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Abstract

Background & Aims: Metaplastic glands buried under squamous epithelium are frequently 

detected in patients with Barrett’s esophagus (BE). This sub-squamous intestinal metaplasia 

(SSIM) might be responsible for cancers that develop despite endoscopic surveillance, and for 

metaplasia recurrences after endoscopic ablation. To determine whether reflux induces BE cells to 

undergo epithelial to mesenchymal transition (EMT) that produces SSIM, we assessed EMT in BE 

cells exposed to acidic bile salts, and in rat and human esophageal tissues.

Methods: We compared markers of EMT and cell motility in transwell and 3-dimensional 

organotypic culture systems among dysplastic BE epithelial cell lines, nondysplastic telomerase-

immortalized BE cell lines (BAR-T), and BAR-T cells exposed acutely or for 20 weeks 

(BEC-20W) to acidic bile salts. VEGFA was inhibited with a neutralizing antibody or CRISPR-

Cas9n and VEGFR2 was inhibited with SU1498 or shRNA, and cells were analyzed by 

immunohistochemistry, quantitative PCR, or immunoblotting for markers of VEGF signaling and 

EMT; cell motility was assessed by transwell. We used immunohistochemistry and quantitative 

PCR to assess EMT markers in the columnar-lined esophagus of rats with surgically induced 

reflux esophagitis and in esophagectomy specimens from patients with BE.

Results: We detected features of EMT (decreased cadherin 1 [CDH1]; increased fibronectin 1, 

vimentin, and MMP2; and increased motility) in dysplastic BE epithelial cell lines and in 

BEC-20W cells, but not in unexposed BAR-T cells. Acute acidic bile salt exposure induced 

expression of the zinc finger E-box binding homeobox 1/2 (ZEB1/2) in BAR-T cells, which 

reduced their expression of CDH1 and increased motility; inhibitors of VEGF signaling blocked 

these effects. Columnar-lined esophagus of rats with reflux esophagitis had increased expression 

of ZEB1/2 and decreased expression of CDH1 compared with controls. Dysplastic BE tissues also 

had significantly increased levels of ZEB1 and significantly decreased levels of CDH1 compared 

with non-dysplastic BE tissues.

Conclusions: In BE cell lines, acidic bile salts induce EMT via VEGF signaling, which 

increases expression of ZEB1/2, repressors of CDH1. These observations suggest that reflux 

induces EMT in metaplastic BE tissues, which promotes development of SSIM.

Keywords

gastroesophageal; EAC; carcinogenesis; esophago-jejunostomy

Introduction

Barrett’s esophagus, the condition in which an intestinal-type metaplastic mucosa replaces 

esophageal squamous mucosa damaged by gastroesophageal reflux of acid and bile, is a 

major risk factor for esophageal adenocarcinoma.1–4 To prevent this deadly cancer, patients 

with Barrett’s esophagus are advised to have regular endoscopic surveillance to detect 

dysplasia, and patients found to have dysplasia are treated with endoscopic eradication 

therapy, which usually includes radiofrequency ablation (RFA) of the metaplastic mucosa. A 
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randomized, controlled trial has demonstrated that RFA frequently achieves complete 

eradication of metaplasia and dysplasia in Barrett’s esophagus, and that RFA can prevent 

dysplasia from progressing to cancer within one year.1 Unfortunately, Barrett’s metaplasia 

recurs frequently after RFA, with rates approaching 10% per year.2, 3 More worrisome is the 

observation that invasive adenocarcinoma occurs at the rate of 0.65% per year after 

apparently successful RFA for dysplasia.2, 3 Therefore, continued endoscopic surveillance is 

recommended, even after complete eradication of Barrett’s esophagus by RFA.4

The etiology of recurrent Barrett’s metaplasia after RFA is not clear, but sub-squamous 

intestinal metaplasia (SSIM) is one possibility. SSIM is the condition in which intestinal-

type metaplastic glands are present underneath esophageal squamous epithelium in the 

lamina propria, where they are hidden from endoscopists. Initially, SSIM was thought to be 

a consequence of incomplete endoscopic ablation procedures that destroyed only the 

superficial layer of Barrett’s metaplasia, leaving behind a viable, deep glandular layer to be 

“buried” by neosquamous epithelium that proliferates to cover the ablation wound.5 

However, recent reports suggest that the large majority of patients with Barrett’s esophagus 

who have never been treated with ablation have SSIM underlying esophageal squamous 

epithelium near its junction with Barrett’s metaplasia.6–8 Conceivably, malignant 

transformation of this highly prevalent and endoscopically-invisible SSIM might contribute 

to the frequent failures that have been reported for endoscopic surveillance in preventing 

cancer in Barrett’s esophagus.9

RFA for Barrett’s esophagus was designed to inflict a thermal injury deep enough to destroy 

the metaplastic epithelium, but superficial enough to prevent submucosal damage that might 

result in esophageal stricture formation.10 Thus, the RFA injury might not reach SSIM 

buried deep in the lamina propria where it is shielded by the overlying stratified squamous 

epithelium. After this incomplete RFA, the residual metaplastic glands would be covered by 

neosquamous epithelium, remaining endoscopically undetectable unless they should grow to 

reach the luminal surface (an event that would be deemed a metaplasia “recurrence”), or 

they undergo malignant transformation (an event that has been documented).4 Despite the 

considerable potential importance of SSIM, little is known about its pathogenesis.

