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Abstract

Autophagy is a highly conserved mechanism that is activated during cellular stress. We
hypothesized that autophagy may be induced by acid reflux, which causes injury and
inflammation, and therefore contributes to the pathogenesis of Barrett’s esophagus (BE) and
esophageal adenocarcinoma (EAC). Currently, the role of autophagy in BE and EAC is poorly
studied. We quantitatively define autophagy levels in human BE cell lines, a transgenic mouse
model of BE, and human BE and EAC biopsies. Human non-dysplastic BE had the highest basal
number of autophagic vesicles (AVs), while AVs were reduced in normal squamous cells and
dysplastic BE cells, and nearly absent in EAC. To demonstrate a functional role for autophagy in
BE pathogenesis, normal squamous (STR), non-dysplastic BE (CPA), dysplastic BE (CPD), and
esophageal adenocarcinoma (OE19) cell lines were exposed to an acid pulse (pH3.5) followed by
incubation in the presence or absence of chloroquine, an autophagy inhibitor. Acid exposure
increased reactive oxygen species (ROS) levels in STR and CPA cells. Chloroquine alone had a
small impact on intracellular ROS or cell survival. However, combination of chloroquine with the
acid pulse resulted in a significant increase in ROS levels at 6 hours in STR and CPA cells, and
increased cell death in all cell lines. These findings establish increased numbers of AVs in human
BE compared to normal squamous or EAC, and suggest that autophagy functions to improve cell
survival after acid reflux injury. Autophagy may thus play a critical role in BE pathogenesis and
progression.

Keywords
Barrett’s esophagus; autophagy; oxidative stress; esophageal adenocarcinoma; chloroquine

Send reprints and correspondence to: John P. Lynch, MD. Ph.D., Division of Gastroenterology /912 BRB I1/111, 421 Curie Blvd.,
Philadelphia, PA. 19104, Telephone: 215-898-0161, Fax: 215-573-2024, lynchj@mail.med.upenn.edu.
Denotes Co-first authorship status.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kong et al.

Page 2

INTRODUCTION

Esophageal adenocarcinoma (EAC) is associated with approximately 15,000 deaths in the
U.S. annually [1]. Over the past 30 years, EAC incidence has risen at an alarming rate,
making it an increasingly important cause of morbidity and mortality [2]. EAC does not
arise in normal squamous esophageal mucosa but develops in an altered, premalignant
mucosa known as Barrett’s esophagus (BE) [3,4]. BE arises in the setting of chronic gastric
acid and bile reflux that results in injury and inflammation. It is characterized by the
replacement of normal squamous epithelium with a metaplasia consisting of columnar cells
with a morphology and gene expression pattern more typical of intestinal epithelium[3,5].
The prevalence of Barrett’s esophagus is estimated at 15% of patients with gastroesophageal
reflux disease (GERD)[6]. Given the high prevalence of BE, its association with EAC, and
the increasing incidence of EAC, understanding BE pathogenesis is an important unmet
clinical and research objective. However, little is known about the molecular mechanisms
giving rise to BE.

The current paradigm for the induction of BE requires gastric acid and bile reflux to provoke
tissue injury and the release of pro-inflammatory eicosanoids and cytokines[7]. One aspect
of immune system activation with important implications for the induction of metaplasia and
cancer is the increased production of highly reactive free-radical species such as reactive
oxygen species (ROS). These agents contribute to cellular oxidative stress [8]. Interestingly,
bile salts, a common component of GERD refluxate, can increase ROS [9,10]. Several genes
function to protect cells from ROS, including superoxide dismutase, glutathione peroxidase
and glutathione-S-transferase [11]. However, these important detoxifying pathways are
diminished in BE [12].

Macroautophagy (referred to hereafter as “autophagy”) is a highly conserved cellular
mechanism by which organelles and proteins are sequestered in autophagic vesicles (AV)
and degraded after fusion with lysosomes [13]. Autophagy is induced by a variety of
processes including normal embryonic development. More typically autophagy is induced as
an adaptive response to cellular stress, either from nutrient and growth factor limitation,
infection, hypoxia, oxidative stress, or accumulation of protein aggregates and endoplasmic
reticulum stress [14,15]. The latter three pathways are all likely involved when autophagy is
induced by an injury and inflammatory response [15]. Lastly, while autophagy’s role in
carcinogenesis as a tumor promoter and/or suppressor remains unsettled, it clearly has a role
in established cancers enhancing tumor cell survival in response to chemo- and radiation
therapies [14,16,17].

The molecular mechanisms giving rise to BE from normal esophageal mucosa are poorly
understood. Although GERD is reported to induce inflammation and oxidative stress in the
esophageal epithelium, and this stress is thought to contribute to the pathogenesis of BE
[10,18-22], there is only a single study on autophagy in BE, and it is focused on the Beclin
gene [23]. Thus this important pathway is essentially unexplored in BE and EAC
pathogenesis. Using multiple complimentary techniques, we have quantified autophagy
levels across the BE disease spectrum, from normal squamous, to esophagitis, non-
dysplastic BE and dysplastic BE, and EAC, and explored the functional contributions of the
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autophagic response upon cellular oxidative stress and cell survival in an /n vitro model of
acid reflux.

