce A control while 1B control, 2B control and 3B

control produced the duplicate B control. This was per-

formed for all four treatments, resulting in eight samples (A

and B duplicates) for Affymetrix analysis. Pooling was per-

formed to reduce the impact of interpatient variability.

Single-stranded DNA was produced from 150 ng of

pooled total RNA, according to the manufacturer’s instruc-

tions (Ambion WT Expression kit; Life Technologies, Pais-

ley, UK). The Affymetrix sense target labelling protocol

was used to fragment 5.5 lg single-stranded DNA and ter-

minal deoxynucleotide transferase to end-label fragments

with biotin. End-labelling was verified by gel shift assay as

described in the Affymetrix protocol. At each stage, Agilent

Bioanalyser and NanoDrop checked product quality and

quantity.

DNA was applied to Human Exon 1.0 ST GeneChips

(Affymetrix, High Wycombe, UK), following manufacturer’s

protocols. Following stringency washes, chips were stained

and scanned and Expression Console (Affymetrix) used for

quality control metrics. The data have been deposited in

NCBI’s Gene Expression Omnibus (Edgar et al. 2002) and

is accessible through GEO Series Accession Number

GSE45380. (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE45380).

Bioinformatics

Downstream analysis of Affymetrix data was performed

using Propagating Uncertainty in Microarray Analysis

(puma) software (Pearson et al. 2009; Liu et al. 2013).

A posterior probability of positive log ratio (PPLR) >0.7
or <0.3 indicated upregulation or downregulation respec-

tively. Posterior probability of positive log ratio utilizes a
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Bayesian approach to calculate the probability of differential

gene expression based on the observed intensity and within-

chip variance of each probe set (Liu et al. 2006).

Enrichment analysis was performed using the software

packages MetacoreTM (GeneGo, St Joseph, MO, USA) and

DAVID Bioinformatics Resources 6.7 (Huang et al. 2009a,

b) for canonical pathway and Gene Ontology (GO) analysis,

and MetacoreTM and Broad GSEA (Mootha et al. 2003;

Subramanian et al. 2005) for transcription factor analysis.

For Broad GSEA analysis, Ensembl Gene Ids generated by

puma were first converted to Associated Gene Name by En-

sembl Biomart (Kinsella et al. 2011). The Partek Genomics

Suite was used to analyse alternative splicing events. The

probeset intensities for each exon were normalized to the

mean intensities for the gene as a whole.

qRT-PCR

250 ng total RNA from the Universal RNA and the samples

was converted to cDNA using the QuantiTect system (Qiagen,

Manchester, UK) following the manufacturer’s instructions.

Primers were designed and optimized for HNF4a exon1 (For-

ward: GCCATGGTCAGCGTGAAC, Reverse: CGTTG

AGGTTGGTGCCTTCT) and human actin (Forward: TCCC

CCAACTTGAGATGTATGAAG, Reverse: AACTGGTCT

CAAGTCAGTGTACAGG). Reaction conditions were as fol-

lows, in duplicate: cDNA 12.5 ng (1 ll), Agilent Brilliant III
SyBr green (5 ll), 1 ll primers (300 nM) and nuclease-free

water to 10 ll; in PCR conditions, after initial denaturation

(95 °C, 10 min), products were amplified (40 cycles – 95 °C,
15 s and 60 °C, 1 min). The relative amounts of exon 1Dwere

compared to actin and the control results set to 1.

Statistical analysis

Cell metabolic activity, NF-jB activation and histology

results were assessed by two-way ANOVA with Bonferroni

post-test. The overlap for the differentially regulated gene

lists was compared using chi-squared test. Alternative splic-

ing results were analysed by ANCOVA.

Results

Cell metabolic activity and NF-jB activation in HET-1A
cells following brief, pulsatile exposure to bile salts in
the presence and absence of acid

Ten-minute exposure, twice a day for 3 days, to bile salts at

pH 7.4 caused no significant decrease in HET-1A metabolic

activity at the range of concentrations tested. However, at

pH 4, 400 lM GDC and GCDC produced a significant

decrease, suggestive of significant toxicity (Figure 1). The

taurine conjugates were without effect, at concentrations up

to 1 mM, at pH 7.4 and pH 4.