One plausible mechanism for the development of SSIM involves the migration of Barrett’s 

epithelial cells into lamina propria of the adjacent squamous epithelium. This process would 

require the epithelial cells to break their cell-cell connections, pass through the basement 

membrane, and move into the underlying stroma. Such events are key features of epithelial- 

mesenchymal transition (EMT), a process that plays a major role in normal embryonic 

development and wound healing, as well as in the progression of malignancy. During EMT, 

epithelial cells lose their typical epithelial features (e.g. cell-cell adhesion) by 

downregulating epithelial genes such as E-cadherin (CDH1), and acquire mesenchymal cell 

features (e.g. the ability to migrate) by upregulating mesenchymal genes such as fibronectin 

(FN1), vimentin, and matrix metalloproteases (MMPs).11, 12 Since EMT is a reversible 

process, Barrett’s cells acquiring mesenchymal cell migratory ability and invading 

subsquamous lamina propria could then undergo mesenchymal-epithelial transition (MET), 

reverting back into epithelial cells and thus forming SSIM.13
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Non-neoplastic Barrett’s epithelial cells exposed chronically to acid and bile salts in vitro 
undergo malignant transformation and develop features of EMT,14 and rats with reflux 

esophagitis induced by esophago-jejunostomy demonstrate EMT of non-neoplastic 

columnar cells of the adjacent jejunum in the formation of a columnar-lined esophagus 

(CLE).15 In these models, however, it is not clear if EMT is induced directly by exposure to 

acid or bile salts or the result of subsequent malignant transformation, or if EMT is the result 

of the inflammation induced by reflux esophagitis. In experiments described below, we 

explored our hypothesis that refluxed acid and bile salts directly induce Barrett’s epithelial 

cells to undergo EMT that results in SSIM. We correlated our in vitro findings in non-

neoplastic Barrett’s epithelial cell lines with in vivo data using a rat model of reflux 

esophagitis and esophagectomy specimens from patients with neoplasia in Barrett’s 

esophagus.

Materials and methods

Cell lines

We used two non-neoplastic, telomerase-immortalized Barrett’s epithelial cell lines (BAR-T, 

BAR-10T), and two non-neoplastic, telomerase-immortalized squamous epithelial cell lines 

from GERD patients with (NES-B10T) and without (NES-G2T) Barrett’s esophagus; all of 

these cell lines were developed in our laboratory. 16–19 High-grade dysplastic Barrett’s 

epithelial cell lines (CP-B, CP-C and CP-D) were kindly provided by Dr. Peter Rabinovitch, 

Fred Hutchinson Cancer Research Center (Seattle, WA). To establish the BEC-20W cell 

line, BAR-T cells were treated with acidic bile salt medium for 5 minutes a day for 20 weeks 

as previously described20, 21; short tandem repeat analysis confirmed that the BEC-20W cell 

line used in this study was indeed derived from BAR-T. We also used the telomerase-

immortalized esophageal fibroblast cell line (BEF-T) which was derived from endoscopic 

biopsies of a patient with long-segment Barrett’s esophagus.22 Culture conditions for the 

individual cell lines have been previously described. 16, 22, 23 All cell lines were maintained 

at 37°C in a 5% CO 2 incubator. For individual experiments, BAR-T and BAR-10T cell lines 

were seeded equally onto collagen IV-coated wells (BD Biosciences, San Jose, CA) in the 

absence of fibroblast feeder layers, and were maintained in growth medium.

Three dimensional (3D) organotypic cell culture system and immunohistochemical (IHC) 
staining

Organotypic cultures were established based on the previously published method for human 

esophageal epithelial cells. 24 Briefly, acellular collagen matrices using bovine type I 

collagen (Corning, Bedford, MA) were created on the bottom of 24 mm transwell inserts 

(Sigma-Aldrich). To prepare the cellular collagen matrices, BEF-T esophageal fibroblasts 

were suspended in a collagen mixture at a density of 5 × 104 cells/ml. The fibroblast-

collagen matrices were cultured for 7 days in fibroblast growth media. On day 2, the 

fibroblast-collagen matrices were released from the sides of the well to allow for matrix 

contraction. On day 7, Barrett’s epithelial cells BAR-T and BEC-20W were seeded on the 

surface of the fibroblast-collagen matrices at a density of 5 × 105 cells/well in 

epidermalization growth media as per protocol.24 On day 11, the organotypic cultures were 

raised to the air-liquid interface. On day 14, the cultures were harvested and fixed for 1 hour 
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in 10% buffered formalin phosphate before being paraffin- embedded and sectioned for 

H&E and immunohistochemical (IHC) staining. Deparaffinized sections were pretreated 

with 10 mM sodium citrate buffer for antigen unmasking (pH 6.0, boiling temperature, 30 

min), blocked in goat serum (Vectastain ABC kit, Vector Laboratories, Inc., Burlingame, 

CA), incubated with rabbit polyclonal anti-human CDH1 at 4o C overnight (Supplemental 

Table 1), rinsed, and incubated with anti-rabbit secondary antibody (Vectastain ABC kit). 

Signals were amplified using Vectastain ABC kit per manufacturer’s instructions. Targeted 

protein was visualized using diaminobenzidine as substrate.