MATERIALS AND METHODS

Cell Culture

Immortalized human primary esophageal epithelial cells STR (EPC-hTERT) were developed
and maintained as previously described [24-26]. CPA and CPD cells were kindly provided
by Peter Rabinovich, University of Washington [27]. Cells were adapted to serum-free
conditions in keratinocyte serum-free medium (KSFM, Invitrogen). OE19 and OE33 cells
were purchased from Sigma Aldrich and maintained in RPMI 1640 with 2mM Glutamine
and 10% Fetal Calf Serum. Stable transduction of esophageal cells with retroviral vectors
has been described previously [26,28]. Lentiviral vector GFP-LC3 was obtained from Dr
Craig Thompson (Memorial Sloan Kettering) and transfected into 293T cells along with the
packaging plasmids using Lipofectamine 2000 (Invitrogen) reagent following the
manufacturer’s instructions. Then STR, CPA, CPD, OE19, and OE33 cells were exposed to
virus in the presence of 8 mg/mL polybrene for 16—-18h respectively. GFP-LC3 expressing
cell populations were isolated by sorted for GFP using flow cytometry. LC3-GFP expression
was confirmed by examination of the cells by confocal fluorescent microscopy on a Nikon
Eclipse Ti-U microscope. LC3-GFP+ vesicles were identified and quantified using the spot
finder application in the Volocity image analysis software package (Perkin Elmer).

To acid-stress the cells as a mimic for GERD, cell culture media was acidified with
hydrochloric acid to pH 3.5. Cells were incubated in the acidified media for the specified
lengths of time, then rinsed briefly with PBS before returning to normal cell-culture media.
Some cells were studied at 6 hours post pulse for ROS and AV levels by FACS analysis
approaches. The remainder were continued on for 24 hours, then stained using the Live/
Dead Assay kit (Life Technologies). To quantify percentage survival, cells were imaged by
epifluorescence microscopy and the living (green) cells and dead (red) cells determined in 3
different visual fields. At least 300 cells were counted per well. Percent survival was
calculated as the number of living cells over the total number of cells (living + dead).

Human BE and EAC tissue biopsies

All human normal esophagus, BE, and EAC biopsy tissues used in this study were collected
under a study protocol (IRB# 813841/UPCC# 12211) that was reviewed and approved by
the Institutional Review Board for human research at the Hospital of the University of
Pennsylvania. All study participants were recruited at the University of Pennsylvania,
Philadelphia, PA. Study participants were recruited from among patients having a scheduled
esophagogastroduodenoscopy (EGD) evaluation as part of the patient’s routine clinical care.
During the endoscopy, in addition to the clinically indicated biopsies, the subject had
additional research biopsies taken from the squamous esophagus, the metaplastic Barrett’s
esophagus, and/or from the esophageal adenocarcinoma.

Inclusion Criteria--Patients who have GERD (with and without Barrett’s esophagus) or
esophageal adenocarcinoma and who were scheduled for elective endoscopic examination of
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the upper gastrointestinal tract for clinical purposes were eligible for this study. GERD was
defined by a history of heartburn at least once a week when patients were not taking
antisecretory medications. Barrett’s esophagus was defined as biopsy-verified specialized
intestinal metaplasia extending >2 cm proximal to the gastroesophageal junction (defined as
the most proximal extent of the gastric folds with the stomach partially deflated).

Exclusion Criteria--Patients were excluded if they were unwilling or unable to provide
informed consent, had squamous esophageal cancer, esophageal varices, were taking
warfarin, clopidogrel, or newer anticoagulation agents or had a coagulopathy that precluded
safe biopsy of the esophagus, or had a comorbidity that precluded safe participation in the
study.

Transmission Electron Microscopy (TEM) analysis

For TEM, cells and tissues were fixed and analyzed as described previously [29]. Briefly,
tissues were fixed in 2.5% (w/v) glutaraldehyde and 2.0% paraformaldehyde in 0.1 M
cacodylate buffer (pH 7.4) at 4°C overnight. After buffer wash, the samples were post-fixed
in 2% osmium tetroxide for 1 h, washed again in buffer, and dehydrated in a graded ethanol
series. Samples were treated with several changes of hexamethyldisilazane (HMDS) and
then allowed to air dry prior to mounting and sputter-coating with gold. TEM examinations
were made, and TEM photos were taken with a JEOL 1010 electron microscope fitted with a
Hamamatsu digital camera and AMT Advantage imaging software. AVs were identified
based on published ultrastructural features [30], most significantly the presence of double or
multiple membranes as well as vesicles which contain cytoplasmic material. Counts were
performed by two independent investigators and averaged for each cell. Cells counts were
then averaged and statistical testing performed as described.

IL-1B mouse model for Barrett’'s Esophagus

All studies with the mouse models were fully approved by the Institutional Animal Care and
Use Committee (IACUC) at the University of Pennsylvania. The generation and genotyping
of L2-1L-1B [31] transgenic mice has been previously described. Mice were placed on
drinking water containing deoxycholic acid (0.2% DCA, pH 7.0) at age of 8 weeks. After
12-months of treatment, mice were sacrificed and tissues isolated for further analysis.