Subsequent experiments used 400 lM bile salts as a bio-

logically relevant concentration. HET-1A cells exposed to

pulsatile insults were analysed for NF-jB nuclear transloca-

tion. No significant change in the total amount of NF-jB
within the cells was detected following any treatment at pH

7.4 (Figure 2a). There was a significant decrease in NF-jB
for all samples at pH 4; however, when compared to the

pH 4 acid treatment alone, no significant differences were

detected, indicating reduced levels were due to acid expo-

sure alone.

In contrast, significant increases were observed in the

nuclear–cytoplasmic ratio (Figure 2b) indicative of NF-jB
translocation and activation. At pH 7.4, the ratio was low

(<0.25), but pulsatile exposure to TCDC induced a doubling

in nuclear translocation (0.5, P < 0.01). At pH 4, the ratio

increased to ~1.0 without bile salts (P < 0.0001) and was

further increased by GDC and TCDC (1.9 and 1.6, respec-

tively, P < 0.05).

Taurochenodeoxycholate was the only bile salt that

induced NF-jB activation at pH 7.4 and pH 4 without a

detrimental effect upon metabolic activity and so became

the focus for the remaining experiments.

Gene expression profiling

Gene expression data for the oesophageal epithelium were

obtained following pulsatile exposure to acid and/or TCDC.

As we sought changes in gene expression patterns rather

than individual, highly dysregulated genes, relatively liberal

inclusion thresholds were applied at this stage, and all genes

with a PPLR value of <0.3 or >0.7 were catalogued. Micro-

array data were obtained from the Human Exon 1.0 ST

GeneChip, which provides data down to the exon level, but

analysis primarily focussed upon gene level changes.

Propagating Uncertainty in Microarray Analysis identified

~300 differentially regulated genes for each treatment, with

673 genes identified as differentially expressed with one or

more of the treatments and a large and significant

(P < 0.0001) overlap of genes affected between treatments

(Figure 3). Enrichment analysis examined the relationships

between these genes. This was performed on the combined

list of 673 differentially regulated genes and the individual

gene lists for each treatment.

MetacoreTM and DAVID analysis of the dysregulated genes

following acid, bile or acidified bile treatment highlighted

enriched canonical pathways. Table 1, ranked by lowest P-

value (P < 0.05), indicates those pathways identified in more

than one data set. A list of GO processes (Table 2) over-rep-

resented in the differentially expressed lists and identified in

more than one data set was also produced and ranked by low-

est P-value (P < 0.005), together with analysis of the broad

GO categories of the genes affected by the treatments

(Figure 4). Pulsatile exposure to acid or TCDC alone resulted

in dysregulation of genes involved in cellular processes

(GO:0009987), while TCDC exposure also resulted in

changes in metabolic processes within the cell (GO:0008152).

There was also a lesser impact upon genes involved in cellular

organization (GO:0016043) and establishment and mainte-

nance of cellular localization (GO:0051179). Following pul-

satile exposure to acidified TCDC, 50% of the identified
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Figure 1 Effect of bile salts on metabolic activity of HET-1A cells. Cells were subjected to pulsatile exposure to individual bile salts
at pH 7.4 and pH 4. Metabolic activity was measured as a percentage of control cells treated with pH 7.4 media. Differences were
calculated between treatments and control by one-way ANOVA and Bonferroni post-test. Significant decreases in metabolic activity are
indicated by **(P < 0.01) and ****(P < 0.0001).

(a) (b)

Figure 2 The effect upon (a) total levels of NF-jB and (b) NF-jB localization from pulsatile exposure of HET-1A cells to bile salts in
the absence and presence of acid. Results from all treatments were compared to the pH 7.4 control using ANOVA with Bonferroni
post-test. Statistical significance is indicated by **(P < 0.01), ***(P < 0.001) and ****(P < 0.0001). Results from bile treatment at
pH 4 were also compared to the pH 4 only control using ANOVA with Bonferroni post-test (shown in grey *P < 0.05).
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genes showing changes in expression were in the GO develop-

ment process class (GO:0032502), while cell component

organization (GO:0016043) and biological adhesion

(GO:0022610) were also represented to a lesser extent. Sig-

nificantly over-represented targets and transcription factors

with over-represented interacting genes or proteins, identified

in more than one data set, are listed (Table 3, ranked by low-

est P-value – P < 0.05).