Acidic bile salt exposure

For individual experiments, cells were cultured in neutral medium (pH 7.2) alone or with 

periodic exposures to acidic media (pH 5.5 or pH 4.0) containing a mixture of conjugated 

bile acids (glycocholic acid, glycodeoxycholic acid [both from Calbiochem, San Diego, 

CA], taurocholic acid, glycochenodeoxycholic acid, taurochenodeoxycholic acid, and 

taurodeoxycholic acid [Sigma-Aldrich, St. Louis, MO] in a 20:6:3:15:3:1 molar 

concentration, total concentration 400 μM) as previously described. 19, 25–27 Neutral or 

acidic bile salt medium was added for times ranging from 5–60 minutes, after which the 

medium was removed and replaced with neutral growth medium. For long term exposures, 

cell were treated with acidic bile salt medium (pH 4.0) for 5 minutes, once a day, for 3 days 

or 1 week.

Rat model of reflux esophagitis and columnar-lined esophagus (CLE)

All earlier animal studies were approved by the animal care committee of the Dallas VA 

Medical Center. We used previously collected tissues from the CLE of rats for whom reflux 

was induced by esophago-jejunostomy (EJ); none of these animals developed neoplasia 

during this study.15 CLE was identified histologically in the portion of esophagus proximal 

to the EJ anastomosis (identified by the embedded suture) by two gastrointestinal 

pathologists (AA, RDO). For qRT- PCR, total RNA was isolated using TRIzol (Invitrogen) 

followed by DNA-free™ DNase Treatment (Ambion, Austin, TX) from CLE at 6, 12, and 

16 weeks after the operation (n=3 per time point). For IHC analyses of Cdh1, Zeb1 and 

Zeb2, formalin-fixed, paraffin-embedded CLE tissues sections were deparaffinized, and 

HIER was completed with either Bond Epitope Retrieval Solution 1 or Solution 2, followed 

by incubation with the primary antibody for 30 minutes (Supplemental Table 1) followed by 

the secondary antibody for 15 minutes. Targeted protein was visualized using 

diaminobenzidine as substrate.

Patient tissues

This patient study was approved by the Institutional Review Board of the Brigham and 

Women’s Hospital. Forty-eight cases of formalin-fixed, paraffin-embedded esophagectomy 

specimens with Barrett’s-associated esophageal adenocarcinoma (N=28) or high-grade 

dysplasia (N=30) were retrieved from the surgical pathology archives of Brigham and 

Women’s Hospital (dates of resection between 1994 and 2009); 10 cases had both Barrett’s-

associated esophageal adenocarcinoma and high grade dysplasia. None of the cases received 

neoadjuvant chemotherapy. T stage ranged from Tis to T3, and N stage ranged from N0 to 

N2.
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IHC of Esophagectomy Specimens

All immunohistochemistry was performed on the Leica (Buffalo Grove, IL) Bond III 

automated stainer, using their Polymer Refine Detection Kit (cat # DS9800). Formalin-fixed, 

paraffin- embedded esophagectomy specimens were deparaffinized, and heat-induced 

epitope retrieval (HIER) was completed with either Bond Epitope Retrieval Solution 1 (H1, 

citrate based, pH 6.0, cat # AR9961) or Bond Epitope Retrieval Solution 2 (H2, EDTA 

based, pH 9.0, cat # AR9640). This was followed by incubation with the primary antibody 

for 30 minutes (Supplemental Table 1) followed by the secondary antibody for 15 minutes. 

Targeted protein was visualized using diaminobenzidine as substrate. Staining intensity of 

epithelial cells was quantitated using an H- score technique. 28, 29 In brief, staining intensity 

for ZEB1, CDH1, and FN1 was scored on a 0–3 scale (0=no staining, 1=faint staining, 

2=moderate staining, 3=strong staining), and the percentage of cells at each staining 

intensity was determined. The H-score was calculated using the formula [3 x (% cells with 

strong staining) + 2 x (% cells with moderate staining) + 1 x (% cells with weak staining)]; 

possible score range 0–300. For areas of invasive carcinoma, staining was assessed along the 

invasive front (the leading 1 mm front of invasion) and compared to remaining tissue (i.e. the 

non-invasive front). Staining also was assessed in areas of high grade dysplasia, and non-

dysplastic Barrett’s metaplasia. ZEB1 staining was assessed in the nuclear compartment, 

FN1 was assessed in the cytoplasmic and membranous areas while CDH1 was assessed in 

membranous areas only. Tissues were evaluated and scored by two gastrointestinal 

pathologists (AA, RDO).

Data analyses

All Western blots were repeated in at least two independent experiments. Quantitative data 

are expressed as the mean ± standard error of the mean (SEM). Statistical analyses were 

performed using an unpaired Student’s t-test with the Instat for Windows statistical software 

package (GraphPad Software, San Diego, CA). For quantitative H score data, statistical 

analyses were performed using a paired Student’s t-test using the GraphPad Prism 7.0 

statistical software package (GraphPad Software, San Diego, CA). For multiple 

comparisons, an ANOVA and the Student-Newman-Keuls multiple-comparisons test was 

performed using the Instat for Windows statistical software package (GraphPad). P values ≤ 

0.05 were considered significant for all analyses.

Results

Dysplastic Barrett’s cells and BEC-20W cells demonstrate features of EMT

We assessed features of EMT in dysplastic Barrett’s cells (CP-B, CP-C, and CP-D) and 

BEC- 20W cells (BAR-T cells treated with acidic bile salt medium 5 minutes each day for 

20 weeks); non-neoplastic BAR-T and BAR-10T served as controls. Compared with BAR-T 

and BAR-10T cells, dysplastic Barrett’s cells and BEC-20W cells showed decreased 

expression of CDH1, and increased expression of FN1 and vimentin by IF (Figure 1A); 

these differences were confirmed by qRT-PCR or Western blot (Supplemental Figure 1A-C). 