Flow cytometry analysis

For human biopsies, a single cell suspension was obtained by mashing tissues through 70um
mesh filters (BD Biosciences, San Jose, CA). For murine experiments, esophagi were
dissected then incubated in 1U/ml dispase (Sigma-Aldrich) for at 37°C for 10 minutes.
Esophagi were then opened longitudinally and epithelium was peeled from submucosa.
Minced epithelium was incubated at 37°C with 1000RPM shaking in Dulbecco’s modified
Eagle medium (DMEM, Invitrogen) containing 1mg/ml collagenase | (Sigma-Aldrich) for
15 minutes then in 0.5% trypsin-EDTA (Invitrogen) for 5 minutes. Cell suspension in trypsin
was passed through a 70um mesh filter and trypsin was quenched by addition of DMEM
+10% FBS. Following centrifugation, cell pellets were washed in 1:1 mix of KSFM and
DPBS then stained with Cyto-1D (Enzo Life Sciences) for 30 minutes at 37°C. Cyto-I1D was
used at 1:100 for human and murine studies and at 1:1000 for cell line studies.
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For human studies, cells were concurrently stained with APC-anti-E-cadherin (1:20, BD
Biosciences). ROS were determined by flow cytometry with 2°, 7°-
dichlorodihydrofluorescein diacetate (DCF) dye (Life Technologies) as described previously
[32]. In brief, cells were incubated with 10pM DCF at 37°C for 30 min and further cultured
for up to 3 hours prior to analysis. Following staining, cells were washed then analyzed in
DPBS containing 1% BSA using a FACS Calibur (BD Biosciences). FlowJo software (Tree
Star, Ashland, OR) was used for data analysis. Similarly, cell death measures at 24 hours
were carried out using staining with 7AAD (7-amino-actinomycin D). 7AAD has a high
DNA binding constant and is efficiently excluded by intact cells. It is useful for DNA
analysis and dead cell discrimination during flow cytometric analysis. After cells were
isolated from the culture plate, washed and centrifuged, they were resuspended in 0.5 mL of
FACS Buffer and 5 pl of 7-AAD (Biolegend) and incubate for 5-10 minutes in the dark
before analysis and quantitation by flow cytometry.

Protein Extraction and Western Blot Analysis

Whole cell lysates were prepared as described previously [33]. Protein concentration of
samples and bovine serum albumin standard was determined using the Bradford protein
assay (Bio-Rad Laboratories, Hercules, CA, USA). 50 ug of denatured protein was
fractionated on a NUPAGE Bis-Tris 4-12% gel (Life Technologies). Following
electrotransfer, Immobilon-P membranes (Millipore) were blocked with PBST containing
5% milk, followed by overnight incubation with the following primary antibodies: rabbit
anti-LC3B (1:1000, Cell Signaling Technology), rabbit anti-Beclinl antibody (1:1000, Cell
Signaling Technology; 1), and mouse anti-actin (1:10000, Sigma-Aldrich) at 4 °C. The
secondary antibodies used were all from Sigma-Aldrich and used at 1:10000. Oxyblot (anti-
carbonyl antibody; EMD Millipore) was used according to the manufacturer’s guidelines.
Targeted proteins were visualized using a chemiluminescence detection system (Amersham
ECL or ECL Prime; GE Healthcare Life Sciences) and exposed to Blue Lite Autorad film
(ISC-BioExpress).

Immunostaining

All specimens were isolated, rinsed in ice-cold PBS, fixed, and analyzed histologically by
staining sections with hematoxylin and eosin (H&E) or immunohistochemically using
standard methods as described [34]. 5 mm paraffin-embedded sections were pretreated with
xylene and then placed in a pressure cooker in 10 mmol/L citric acid buffer (pH 6.0) for 2
hours. Endogenous peroxidases were quenched using hydrogen peroxide before sections
were incubated in avidin D blocking reagent and biotin blocking reagent. Antibodies used
include rabbit anti-cleaved LC3 (1:250, Abgent). Sections were incubated with primary and
biotinylated secondary antibodies and an avidin-horseradish peroxidase conjugate
(Vectastain Elite ABC kit; Vector Laboratories, Burlingame, CA) following the
manufacturer’s protocol. The signal was developed using the 3,39-diaminobenzidine
substrate kit (\ector Laboratories). Sections were counterstained with hematoxylin.

Statistical analysis

GraphPad Prism version 3.04 was used for all statistical analyses (GraphPad, San Diego,
CA, USA). Data from multiple cells or multiple treatments were analyzed using One-way
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ANOVA and Tukey’s multiple comparison test. All data are represented as mean and
standard deviation unless otherwise stated.

RESULTS

Cell lines representing the disease spectrum from normal esophagus to EAC demonstrate
different levels of basal autophagic vesicle (AV) content

Autophagy is a highly-conserved pathway to degrade and recycle organelles, proteins, and
cell membranes when they are damaged or when the cell is nutritionally stressed.
Transmission electron microscopy (TEM) remains the gold standard for identifying and
quantifying autophagic vesicles [30]. STR (aka EPC2-hTERT) is a normal human
esophageal cell line that is immortalized by telomerase and which maintains wild-type p16
and p53 [25]. CPA and CPD are human BE cell lines isolated from non-dysplastic (CPA)
and dysplastic (CPD) BE, both are also immortalized with telomerase and have allelic losses
and mutations [27]. CPA cells have mutant p16 but wild-type p53, and CPD cells are mutant
in both genes. OE19 and OE33 cells were isolated from human EAC and have mutations in
their p53 genes [35]. Under fully replete nutritional nonconfluent growth conditions, we
evaluated these cells for the presence of AVs by transmission electron microscopy (TEM)
(Figure 1). By definition, AVs are double or multiple membranes vesicles that contain
cytoplasmic material [30] (Figure 1C, 1F). We found that CPA cells had the highest baseline
level of AVs (56.4 AV/cell£16.8; n=74), while AVs were rare in EAC cell lines OE19 (3.1
AV/cell+2.7; n=85) and OE33 (0.9 AV/cell+0.9; n=69), with an intermediate AV level in
STR (17.5 AV/cell+8.7; n=103) and dysplastic CPD cells (29.3 AV/cell£15.5; n=134)
(Figure 1).

In order to further validate our ability to quantitate AV levels reliably, we utilized two
additional techniques to quantify relative AV levels in these cell lines. We first transduced
these same cell lines with a retrovirus to express LC3-GFP, a fluorescently marked protein
that is lipidated during normal autophagy and localized into AVs [36]. An examination by
confocal microscopy and quantitation of the LC3-GFP+ puncta using Volocity image
analysis software (PerkinElmer) found a similar pattern with regard to AV content as the
TEM studies (Figure 2A-2G). Using this approach we found that CPA cells had 65.1 AV/
cell+35.2; (n=36), while AVs were rare in EAC cell lines OE19 (1.6 AV/cell£1.5; n=55) and
OE33 (4.4 AV/cell+3.8; n=55), and an intermediate AV level in STR (17.9 AV/cell£12.5;
n=36) and dysplastic CPD cells (46.8 AV/cell£33.4; n=42). Of importance, the AV counts by
TEM and LC3-GFP puncta quantitation were in close agreement (Figures 1H and 2H),
substantiating the utility of this approach to quantify AV numbers.