Similarities were observed in the processes, and transcrip-

tion factors enriched following the three treatments. All

treatments resulted in enrichment in cell adhesion, epithe-

lium development and target enrichment for PTF1A. There

were further similarities between the responses to TCDC or

acid when applied separately, including epithelial differentia-

tion and Wnt signalling. The responses to acid alone and

bile alone were more similar than the response to acidified

bile, where a greater number of transcription factor targets

were enriched.

qRT-PCR quantification

Alternative splicing analysis revealed probeset ID 3886468

was upregulated in pH 4 and/or TCDC treatments. This

corresponds to exon 1D in 50 HNF4a UTR and is used

when the P1 promoter is activated. qRT-PCR analysis was

performed to confirm these results. Under these conditions,

carrying out a ddCt calculation (Livak & Schmittgen 2001),

the concentration of exon 1D increased following exposure

to acid alone or in conjunction with TCDC (Figure 5),

although it did not reach statistical significance (with further

analysis limited by material availability).

Histology and immunohistochemistry of 3D composites
following pulsatile exposure to taurochenodeoxycholate
in the presence and absence of acid

Following 11-day pulsatile exposure to TCDC and/or acid,

the epithelial morphology was compared to the control. In

Figure 3 Venn diagram with values indicating the number and
extent of overlap for the differentially expressed genes in the
epithelium of the oesophageal model following pulsatile
exposure to acid and/or taurochenodeoxycholate compared to
the control. Results are given for posterior probability of
positive log ratio <0.3 or >0.7.

Table 1 Canonical pathways showing most significant over-representation in the differentially expressed gene list, ranked by lowest

P-value (P < 0.05)

Gene Set Name

P-value

DAVID
MetacoreTM

All pH 4 TCDC TCDC pH 4 All

Cadherin-mediated cell adhesion (Metacore)

REACTOME adherens junctions interactions (DAVID)

0.0533 0.0595 0.00007

KEGG steroid biosynthesis 0.0006 0.0253 0.00014
WNT signalling pathway 0.0561 0.03619 0.02416 0.0007

REACTOME transformation of lanosterol to cholesterol 0.0112 0.0366 0.0030

REACTOME metabolism of lipids and lipoproteins 0.0086 0.03261 0.05383

BIOCARTA IFN c signalling pathway 0.0091 0.08079
BIOCARTA internal ribosome entry pathway 0.0125 0.09364 0.04781

BIOCARTA mTOR signalling pathway 0.0300 0.05247 0.01395

ST interleukin 13 pathway 0.0438 0.0181
BIOCARTA proteasome pathway 0.0653 0.0197

REACTOME cholesterol biosynthesis 0.0833 0.0259

ST Jak-STAT pathway 0.0703 0.0298

REACTOME gene expression 0.0348 0.05401
BIOCARTA role of ran in mitotic spindle regulation 0.0362 0.0366

REACTOME metabolism of proteins 0.0708 0.04353

TCDC, taurochenodeoxycholate.
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all cases, there was a mature, multilayered epithelium, with

no significant differences in morphology (Figure 6). Further-

more, no significant differences were observed in the extent

of Ki67, claudin-4, p63 and p27 staining between the vari-

ous treatments (results not shown).

HNF4 expression was assessed in samples of clinically

confirmed BM, adjacent normal oesophagus and composites

(Figure 7). Positive nuclear staining was observed for the

metaplastic glandular elements of BM, the adjacent normal

squamous epithelia and all composite epithelia with a broad

spectrum anti-HNF4 antibody. The HNF4c-specific and iso-

form 1–4 HNF4a-specific antibodies both produced positive

nuclear staining in BM tissue but no staining in normal

tissue or composites. In contrast, the isoform 7–9 specific

HNF4a antibody produced positive nuclear staining in the

metaplastic glandular elements of BM and discernable

positive nuclear staining in the majority of adjacent normal

squamous epithelia (six of seven), although there was

Table 2 Gene Ontology terms showing most significant over-representation in the differentially expressed gene list, ranked by lowest

P-value (P < 0.005)

Gene Ontology Term

P-value

DAVID
MetacoreTM

All pH 4 TCDC pH 4 TCDC All

Regulation of protein kinase cascade 0.0020 0.00014

Regulation of cell adhesion (DAVID)

Integrin-mediated cell matrix adhesion (Metacore)