By optic morphology, dysplastic Barrett’s cells and BEC-20W cells appeared spindle-shaped 

(Figure 1B&C), and showed significantly higher migration rates in transwell assays (without 

and with a basement membrane- like matrix) than non-dysplastic cells (Figure 1B&C, 
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respectively). Since the BEC-20W cells could degrade a basement membrane-like matrix in 

order to pass through the pores, we performed Western blot for MMP-2, a matrix 

metalloprotease (MMP) involved in the breakdown of extracellular matrix. Compared to 

BAR-T and BAR-10T cells, BEC-20W cells and dysplastic cells exhibited increased 

expression of MMP-2 (Supplemental Figure 1B&C). To evaluate cell migration in a more 

tissue-like context, we established three dimensional (3D) organotypic cultures of BAR-T 

and BEC-20W cells; only the BEC-20W cells migrated deep into the underlying stromal 

equivalent (Figure 1D).

Acidic bile salts induce EMT features in Barrett’s epithelial cells, but not in esophageal 
squamous cells

Next, we treated non-neoplastic Barrett’s cells with a single exposure to acidic bile salts for 

durations ranging from 5–30 minutes. We found that these single exposures decreased 

CDH1 and increased FN1 and MMP-2 protein expression, and increased vimentin mRNA 

expression in BAR-T (Figure 2 A&B) and BAR-10T cells (Supplemental Figure 2 A&B). 

Treatment with a 5- minute acidic bile salt exposure once daily for 3 or 7 days significantly 

increased BAR-T and BAR-10T migration rates in transwell assays (without and with a 

basement membrane-like matrix) (Figure 2 C&D for BAR-T and Supplemental Figure 2 

C&D for BAR-10T). Treatment of organotypic cultures with acidic bile salts for 7 days 

resulted in decreased membranous staining for CDH1 in BAR-T cells, which were seen 

migrating deep into the underlying stromal equivalent (Figure 2E). In contrast, acidic bile 

salt treatment had no apparent effect on CDH1 levels or cell migration in human esophageal 

squamous cells (NES-B10T and NES-G4T) (Figure 2F). These data show that acidic bile 

salts induce EMT features in non-neoplastic Barrett’s epithelial cells, but not in esophageal 

squamous cells.

Zinc finger E-box-binding (ZEB) proteins regulate CDH1 expression and cell migration in 
non-neoplastic Barrett’s epithelial cells

The master regulators that drive EMT by repressing epithelial genes and activating 

mesenchymal genes include the zinc finger family of transcription factors (ZEB1, ZEB2, 

SNAIL, SLUG) and the basic helix-loop-helix transcription factor twist related protein 1 

(TWIST).11 By Western blot, dysplastic Barrett’s cells and BEC-20W cells showed 

markedly greater nuclear levels of ZEB1, ZEB2, SNAIL, and SLUG than BAR-T and 

BAR-10T cells; increased expression of TWIST in the dysplastic cells was not observed 

consistently (Supplemental Figure 3A). To determine which transcription factors mediate 

loss of CDH1 expression in BAR-T cells, we knocked down or overexpressed ZEB1, ZEB2, 

SNAIL, and SLUG using siRNAs or cDNAs, respectively. Efficiency of the siRNAs and 

cDNAs was determined by Western blotting (Supplemental Figure 3B&C). We found that 

knockdown of ZEB1 and ZEB2 markedly increased CDH1 protein, whereas overexpression 

of ZEB1 and ZEB2 markedly decreased CDH1 protein in BAR-T cells (Figure 3A). 

Furthermore, knockdown of ZEB1 or ZEB2 reduced cell migration (Figure 3B), whereas 

stable overexpression of ZEB1 or ZEB2 (Supplemental Figure 3D) increased cell migration 

(Figure 3B). We found that a single exposure to acidic bile salts increased nuclear ZEB1 and 

ZEB2 proteins and reduced CDH1 mRNA expression in BAR-T cells (Figures 3C&D). 
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Knockdown of ZEB1 or ZEB2 eliminated the acidic bile salt-induced reduction in CDH1 

mRNA in BAR-T cells (Figure 3E).

Increased ZEB1 and ZEB2 and decreased CDH1 mRNA levels are found in the non- 
neoplastic, columnar-lined esophagus that developed in rats with surgically-induced reflux 
esophagitis

Having found that acidic bile salts increase ZEB1 and ZEB2 and decrease CDH1 in Barrett’s 

epithelial cell lines, we sought to confirm that these events occur in vivo using CLE that 

develops in rats after reflux esophagitis is induced by EJ (Figure 4A).15 CLE at 12 and 16 

weeks after EJ exhibited significantly lower Cdh1 and significantly higher Zeb1 mRNA 

levels than CLE at 6 weeks (Figure 4B). As previously reported, we found that CLE 

developed in 36 of 52 (69%) rats after EJ. Eleven of the 36 rats with CLE had columnar cells 

identified in the lamina propria underneath esophageal squamous epithelium (Figure 5A). In 

8 of those 11 rats, CLE demonstrated decreased Cdh1 expression focally (2 cases), increased 

Zeb1 (1 case), Zeb2 (4 cases), or both (1 case) (Figure 5B). These findings demonstrate that 

rats with surgically-induced reflux develop CLE and “buried” glands underneath squamous 

epithelium, both with evidence of EMT.