Finally, a FACS-based detection of AVs was explored and compared to our validated TEM
and LC3-GFP approaches. Cyto-ID is a cationic amphiphilic tracer dye that rapidly
partitions into cells and labels vacuoles associated with the autophagy pathway (Enzo
Lifesciences). Quantitation of Cyto-ID Autophagy fluorescence by FACS analysis revealed a
pattern similar to that observed by the other two validated approaches (Figure 2G). CPA
cells yielded the greatest level of baseline Cyto-1D fluorescence, nearly 2.5-fold greater than
STR (n=3), and the esophageal adenocarcinoma OE19 cells the least (about 80% of STR
fluorescence, n=3), with STR and CPD cells (nearly 1.5-fold greater than STR, n=3) falling
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within these limits (Figure 21). Together, these three techniques suggest autophagy vesicles
are increased in Barrett’s esophagus when compared to normal esophagus, with levels
progressively diminishing as the cells become increasingly dysplastic, the lowest being
observed in the neoplastic cell lines. This pattern has been observed in other human cancers
[37,38]. Moreover, these findings validate our use of each these techniques to quantify
autophagy levels in human and animal tissues as well cell lines in response to stressors
including acid reflux.

Autophagy in human normal squamous, BE, and EAC biopsies

Inflammation and oxidative stress are two of several known triggers of cellular autophagy
[37,39,40]. While both inflammation and oxidative stress have been documented in GERD
and BE, the presence of autophagic vesicles in human BE tissues has not been adequately
explored. We have obtained endoscopic biopsies from 10 patients, one with a normal
squamous esophagus, six with BE, and three with EAC and subjected them to TEM analysis.
From four of the BE patients and all three of the EAC patients, we obtained matching
biopsies from normal esophagus proximal to the metaplasia or cancer. We observed on
average 12.9 £1.5 Avs/cell (n=198) in the normal squamous epithelium, with more AVs in
basal cells and fewer AVs in the suprabasal compartment (Figure 3A). In the BE biopsies,
there was much greater heterogeneity, with most cells having a few dozen AVs, and, less
frequently, cells with 40 or more AVs but averaged 29.6+£12.3 AVs/cell (n=112)(Figure 3B).
In the EAC, AV levels were reduced compared to BE to 14.1+7.8 AVs/cell (n=74), similar to
levels seen in the normal esophagus (Figure 3C and 3D).

As an additional quantitation of autophagy levels in normal human squamous esophagus and
human Barrett’s esophagus, we obtained additional biopsies from the BE tissue and from the
proximal normal squamous epithelium during a clinically indicated endoscopy in three BE
patients. The biopsies were processed by mechanical disruption and then all cells labeled
with Cyto-ID Autophagy and an antibody to the epithelial marker E-cadherin. After gating
on the E-cadherin+ cells, relative autophagy levels were determined based on Cyto ID
Autophagy fluorescence. Overall, BE cells have on average 1.5-fold (n=3, p<0.05) greater
levels of autophagy than squamous cells (Figure 3E and 3F). Moreover, in BE cells there
appears to be a subpopulation with increased levels of autophagic vesicles (Figure 3E). Both
of these findings agree with our TEM observations. In summary, our findings confirm
increased numbers of autophagy vesicles in human BE compared to hormal squamous or
EAC.

L2-IL-1B transgenic mice, a model for human BE and EAC, demonstrate oxidative stress,
and increased autophagy preceding the onset of metaplasia and dysplasia

Mechanistically in the setting of GERD, autophagy may be induced after chemical damage
from acidic reflux or the actions of bile acids. Indeed, Beclin-1 protein and LC3-GFP+
autophagy vesicles were reported to be increased in CPA cells after treatment with the bile
acid deoxycholic acid [23]. However, other mechanisms for autophagy induction were not
explored. The role of an acidic pH stress alone was not examined, nor was the role for
inflammation, a potent inducer of autophagic responses through a combined effect on
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hypoxia, oxidative stress, and the accumulation of protein aggregates and endoplasmic
reticulum stress [15].

Recently, a physiologically relevant transgenic mouse model for BE-like metaplasia was
reported [31]. It utilized an Epstein-Barr virus L2 promoter to over-express human IL-1p in
the oral cavity, esophagus, and squamous forestomach of mice [43]. These L2-/L-1p mice
develop a chronic[43] inflammatory esophagitis by 3 months (Figure 1A) that is followed
subsequently by the development of a columnar metaplasia with intestinal features that later
progresses to dysplasia and cancer. The strength of this transgenic mouse model is that in
many ways it strongly phenocopies the pathogenesis of the human Barrett’s esophagus as it
is presently believed to occur [44,45]. This metaplasia is intestinalized, as confirmed by the
presence of intestinal mucins established by Alcian blue staining and immunohistochemistry
for Muc2, an intestinal mucin [31]. Most importantly, this disease model absolutely requires
inflammation. When these L2-/L-1B mice were crossed with IL-6 knockout mice, the
metaplasia and cancer were completely abrogated [31]. Moreover, while the bile acid
deoxycholic acid (DCA) in the drinking water accelerates disease progression, DCA
treatment alone is insufficient to induce the metaplasia or cancer phenotype [31].