0.00054 0.00252 0.00349 0.04659 0.0019

Peptidyl-tyrosine phosphorylation 0.0025 0.00037
Epithelial cell differentiation 0.00054 0.01052 0.013748

Epithelium development 0.00087 0.03398 0.01628 0.09239

Proteolysis (DAVID)

Proteolysis in cell cycle and apoptosis (Metacore)

0.01442 0.04585 0.0009

ATP metabolic process 0.0015 0.00390

Positive regulation of I-kappaB kinase/NF-kappaB

cascade

0.0039 0.00196

Positive regulation of signal transduction 0.0033 0.00218

Purine ribonucleotide metabolic process 0.0022 0.00363

Table 3 The transcription factors with over-represented targets or interacting genes and/or proteins in the list of dysregulated genes,

ranked by lowest P-value (P < 0.05)

Transcription factor

P-value

Broad GSEA Broad GSEA MetacoreTM

All pH 4 TCDC pH 4 TCDC

All – over-represented

targets

All – over-represented interacting

genes/proteins

HNF4a 0.00218 0.000732 0.00000382
p65 NF-kB subunit 0.000912

SF1 0.0040 0.0115 0.0295

PTF1A 0.0324 0.0231 0.0560 0.0245
STAT1 0.1020 0.0255

TCF11 < br > MAFG 0.0697 0.0306

TCDC, taurochenodeoxycholate.

Figure 4 The broad Gene Ontology categories significantly
represented by the dysregulated gene lists following pulsatile
exposure of the model oesophagus to acid and/or
taurochenodeoxycholate.
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variation in staining intensity and distribution between

cases. In many cases, the composites also showed clear

nuclear staining, generally within the basal layers. There

was, however, no consistent relationship between intensity

and treatment, with positive staining observed in both

reflux-exposed and control samples.

Discussion

The aim of this study was to investigate how medium-

term pulsatile exposure to specific reflux components

affected gene expression in a 3D model of the

normal human oesophageal mucosa. Gastro-oesophageal

refluxate is a cocktail of bile salts, acid, proteolytic

enzymes and lysolecithin, all of which could potentially

influence BM development, although studies usually focus

upon bile and acid. As the 3D model does not facilitate the

parallel testing of multiple compounds, preliminary work

determined which bile salt should be applied to the 3D

model.

Preliminary 2D experiments

We first used cells grown in 2D culture to devise a simulated

reflux treatment likely to lead to changes in cell physiology.

Taurochenodeoxycholate had the greatest impact upon

NF-jB translocation in both neutral and acid conditions

without a significant reduction in cell metabolic activity

and became the focus for the remainder of the study.

We did not investigate gene expression changes in

the immortalized HET-1A cells; they do not recapitulate

normal differentiation (Green et al. 2010), and changes in

gene expression would bear little relevance to BM develop-

ment.

Our identification of TCDC is in keeping with nutritional,

epidemiological and experimental data pointing to a specific

role for taurine conjugates in BM pathogenesis, with a link

(a) (b)

(c) (d)

Figure 6 H + E staining of organotypic models following 2 weeks pulsatile (2 9 10 min per day) exposure to
taurochenodeoxycholate (TCDC) +/� acid. (a) was exposed to pH 7.4, (b) was treated with TCDC, (c) received pH 4 treatment and
(d) pH 4 and TCDC.

Figure 5 The concentrations of the alternative part of the
50UTR of HNF4a, exon 1, which is driven by P1 promoter
relative to the control, determined by qRT-PCR. Results are
normalized against the pH 7.4 treated control.
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between the ‘western’ high fat diet and BM/OAC. Dietary

sources of taurine are almost exclusively animal-derived;

Wistar rats fed a high animal-fat diet, following surgery to

induce reflux, have more taurine-conjugated bile salts and a

higher incidence of BM and dysplasia (Chen et al. 2007);

BM and severe oesophagitis patients have significantly

greater taurine-conjugated concentrations in their gastric

reflux (Nehra et al. 1999).