Epithelial cells in high-grade dysplasia in human Barrett’s esophagus demonstrate 
increased ZEB1 and decreased CDH1 expression

To determine whether there is an association between ZEB and EMT-related proteins in 

primary non-neoplastic Barrett’s and Barrett’s-associated neoplastic tissues, we performed 

immunohistochemistry for ZEB1, CDH1, and FN1 on esophagectomy specimens from 

patients with neoplastic Barrett’s esophagus. In 28 specimens with adenocarcinomas, we 

focused on the invasive and non-invasive tumor fronts. Compared to the non-invasive front, 

epithelial cells at the invasive front of esophageal adenocarcinomas demonstrated increased 

immunostaining for ZEB1 and FN1; no apparent loss of membranous immunostaining for 

CDH1 was observed (Figure 6A). We also assessed staining for ZEB1, CDH1, and FN1 in 

30 esophagectomy specimens that had areas of both high-grade dysplasia and non-dysplastic 

Barrett’s metaplasia. Compared to the non-neoplastic epithelial cells, those from areas of 

high-grade dysplasia demonstrated significantly increased immunostaining for ZEB1 and 

significantly decreased membranous immunostaining for CDH1 (Figure 6B). FN1 staining 

was detected in only one case of high-grade dysplasia, and no FN1 staining was found in 

non-dysplastic Barrett’s metaplasia (data not shown).

Acidic bile salts increase VEGF/VEGFR2 signaling to induce EMT features in non- 
neoplastic Barrett’s cells

Having found that ZEBs regulate CDH1 expression in Barrett’s cells in vitro, with 

supporting evidence in human tissues, we investigated upstream mechanisms whereby acidic 

bile salts might increase ZEB expression. Noting that growth factors acting through 

transmembrane receptor tyrosine kinases (RTKs) often stimulate EMT,11 we compared RTK 

protein phosphorylation levels in BAR-T, BEC-20W, and CP-D cells using a phospho-RTK 

array panel of 49 RTKs. Compared with BAR-T, BEC-20W and CP-D cells showed a 

marked increase in phosphorylation of VEGFR2; this was confirmed by Western blotting 

(Supplemental Figure 4 A&B). To link VEGFR2 signaling with EMT in non-neoplastic 
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Barrett’s cells, we stably overexpressed VEGFR2 in BAR-T cells. The VEGFR2-

overexpressing BAR-T cells exhibited an increase in phospho-VEGFR2, an increase in 

ZEB1 and ZEB2, a decrease in CDH1, and an increase in cell migration (Figure 7 A&B). 

Knockdown of VEGFR2 with a specific shRNA (Supplemental Figure 4C) decreased ZEB1 

and ZEB2 mRNA expression (Supplemental Figure 4D), and significantly reduced cell 

migration in BAR-T cells (Supplemental Figure 4E). We next explored whether VEGFR2 

signaling was involved in acidic bile salt-induced EMT in Barrett’s epithelial cells. In BAR-

T cells, acidic bile salt exposure increased levels of phospho-VEGFR2 and its downstream 

pathway proteins phospho-PLCγ1 and phospho-PKCα/β (Figure 7C). Following a single 

15- or 30-minute exposure to acidic bile salts, we found a rapid increase in VEGF-A 

secretion, which remained elevated 24 hours later (Supplemental Figure 5A). VEGF-A 

mRNA expression also increased at 6 and 24 hours after exposure to acidic bile salts 

(Supplemental Figure 5B). Treatment with a VEGF-A neutralizing antibody (VEGF-NA) 

prevented the acidic bile salt-induced increase in VEGFR2 phosphorylation (Supplemental 

Figure 5C), whereas treatment with a VEGFR2-specific inhibitor (SU1498) prevented the 

acidic bile salt-induced increases in ZEB1 and ZEB2 expression and the decrease in CDH1 

protein (Supplemental Figure 5D). VEGFR2 inhibition with a specific shRNA (Figure 7D) 

prevented the acidic bile salt-induced increases in ZEB1 and ZEB2 expression and the 

decrease in CDH1 protein. Genetic deletion of VEGF-A using CRISPR-Cas9n technology 

(Supplemental Figure 6A) significantly decreased the acidic bile salt-induced increase in 

VEGF-A secretion (Supplemental Figure 6B), reduced VEGFR2 phosphorylation (Figure 

7E), and significantly decreased the acidic bile salt-induced increase in cell migration of 

BAR-T cells (Figure 7F and Supplemental Figure 6C). A schematic model summarizing our 

findings is provided in Figure 7G.

Discussion

Our studies have demonstrated EMT features (decreased CDH1 expression, increased FN1 

and vimentin expression, spindled-shaped cell morphology, and migratory ability) in 

neoplastic Barrett’s cells, as well as in non-neoplastic Barrett’s cells treated with acidic bile 

salts for 20 weeks. Non-neoplastic Barrett’s cells exposed only briefly to acidic bile salts 

(≤30 minutes) also develop EMT markers and, when these cells are exposed to acidic bile 

salts for 5 minutes once daily for 7 days, they exhibit increased migration in transwell and 

3D organotypic culture systems. We have found that acidic bile salts induce ZEB 

transcription factors that reduce CDH1 expression in Barrett’s cells and, in rats that develop 

CLE as a result of surgically- induced reflux esophagitis, we have found increased Zebs and 

decreased Cdh1 in their CLE as well as in columnar cells in the lamina propria underneath 

adjacent esophageal squamous epithelium. We have demonstrated robust staining for ZEB1 

with decreased staining for CDH1 in epithelial cells in high-grade dysplastic Barrett’s 

tissues, further supporting a link between ZEBs and EMT in human Barrett’s esophagus. 