We therefore utilized this mouse model to determine if an inflammatory microenvironment
alone, in the absence of a reflux injury, could induce oxidative stress and autophagy. We thus
isolated esophageal tissue and epithelial cells from several 3 month-old L2-1L-1f mice and
control mice. This is well before the onset of metaplasia in the L2-/L-1 mice [31]. IHC
staining for the autophagy-activated cleaved form of LC3 was increased in the esophageal
epithelium of L2-IL-1p mice compared to controls (Figure 4A). This is supported by flow
cytometric studies with Cyto-ID Autophagy. Esophageal cells from L2-IL-1p mice
demonstrated relative 2-fold increase in fluorescent intensity (Figure 4B and 4C), compared
to esophageal cells derived from littermate controls. Mechanistically, this increase in
autophagy correlates with an increase in oxidative stress, as evidenced by Western blot
studies for carbonyl groups that are byproducts of ROS interactions with proteins (Oxyblot,
Millipore). The Oxyblot analysis revealed a significant increase in carbonyl adducts in L2-
IL-1B mice compared to controls, suggesting elevated ROS and oxidative stress in these
cells. In addition, simultaneously with this elevated oxidative stress there was an increase in
the autophagy-associated proteins LC3B and Beclinl in esophageal epithelial cells from L2-
IL-1pB mice compared to wild-type controls, suggesting that oxidative stress and autophagic
activity are increased together (Figure 4D). We conclude that squamous esophageal
epithelial cells in L2-IL-1p mice with esophagitis experience significant oxidative stress and
activation of autophagy preceding the onset of the intestinal metaplasia.

Normal human esophageal squamous STR cells are much more sensitive to an acid
exposure that mimics GERD compared to BE and EAC cell lines

In previous studies, an acidic injury to human esophageal Seg-1 and Het-1A cells or
Barrett’s cells NES and BAR-T lead to the induction of reactive oxygen species within 20
minutes of the exposure [21,46,47]. In order to explore a potential role for autophagy in
responding to a GERD mediated cell injury and oxidative stress, we characterized the human
BE cell lines in our study for their ability to tolerate an acid pulse (pH 3.5) for increasing
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lengths of time. We used cell viability (Live/Dead) quantitation at 24 hours as our measure
of sensitivity. In terms of viability after acid exposure, the cancer cell line OE19 was the
most tolerant and the normal human esophageal cells (STR) the least, with the following
pattern emerging with regard to the panel: OE19> CPD> CPA> STR (Figure 5A and 5B).
Using conditions yielding 20-40% cell death at 24 hours, we repeated the study using LC3-
GFP expressing cells. We exposed the cells to acid pulses (pH3.5) for 10 minutes (STR), 15
minutes (CPA and CPD) or 20 minutes (OE19). The increase in autophagic vesicles, as
indicated by increased fluorescent punctae, was most evident in the OE19 and OE33 cell
lines given their low initial levels (Figure 5C and data not shown). Generally, the increase in
AV punctae was evident by 6 hours post acid exposure (5C and data not shown). In
summary, we have established that STR esophageal keratinocytes are more sensitive to acid
exposure conditions than BE or EAC cell lines, and that this exposure induces an increase in
AV numbers by 6 hours post exposure.

Pharmacologic inhibition of autophagy following acidic stress increases ROS production
and diminishes cell viability

To assess the role of autophagy in cell response to acid stress, we exposed each of the cell
lines to the acid pulse followed by immediate treatment with an inhibitor of autophagy
(chloroquine, 50 uM) [48,49] or vehicle control. Chloroquine inhibits autophagy by
blocking fusion of the AV with lysosomes, leading to an inhibition in AV flux and an
accumulation of blocked AVs. We focused on six hours post acid stress as a timepoint in
which to determine ROS levels and autophagic responses. Six hours post exposure cells
were stained with 2, 7’-dichlorofluorescein diacetate (DCF) or Cyto-ID autophagy. DFC is
lipophilic and non-fluorescent compound that is oxidized to fluorescent DCF by ROS, and is
widely used to evaluate cellular oxidative stress. DCF and Cyto-ID autophagy fluorescence
were quantified by flow cytometry and confirmed by confocal microscopy. Unstained cells
in additional plates were maintained until 24 hours post acid exposure, at which time an
assay for cell viability was performed.

In both STR and CPA cells, acid treatment significantly increased ROS levels at 6 hours post
exposure (Figure 6A and 6B). Chloroquine alone had a mixed impact on cellular ROS
levels-increasing them in STR but not CPA cells. However, when CQ was combined with
acid stress, there was an additional significant increase in ROS levels experienced by both
STR and CPA cells compared to acid only exposed cells (Figure 6A and 6B). This
significant increase is consistent with autophagy acting to reduce intracellular ROS stress
after an injury. Autophagy levels were similarly responsive to these treatments. Cyto-ID
Autophagy levels were increased by all three conditions, acid exposure, CQ, as well as the
combined treatments. The increased observed with CQ is due to the accumulation of blocked
AVs (Figure 6C and 6D).

In both CPD and OE19 cells, the responses were different. As with the non-dysplastic cells,
the acid treatment led to a significantly increased ROS levels at 6 hours post exposure in
these cell lines (Figure 6B). Chloroquine alone had no significant effect on cellular ROS
levels. However, when CQ was combined with acid stress, there was no additional increase
in ROS levels experienced by either the CPD or OE19 cells as compared to acid only
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exposed cells (Figure 6B). This suggests these dysplastic cell lines do not utilized autophagy
to manage the ROS stress induced by an acidic environment.