(a) (b)

(c) (d)

(e) (f)

(g) (h) (i)

Figure 7 HNF4 immunohistochemical staining of clinically defined Barrett’s metaplasia (BM) and adjacent normal oesophageal
squamous epithelia (left) and composites (right). The antibodies used were anti-HNF4a/c (a, b), anti-HNF4c (c, d), anti-P1-HNF4a,
specific for isoforms 1–4 (e, f) and anti- P2-HNF4a, specific for isoforms 7–9 (g, h and i). Regions of metaplasia (BM) and normal
squamous epithelium (N) within the tissue are labelled. Where both BM and normal tissue are present in the same image, the BM
boundary is indicated with a grey dotted line.
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Gene expression changes in a 3Dmodel of oesophageal
epithelium following pulsatile exposure to
taurochenodeoxycholate in the presence and absence of
acid

Although mixed reflux is most common in GORD patients,

it can also occur as acid only or bile only reflux (Hak et al.

2008), and consequently 3D experiments were carried out

using acid and TCDC separately and in combination.

There is little consensus on the significance of reflux

frequency and duration upon BM development, but total

exposure time rather than frequency may be the most criti-

cal factor (Johnsson & Joelsson 1988). We therefore

employed two 10 min exposures daily to provide 1.4% total

exposure time, which is the same order of magnitude

described in some studies (Richter et al. 1992).

Following 11-day reflux exposure, there were no observa-

ble morphological changes in the epithelium, such as colum-

nar metaplasia, associated with BM. This was of little

surprise following this relatively short period of reflux.

However, by analysing changes in gene expression in the

reflux-exposed normal epithelium, we sought to identify the

very earliest events that occur in BM pathogenesis prior to

phenotypic changes.

Enrichment analysis of the changes in genes expressed fol-

lowing reflux identified multiple gene sets related to cell sig-

nalling, inflammation, proliferation, differentiation and cell

adhesion. Similar results were seen with oesophageal cell

lines exposed to low pH, where changes in genes involved

in inflammation, stress response, proliferation and differenti-

ation were observed (Duggan et al. 2006).

The dysregulated gene lists for each treatment show a

large amount of overlap, illustrating the systematic nature

of the gene lists generated. However, GO analysis also

revealed clear differences in the broad categories of the

genes affected. Pulsatile exposure to TCDC alone induced

changes in metabolic processes, which is unsurprising as bile

acids play an important role in the regulation of metabolism

(Staels & Fonseca 2009). With acidified TCDC, significant

changes were observed in the developmental process cate-

gory. Progression to BM is a metaplastic event characterized

by the aberrant differentiation of cells and may involve

genes normally active during development. Our data suggest

mixed reflux has a greater impact upon developmental pro-

cesses and may explain why patients with mixed reflux are

more likely to develop BM than those with other reflux

forms (Oh et al. 2006).

Analysis of the separate treatments and the combined list

of 673 dysregulated genes highlighted a number of impor-

tant areas, discussed below.

Simulated reflux produces changes in the development of
the oesophageal epithelium and epithelial cell adhesion

All treatments impacted upon the expression of genes

involved in epithelial development. Cell adhesion was also

enriched in all cases, but only became a significant GO

category following acidified TCDC treatment, suggesting

an increased effect with mixed reflux. Tselepis et al.

observed changes in intracellular adhesion with progression

along the metaplasia–dysplasia sequence (Tselepis et al.

2000), and it is proposed that changes in cell adhesion

may permit movement of clonally derived cells along the

epithelium to create a cellular field change (Jenkins et al.

2002).

NF-jB activation is induced by pulsatile acid exposure

Positive regulation of the NF-jB cascade (DAVID) and

interacting genes and proteins for the p65 subunit of NF-jB
(MetacoreTM) underscore NF-jB activation in the model epi-

thelium. Various reflux components have been suggested as

candidates for NF-jB activation in BM. Our data indicate

that acid reflux is sufficient to induce activation in the

oesophageal model, but exposure to TCDC, at either pH, is

not. Taurochenodeoxycholate was selected because it acti-

vated NF-jB in 2D cultures; however, as previously demon-

strated in our laboratory (Sun et al. 2006), cells are

significantly more resistant to insult in 3D co-culture com-

pared to 2D monoculture. This is evidence of the necessity

to evaluate results obtained in 2D using more biologically

relevant 3D experimental models.

Wnt signalling is activated by exposure to acid or
taurochenodeoxycholate alone

The Wnt signalling pathway is significantly overrepresented

in the dysregulated genes following acid or TCDC exposure.