Finally, in non-neoplastic Barrett’s cells, we have found that acidic bile salts activate VEGF/

VEGFR2 signaling to induce ZEB upregulation with reciprocal CDH1 downregulation, and 

that inhibition of the VEGF/VEGFR2 axis abolishes these acidic bile salt effects on gene 

expression. These observations establish that acidic bile salts can directly induce non-
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neoplastic Barrett’s epithelial cells to undergo EMT, and support our hypothesis that EMT 

leads to the development of SSIM in patients with Barrett’s esophagus.

It is well established that EMT occurs as part of normal wound healing processes triggered 

by inflammatory cytokines generated during tissue injury and inflammation,30 and that 

neoplastic cells can usurp features of this normal EMT molecular program to enable cancer 

progression and metastasis.31 However, relatively little has been published on the role of 

EMT in non-neoplastic metaplasias. In a mouse model of pancreatic cancer that used a Cre-

lox based system to generate pancreas-specific mutations in Kras and p53 genes, Rhim et al. 
found markers of EMT in areas of acinar-to-ductal metaplasia.32 Before development of 

malignancy, pre-neoplastic pancreatic cells with EMT markers were noted to break through 

the basement membrane and migrate into the stroma, especially in areas of pancreatic 

inflammation.32 Our studies show that inflammation and neoplasia are not required to 

trigger EMT in metaplastic Barrett’s epithelial cells.

As expected, our neoplastic Barrett’s cells did exhibit EMT features spontaneously (i.e. 

without exposure to acidic bile salts). Our BEC-20W cells (non-neoplastic Barrett’s cells 

treated with acidic bile salts for 20 weeks) also showed evidence of EMT, and earlier studies 

showing that BEC-20W cells are not transformed suggest that neoplasia did not contribute to 

their EMT features.20 Furthermore, inflammation clearly did not underlie the EMT of 

BEC-20W cells in cultures that are devoid of inflammatory cells. Nevertheless, we cannot 

exclude the possibility that EMT in BEC-20W cells is caused by their protracted stressful 

culture conditions rather than direct effects of acid and bile salts. However, our observation 

that non-neoplastic Barrett’s cells exposed very briefly to acidic bile salts develop an EMT 

gene expression pattern and the ability to migrate in stromal equivalent culture systems 

(transwell and 3D organotypic) is strong evidence that acidic bile salts can trigger EMT 

directly in Barrett’s metaplasia, in the absence of neoplasia and inflammation.

Loss of the adherens junction protein CDH1, which plays a key role in binding epithelial 

cells to one another, is a fundamental EMT event that is mediated by repressors of CDH1 

transcription including ZEB1, ZEB2, SNAIL, SLUG, and TWIST.33, 34 Through a series of 

knockdown and overexpression experiments, we found that only ZEB1 and ZEB2 were 

linked with CDH1 expression and cell migration in Barrett’s epithelial cells. Smith et al. 
used qPCR to show that, compared to non-neoplastic Barrett’s metaplasia, esophageal 

adenocarcinomas exhibit significantly greater expression of both ZEB1 and ZEB2 mRNA, 

with the greatest increase noted for ZEB1.34 Robust ZEB1 protein expression has been 

found in cells at the invasive front of human tumor tissues (e.g. esophageal squamous cell, 

breast, colorectal and pancreatic carcinomas), with less or no ZEB1 detected in areas of 

well-differentiated tumor cells.35 Using human Barrett’s-associated neoplastic tissues, we 

found increased immunostaining for nuclear ZEB1 in epithelial cells at the invasive front of 

esophageal adenocarcinomas but, for reasons that are not clear, we did not find decreased 

immunostaining for membranous CDH1 in those cells. In contrast, cells from areas of high-

grade dysplasia in Barrett’s esophagus demonstrated both significantly increased 

immunostaining for nuclear ZEB1 and significantly decreased immunostaining for 

membrane CDH1 (compared to non- neoplastic Barrett’s epithelial cells). The finding that 

our Barrett’s cell lines recapitulate the inverse association between ZEB and CDH1 proteins 
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observed in non-cancerous patient tissue specimens supports the validity of these cell lines 

as models for the study of acidic bile salt- induced regulation of EMT in Barrett’s 

esophagus.