Similarly we were surprised by our findings using Cyto-1D to quantify the autophagic
response of these cells to an acidic stress. In CPD cells, we found no change in Cyto-ID
fluorescent signal with any treatment (Supplemental Figure S1A), including after
chloroquine treatment alone. In OE19 cells, not only was there was no increase in relative
Cyto-ID fluorescence after chloroquine treatment, treatment with acid significantly reduced
this relative fluorescence (Figure S1B). As these observations ran contrary to our
expectations, especially with respect to chloroquine treatment, we were concerned that there
was a problem with the Cyto-1D fluorescence as a measure of autophagy responses. We
therefore examined the Cyto-ID fluorescent by confocal microscopy in OE19 cells after
these same treatments and in parallel treated LC3-GFP labeled OE19 cells as a second
measure of the autophagic response. Unexpectedly, there was a significant difference
between the two methodologies. In untreated OE19 cells, Cyto-ID fluoresces brightly in
cytoplasmic vesicles, while LC3-GFP does not similarly collect (Supplemental Figure S1C
and D). Moreover, while LC3-GFP vesicles were increased weakly by acid treatment and
strongly after chloroquine treatment, Cyto-ID fluorescence pattern recapitulated that
measured by flow cytometry, with diminished signal in acid-treated cells (Supplemental
Figure S1C and D). Based on these conflicting observations, we conclude that the
autophagic response in CPD and OE19 cells is biologically different from that functioning in
the non-dysplastic STR and CPA cells.

In a final study, we were interested to establish whether the autophagic responses we were
observing at baseline and in response to acid treatment provided any functional benefit to the
cells. Most important would be demonstration of a survival advantage provided by an
autophagic response. We adopted a new, a highly quantitative flow cytometry approach to
measure cell death; staining with 7AAD (7-amino-actinomycin D). 7AAD is fluorescent
after binding DNA and is normally excluded by living, intact cells. It is therefore frequently
used for dead cell discrimination during flow cytometry studies. We quantified 7AAD+ dead
cells 24 hours after treatment with acid, chloroquine, or the combination of acid and
chloroquine in all four cell lines representative of the BE disease spectrum. Cell death after
acid treatment was increased in three of four cell lines (STR, CPA, and CPD), but this was
most significant for CPD cells (Figure 7A, B, and C). STR cells were uniquely sensitive to
chloroquine, with a nearly 5-fold increase in 7AAD+ dead cells after 24 hours of treatment.
Most important, for all cell lines examined, the combination of acidic stress and chloroquine
treatment led to a very significant increase in 7AAD+ dead cells at 24 hours (Figure 7A, B,
C, and D). In STR, CPA, and OE19 cells, the combination of acidic stress and inhibition of
autophagy synergized and led to greater level of cell death than the sum of the individual
treatments (Figure 7A, B, and D). Together, these findings suggest that autophagy functions
to reduce ROS levels in non-dysplastic cells and improve cell survival after acid exposure in
all cell lines. Moreover, these observations suggest that the drugs which inhibit autophagy
may worsen GERD related esophageal injury.
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DISCUSSION

The role of autophagy in human disease processes is complex and likely depends on both the
environmental and genetic context in which it occurs [50]. In addition to the role of
autophagy in response to cellular stress, autophagy clearly has a role in promoting tumor cell
survival. Larger tumors typically have hypoxic and nutritionally starved centers; tumor cells
located within the centers typically utilize autophagy to enhance tumor cell survival. More
importantly, the adaptive role for autophagy in responding to cellular stress has important
therapeutic implications. Tumor cells frequently utilize autophagy responses to enhance
survival after chemotherapy and radiotherapy treatments [14,16,17]. For these reasons,
pharmacological autophagy inhibitors including chloroquine (CQ) and its derivatives like
Lys05 [51] have been effective in enhancing the cytotoxic effects of radiation or
chemotherapy and improving survival in several small trials [52-55]. Based on these
successes, larger randomized trials of CQ versus placebo with anticancer treatments are
underway.

Less clear is whether autophagy plays a paradoxical role as a tumor suppressor in
premalignant diseases. Haploinsufficiency of Beclin-1 promotes tumorigenesis in mouse
models, as Beclin-1 deficient mice display a broad increase in spontaneous tumor formation
[56]. In addition, genetically engineered mouse models of oncogene driven, lung and
pancreas cancers with autophagy defects demonstrated a pattern of accelerated
transformation from premalignant lesions to malignant lesions [57—60]. In general, however,
once tumors are formed autophagy defects limited the progression of established cancers,
supporting the hypothesis that autophagy suppresses tumorigenesis but once a cell is
transformed it can promote cancer cell growth and survival

One mechanism by which autophagy can function as tumor suppressor is by facilitating the
maintenance of genetic stability and energy homeostasis [50]. As an example, loss of
Autophagy-related protein 7 (Atg7), which is required for fusion of peroxisomal and
vacuolar membranes and is critical for normal autophagy responses, leads to increased
oxidative stress and elevated ROS in cells [61,62]. Associated with this increased ROS is a
noticeable genomic instability that has culminated in neoplastic transformation [61].

By a related mechanism, autophagy may function in BE to help reduce ROS levels and
resolve the ROS-mediated organelle damage that occurs in response to GERD. Previous
studies have established that after exposure to an acidic pulse, intracellular ROS levels are
significantly elevated [21,46,47]. Several studies have established that excessive ROS can
damage DNA leading to mutations and epigenetic changes in gene expression, fostering
neoplastic transformation [63-65]. Taking into account all these observations, recent models
of BE pathogenesis have incorporated elevations in ROS in response to GERD as a key
process driving disease onset and progression to cancer (Figure7) [66,67].