Activated Wnt signalling is critical for normal intestinal

development while oesophagus and stomach formation may

be due, in part, to reduced Wnt signalling (Gregorieff et al.

2004). A recent publication suggests Wnt may play a role in

the transformation from squamous to glandular mucosa

(Moyes et al. 2012), and an increase in intestinal epithelial

proteins was observed in an oesophageal model following

increased Wnt activity (Kong et al. 2011). Increased Wnt

signalling may therefore recapitulate the events that nor-

mally occur during development, promoting a switch from

oesophageal to intestinal epithelium.

Developmental transcription factor targets are enriched
by simulated reflux

Targets for the pancreas-specific transcription factor,

PTF1A, are enriched in all treatments, although PTF1A

expression levels do not change. PTF1A has a role in the

development switch between intestinal and pancreatic fates

(Kawaguchi et al. 2002) and its potential involvement in the

switch from the normal oesophageal epithelium to the

columnar; intestinal phenotype is worthy of further investi-

gation.

HNF4a targets are also enriched following exposure to

acidified bile, suggesting an increase in HNF4a transcrip-

tional activity with mixed reflux. HNF4a plays a role in
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establishing the intestinal epithelial phenotype (Babeu et al.

2009); its induction results in intestinal marker expression in

a mouse oesophageal model (Colleypriest et al. 2011), and it

is enriched in BM (Wang et al. 2009). Furthermore, there is

a putative HNF4a binding site upstream of CDX2, with

HNF4a activating CDX2 in HeLa cells (Benahmed et al.

2008). CDX1/2 transcription factor targets were not

enriched in our study, suggesting a very early role for

HNF4a, potentially upstream of CDX2, in BM pathogenesis.

HNF4a isoform expression may change during Barrett’s
metaplasia development

HNF4a exists in at least nine isoforms, generated by both

alternative promoter usage and C-terminal splicing (Hansen

et al. 2002; Huang et al. 2009c). Isoforms a1 to a6 are ini-

tiated by the P1promoter, while promoter P2 initiates iso-

forms a7 to a9.
Our data indicate that while HNF4a targets are enriched

following acidified bile exposure, HNF4a expression levels

do not change. However, an alternative splicing event occurs

following exposure to acid and/or bile, with upregulation of

the exon encoding the P1 promoter region of HNF4a. This
is in agreement with results obtained by qRT-PCR data

(albeit not reaching significance).

HNF4a has been identified in BM (Wang et al. 2009),

human oesophageal metaplastic tissue (Piessen et al. 2007)

and gastric intestinal metaplasia (Takano et al. 2009) but

has not previously been reported in normal squamous

oesophageal epithelium. Our immunohistochemistry demon-

strates P2-HNF4a isoforms are, in many instances, detected

in both normal and BM tissue, while BM development is

associated with activation of the P1 isoforms.

Conclusion

This study provides the first report on the impact of expo-

sure to particular bile salts upon gene expression in tissue

engineered human oesophageal epithelium, indicating possi-

ble changes in gene expression in the very earliest stages of

BM pathogenesis. We have identified a number of potential

targets for further research to validate these results and

identify the mechanisms by which these changes result in

BM development.

Significant changes in gene expression were observed in a

number of pathways including

� cell adhesion

� epithelial development and differentiation

� Wnt signalling

� NF-jB activation

A high degree of overlap was observed between the dys-

regulated gene lists following acid, bile and acidified bile

treatment, but only acidified bile produced significant

changes in expression of genes within the GO developmental

process category.

Two transcription factors with roles in organ develop-

ment, PTF1A and HNF4a, also had enriched targets

following reflux exposure and are worthy of further investi-

gation in the switch to intestinal phenotype. P2-HNF4a
isoforms are detectable in normal oesophageal epithelium,

but the more transcriptionally active P1 isoforms (Eeckho-

ute et al. 2003) are observed in BM. We propose that the

expression and activation of P1 HNF4 isoforms, driven by

exposure to reflux, including taurine-conjugated bile salts,

could be an early causal event in the development of

columnar metaplasia in Barrett’s oesophagus, upstream of

CDX2 activation.

This preliminary study highlights new areas for further

investigation and provides a biologically relevant experimen-

tal model of the normal human oesophagus for further

in-depth analysis of other factors, including reflux composi-

tion and frequency, on the pathogenesis of BM.
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