In esophageal squamous cell carcinoma, a receptor tyrosine kinase (RTK) has been found to 

contribute to EMT by upregulating ZEB transcription factors.36 We used a phospho- RTK 

array that included 49 RTKs to compare our Barrett’s cell lines, and found that our BEC- 

20W and dysplastic Barrett’s cells exhibited far greater phosphorylation of VEGFR2 RTK 

than our non-neoplastic BAR-T cells. We found this especially interesting because, in earlier 

studies, we had shown that benign and malignant Barrett’s cells secrete VEGF-A that 

initiates proliferative signaling via autocrine/paracrine activation of VEGFR2.37 When we 

treated our non- neoplastic Barrett’s cells with acidic bile salts, we found a rapid increase in 

VEGF-A secretion, and a later increase in VEGF-A mRNA expression. The increase in 

VEGF-A was accompanied by increased VEGFR2 phosphorylation with activation of 

downstream signaling pathways leading to upregulation of ZEBs, downregulation of CDH1, 

and increased cell migration. Inhibition of VEGF/VEGFR2 signaling (by VEGF blocking 

antibody, VEGF-A genetic deletion, pharmacologic VEGFR2 inhibition, or VEGFR2 

shRNA) eliminated these EMT features. These findings show that acidic bile salts induce 

EMT features in non-neoplastic Barrett’s cells by activating VEGF/VEGFR2 signaling.

Our findings support our hypothesis that refluxed acid and bile salts directly induce Barrett’s 

epithelial cells to undergo EMT that results in SSIM, a potential cause of Barrett’s cancers 

that develop despite endoscopic surveillance, and of recurrences of Barrett’s metaplasia after 

apparent complete eradication by RFA. Cotton et al. reported that the large majority of 

recurrent intestinal metaplasia after RFA develops at or within 1 cm proximal to the top of 

the gastric folds.38 Such recurrences could well be due to residual foci of intestinal 

metaplasia, located at the distal margin of the ablated esophageal segment, that are 

stimulated to undergo EMT by ongoing acid and bile reflux and by the acute inflammation 

that accompanies RFA. Recurrences resulting from overlying squamous epithelium 

“shielding” SSIM from RFA destruction might be expected to occur most frequently at the 

proximal margin of the ablation segment (the pre-ablation squamo-columnar junction), 

which appears to be a less common site for recurrence. However, Barrett’s mucosa typically 

contains multiple “squamous islands” throughout its length and, consequently, has multiple 

squamo-columnar junctions where EMT could form SSIM. Although residual, shielded 

SSIM might account for some metaplasia recurrences after RFA, the finding that such 

recurrences usually occur close to the new squamo-columnar junction suggests that EMT of 

residual intestinal metaplasia at the distal margin of the ablation segment might be the 

primary cause.

In conclusion, we have demonstrated that acid and bile salts can directly induce non- 

neoplastic Barrett’s cells to reduce epithelial gene expression, increase mesenchymal gene 

expression, and migrate through a basement membrane-like matrix into an underlying 

stromal equivalent. Moreover, acidic bile salt-induced EMT is a unique property of Barrett’s 

epithelial cells, as similar treatment conditions did not induce EMT in esophageal squamous 

cells. We have shown that acidic bile salts cause the secretion and production of VEGF-A, 

which activates VEGFR2 signaling, leading to increases in the transcriptional repressors 
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ZEB1 and ZEB2 that decrease the expression of CDH1. Thus, acid and bile salts trigger 

molecular events that induce the conversion of epithelial cells into motile cells by EMT, a 

process that may underlie the pathogenesis of SSIM. These observations provide a rationale 

for research on interventions that might reduce EMT by Barrett’s cells as a way to prevent 

recurrent Barrett’s metaplasia after RFA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CDH1 E-Cadherin

CLE columnar lined esophagus

EJ esophagojejunostomy

ELISA enzyme-linked immunosorbent assay

EMT epithelial mesenchymal transition

FN1 Fibronectin 1

GERD gastroesophageal reflux

IF immunofluorescence

IHC immunohistochemistry

MET mesenchymal epithelial transition

MMP matrix metalloproteinase

PLC protein lipase C

PKC protein kinase C

qPCR quantitative polymerase chain reaction

RTK receptor tyrosine kinase

RFA radiofrequency ablation
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SEM standard error of the mean

SSIM subsquamous intestinal metaplasia

VEGF vascular endothelial growth factor

VEGF-NA vascular endothelial growth factor neutralization antibody

VEGFR vascular endothelial growth factor receptor

ZEB Zinc Finger E-Box-Binding
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Figure 1. 
Non-dysplastic Barrett’s cells treated with 20 weeks of acidic bile salt exposure (BEC- 

20W) demonstrate features of EMT. (A) Immunofluorescent staining for CDH1, FN1, and 

vimentin. Cell migration without (B) and with (C) a basement membrane (BM) matrix. (D) 

Cell migration in 3D organotypic culture. Scale bars = 20 µm. For cell migration assays in B 

&C, bar graphs depict the mean ± SEM of three independent experiments. **p<0.01 vs. 

BAR-T; ++p<0.01 vs. BAR-10T.
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Figure 2. 
Acidic bile salts induce features of EMT in non-neoplastic Barrett’s (BAR-T) cells, but not 

in non-neoplastic esophageal squamous (NES) cells. (A) Western blot for CDH1, FN1, and 

MMP-2; β-tubulin served as a loading control. (B) Representative qPCR for vimentin 

mRNA level after acidic bile salt treatment relative to untreated (0 minutes) cells; qPCR 

assays were performed in triplicate in at least two independent experiments. Cell migration 

after 3 and 7 days of acidic bile salt exposure without (C) and with (D) a basement 

membrane (BM) matrix. (E) Cell migration and CDH1 immunostaining of BAR-T cells 

grown in 3D organotypic culture after 7 days of acidic bile salts. Arrows depict membranous 

CDH1 staining. Scale bars = 20 µm. (F) Western blot for CDH1 and cell migration in NES 

cells. Bar graphs depict the mean ± SEM, *p<0.05 and **p<0.01 compared with 0 minutes 

or control; +p<0.05 compared with BAR-10T control. For cell migration assays in C, D, & 