Given this well-established relationship between elevated ROS and an increase in autophagy
steady-state levels, it is surprising that this pathway has not been better studied in GERD and
BE. To our knowledge, there is a single published paper on this subject, and the focus of this
work is on Beclin-1 (BECN1)and how its loss correlates with progression to esophageal
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adenocarcinoma [67]. This published study demonstrated that Becin-1 protein and mMRNA
levels were increased in BE and progressively diminished with progression to dysplasia and
cancer. Moreover, they demonstrated that the bile acid deoxycholic acid induced Beclin-1
mMRNA and protein expression in several human BE-related cell lines.

Our work here is a more comprehensive study with regards to the autophagy pathway in BE.
We utilized multiple techniques to document steady-state autophagy levels in normal
esophagus, BE and EAC, as well as a mouse model of BE. That these varied techniques
were in close agreement with each other greatly enhanced the significance of our findings,
and established the usefulness of these techniques for future studies. Despite the apparent
ease of Beclin-1 immunohistochemistry, it is not an established surrogate biomarker for
autophagy [30]. Utilizing these well-validated techniques, we established a clear pattern for
autophagy steady-state levels in the normal esophagus and as it transitions to esophagitis,
BE, and EAC. This pattern is similar to that reported for other pre-neoplastic to cancer
transitions [37,38]. In the normal esophagus, autophagic vacuoles can be observed, and the
levels of vacuoles are increased in esophagitis and in BE cells. However, these steady-state
levels are decreased as the cells become progressively neoplastic. While this pattern is
widely observed in carcinogenesis, the reasons for it are uncertain. However, a number of
possible explanations have been raised. Several studies implicate the oncogene activation
and the loss of tumor suppressor function which occurs with cellular transformation. Several
classic oncoproteins when activated can inhibit autophagic responses [68]. For example,
BECNL is sequestered and its function inhibited by members of the Bcl-2 protein family
[68]. Similarly, hyperactivation of receptor tyrosine kinases (RTKSs) either by activating
mutations or gene amplifications, can inhibit autophagy through their downstream effects on
mTORL1 and Akt signaling [68]. It may also be associated with the change in cellular
metabolism that occurs, including the adoption of aerobic glycolysis known as the Warberg
effect [69], or the activation of mTOR, a negative regulator of autophagy that is frequently
induced in cancer. Understanding how the transforming events critical for the progression of
BE to EAC impact autophagic responses is an important area for future research efforts.

Equally important to describing the patterns of autophagy in each of these conditions, we
have established a role for autophagy responses in GERD and BE. The injury sustained by
cells after an acidic pulse includes inflammation as well as elevation of intracellular ROS.
Using the L2-/L-1p transgenic mouse model for BE-like dysplasia, we establish that
inflammation alone in the esophagus is sufficient to induce oxidative stress and autophagy
(Figure 4). Moreover, we establish that an acid injury alone, in the absence of bile acids, is
sufficient to induce autophagy in several cell lines. Most significantly, we observed that the
inhibition of autophagy after an acidic insult leads to significantly greater cell death at 24
hours in all cell lines tested. This suggests two important role for autophagy in the response
to an acid insult: the modulation of the oxidative stress and enhancing cell survival.

How might autophagy function to reduce intracellular ROS after GERD or an acidic insult?
It is unclear at the moment, and a question we are currently exploring. One speculation is
that autophagy may be removing damaged mitochondria. Mitochondria are well known to be
an important source of ROS for cell signaling [70]. However excessive ROS can damage
mitochondria as well as other organelles. Damaged mitochondria leak ROS, worsening
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oxidative stress within a cell. Typically damaged mitochondria undergo mitochondria-
targeted autophagy, termed mitophagy [40]. Autophagy can alleviate oxidative stress
through other mechanisms, including the upregulation of nuclear factor erythroid 2-related
factor 2 (NRF2), a transcription factor regulating the expression of a number of antioxidant
proteins including Thioredoxin reductase and Glutathione-s-transferase, among others [71].
NRF2 is sequesterd in the cytoplasm by kelch-like ECH-associated protein 1 (KEAP1).
However, p62, an autophagy pathway component and cargo adapter, can bind and target
KEAP1 to the autophagosomes, leading to release of NRF2 and its translocation to the
nucleus and antioxidant gene expression [71]. Therefore, by inhibiting autophagy we may
prevent cells from recycling these damaged, leaky mitochondria and increasing the
expression of antioxidant defense factors, thereby worsening cellular oxidative stress and
diminishing cell survival.

One unexpected finding from our study is that in dysplastic CPD and OE19 cells, Cyto-1D
and LC3-GFP appear to mark different vesicle subsets. This is the only explanation available
to explain the disconnect between these two well-established approaches to quantifying
autophagy vesicle content of cells. We tend to favor the LC3-GFP results as being more
representative of the autophagy rsponse, given that control OE19 cells by TEM had vesicles
but these were not double-walled and did not contain cellular debris. Thus the Cyto-ID dye
identifies these vesicles based on a shared biochemistry with autophagosomes. However, we
cannot explain why, only in OE19 cells, the Cyto-ID signal was lost after acid treatment.
Together these findings do suggest autophagosome biochemistry may be different in the
dysplastic cell line. The mechanism for this alteration, and the physiologic role it may play,
cannot be determined by the present studies and is an area of focus for future work.

One important reason for our interest in the role of autophagy in the pathogenesis of BE and
EAC is that this is a pathway with immediate translational potential; there are already
several drugs approved for human use that are known to modulate autophagic responses,
with many others under investigation [48,49]. In addition to the autophagy inhibiting drugs,
(Chloroquine, and Hydroxychloroquine), there are a number of other drugs available to
induce the autophagy pathway, including mTOR inhibitors (Rapamycin, Everolimus,
Temsirolimus), Tyrosine kinase inhibitors (Imatinib, Dasatinib), Akt inhibitors (Perifosine,
Triciribine), and AMPK activators (Metformin). Therefore, it is conceivable that therapies
can be directed to fine-tune autophagy in patients to achieve therapeutic goals using these
established drugs. In future studies we plan to further explore the effect of manipulating
autophagy responses on BE disease onset and progression using cell culture and the mouse
models.