F, bar graphs depict the mean ± SEM of three independent experiments.
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Figure 3. 
ZEB1 and ZEB2 regulate features of EMT in response to acidic bile salt exposure in non-

neoplastic Barrett’s cells. (A) Western blot for CDH1 at 72 hours following siRNA 

knockdown or cDNA expression of SNAIL, SLUG, ZEB1 or ZEB2; β-tubulin served as a 

loading control. Scrambled (Scr) siRNA, empty vector (EV) and non-related E2F1 served as 

controls. (B) Cell migration with knockdown (left panel) or stable overexpression (right 

panel) of ZEB1 or ZEB2. (C) Western blot for nuclear levels of ZEB1 and ZEB2 

immediately following exposure to acidic bile salts for times ranging from 5–30 minutes; 

TFIID served as a loading control. Representative qPCR for CDH1 mRNA level 6 hours 

after exposure to acidic bile salts for times ranging from 5–30 minutes relative to untreated 

(0 minutes) cells without (D) and with (E) knockdown of ZEB1 or ZEB2; qPCR assays were 

performed in triplicate in at least two independent experiments. Bar graphs depict the mean 

± SEM. *p<0.05 and **p<0.01 compared with control, 0 minutes, or non-acidic bile salt 
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treated Scr siRNA. In B &E, cells were transfected with siRNAs for 72 hours. For cell 

migration assays in B, bar graphs depict the mean ± SEM of three independent experiments.
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Figure 4. 
Columnar-lined esophagus (CLE) that develops in rats with surgically-induced reflux 

esophagitis demonstrates markers of EMT. (A) H&E staining of neoglandular epithelium at 

medium power (Scale bar = 100 µM) in the left panel and high power (Scale bar = 50 µM) in 

the right panel (B) Representative qPCR for Cdh1, Zeb1, and Zeb2 mRNA in CLE at week 

6, 12, and 16 post-operatively. For each mRNA, relative levels were normalized to 

cyclophilin. qPCR assays were performed in triplicate in 3 individual animals. Bar graphs 

depict the mean ± SEM. *p<0.05 compared with week 6; +p<0.05 compared with week 12.
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Figure 5. 
In a rat model of reflux esophagitis, CLE with columnar cells in the lamina propria 

underneath esophageal squamous epithelium demonstrates markers of EMT. (A) H&E 

staining of CLE (bracketed region) in the distal esophagus. Right panel showed the enlarged 

bracketed region, indicating extensive subsquamous glands (arrow; scale bar = 200 µM). (B) 

Immunostaining for Cdh1, Zeb1, and Zeb2 in native jejunal epithelium (left side of each 

pair) and CLE with columnar cells in the lamina propria (right side of each pair). Arrows 

indicate columnar cells in the lamina propria with Zeb1 expression. All scale bars = 50 µM 

except for Zeb1 whose scale bar = 25 µM.
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Figure 6. 
Staining for ZEB1, CDH1 and FN1 in (A) the invasive and non-invasive fronts of 

esophageal adenocarcinomas (Scale bar = 200 μm) and (B) high-grade dysplastic and non- 

dysplastic Barrett’s metaplasia (Scale bar = 1000 μm). In non-dysplastic Barrett’s 

metaplasia, ZEB1 is expressed primarily by mesenchymal cells in the stroma and not by 

epithelial cells. Bar graphs depict the mean ± SEM. *p≤0.05; ***p<0.0001.
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Figure 7. 
Acidic bile salts-induce VEGF/VEGFR2 signaling that mediates EMT features in non- 

neoplastic Barrett’s cells. (A) Western blot for phopho-VEGFR2, CDH1, ZEB1, and ZEB2 

in BAR-T cells with and without VEGFR2 overexpression (VR2-Oex) and (B) cell 

migration in BAR-T cells with and without VEGFR2 overexpression. Bar graphs depict the 

mean ± SEM of three independent experiments. **p<0.01 compared with control. (C) 

Western blot for phopho- VEGFR2 and its downstream pathway proteins phospho-PLC-γ1 

and –PKC α/β after exposure to acidic bile salts. (D) Western blot of ZEB1, ZEB2 and 

CDH1 with and without VEGFR2 knockdown by shRNA following acidic bile salt 

exposure; empty vector-containing cells served as control. β-tublin and TFIID served as 

loading controls for whole cell and nuclear lysates, respectively. (E) Western blots for 

phospho-VEGFR2 with and without VEGF-A deletion (VEGF- A∆) following acidic bile 

salt exposure; empty vector-containing cells served as control. (F) Cell migration in BAR-T 
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cells with VEGF-A∆ following acidic bile salt exposure. Bar graphs depict the mean ± SEM 

of three independent experiments. ***p<0.001 compared with corresponding control; ++

+p<0.001 compared with acidic bile salt treated vector control. (G) Schematic model 

demonstrating the EMT-inducing effects of acidic bile salts in non-neoplastic Barrett’s cells. 

Exposure to acidic bile salts causes a rapid increase in VEGF secretion along with a delayed 

increase in VEGF mRNA expression. The secreted VEGF binds in an autocrine/paracrine 

fashion to VEGFR2, resulting in increased expression of ZEB1 and ZEB2, which decrease 

the expression of CDH1 and increase cell migration.
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