In summary, autophagy is a common cell stress response mechanism that is induced by
GERD-like acidic stress and inflammation where it functions to reduce intracellular
oxidative stress and improve cell survival. In addition, autophagy may be a novel therapeutic
target in Barrett’s esophagus that deserves to be explored. Our work exploring the activity of
autophagy in Barrett’s esophagus and esophageal adenocarcinoma is thus important both for
these mechanistic insights as well as the potential application of these novel therapeutic
agents to intervene in BE and EAC onset and progression.
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Figure 1. Transmission electron microscopy (TEM) of human esophageal cell lines to quantify
autophagy vesicle presence

All cell lines were maintained in basal growth media. Cells were imaged by TEM to
visualize AVs. A. Normal human esophageal squamous keratinocyte STR cells. B. Non-
dysplastic Barrett’s Esophagus CPA cells. C. Higher power examination of CPA cell AV
demonstrating double-membrane and enclosed material. D. Dysplastic Barrett’s esophagus
CPD cells. E. Barrett’s-associated esophageal adenocarcinoma OE19 cells. F. Higher power
examination of OE19 cell AV demonstrating double-membrane and enclosed material. G.
Barrett’s-associated Esophageal adenocarcinoma OE33 cells. H. AV counts per cell. Counts
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were made by two investigators on 70 to 130 separate cells for each cell line imaged by

TEM at 10,000x enhancement. a=significantly differs from all other cell lines by 1 way

ANOVA testing and Tukey’s Multiple Comparison Testing p<0.05. ns= not significantly
different from each other.
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Figure 2. LC3-GFP fluorescence-mediated identification of autophagic vacuoles in human
Barrett’s esophagus cell lines

STR, CPA, CPD, OE19, and OE33 cell lines were retrovirally transduced to express LC3B-
GFP. All cell lines were maintained in basal growth media. Cells were imaged by
epifluorescence microscopy to visualize fluorescent AV puncta, indicating autophagic
vesicles [36]. A. Normal human esophageal squamous keratinocyte STR cells. B. Non-
dysplastic Barrett’s Esophagus CPA cells. C. Dysplastic Barrett’s Esophagus CPD cells. D.
Barrett’s-associated Esophageal adenocarcinoma OE19 cells. E. Barrett’s-associated
esophageal adenocarcinoma OE33 cells. F. Demonstration of Volocity (Perkin Elmer)-
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medicated identification and counting of fluorescent AV puncta. G. Cyto-ID Autophagy
fluorescence histogram of four cell lines STR (Black), CPA (Blue), CPD (Red), and OE19
(Grey) after gating on E-cadherin+ cells. H. Fluorescent AV puncta counts per cell. Counts
were made on 36 to 55 separate cells for each cell line imaged. a=significantly differs from
all other cell lines by 1 way ANOVA testing and Tukey’s Multiple Comparison Testing
p<0.05. ns= not significantly different from each other. I. Summary of FACs quantitation of
Cyto-ID Autophagy fluorescence in cell lines maintained under growth conditions. n=3 for
each cell line. a=significantly differs from all other cell lines by 1 way ANOVA testing and
Tukey’s Multiple Comparison Testing p<0.05.
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Figure 3. Steady-state levels of AV in normal human squamous epithelium, BE, and EAC
A. Human squamous esophagus examined by TEM under increasing magnification. Black

box-region extremely magnified in frame to the left. B. Barrett’s esophagus TEM by
increasing magnification. Black box-region extremely magnified in frame to the left. C.
Human EAC imaged by TEM under increasing magnification. Black box-region extremely
magnified in frame to the left. D. Counts of AVs in 74 or more cells per patient sample were
obtained averaged across all patient samples, with the average number of AVs per cells
graphed. SQ: squamous; BE: Barrett’s esophagus: EAC: esophageal adenocarcinoma. One-
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way ANOVA and Tukey Rank mean with g< 0.005, n=9 subjects/198 cells, 5 subjects/112
cells, and 3 subjects/74 cells for squamous, BE, and EAC samples, respectively. E.
Autophagic vesicles quantified by Cyto-ID stain and flow cytometry in the Barrett’s (Red)
and squamous epithelium (Black) from a single subject. F. Averaged relative Cyto-1D
fluorescence from three subjects for squamous esophagus and BE tissue. *, p<0.05.
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Figure 4. Oxidative stress and autophagy in the L2-1L-1f transgenic mouse model of BE
A. IHC staining for active cleaved form of LC3 in normal mouse esophagus or transgenic

L2-1L-1B mice. B. Cyto-1D autophagy profile of wild- (Black) and L2-IL-1p esophageal
epithelium (Red) by flow cytometry. C. Averaged relative Cyto-1D fluorescence, n=3. *,
p<0.05. D. Western blot for oxidized proteins (Oxiblot, Millipore) and autophagy proteins
(LC3B and Beclinl) in the squamous epithelium from 3 month old L2-1L-1 mice. One of

three blots is shown.
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Figure 5. Modeling GERD in vitro by pH 3.5 media pulse
A. Live/dead imaging of STR cells 24 hours post pH 3.5 acid pulse. Time length of pulse is

indicated in minutes. B. Quantitation of Live/dead fluorescence for STR (Black bar), CPA
(Blue bar), CPD (Red bar), and OE19 (Grey bar) cells, respectively. n=3. Length of pulse is
in minutes. C. OE33 cells were transduced with a retrovirus to express LC3B-GFP. These
cells were imaged at T=0, then exposed to acidified culture media (pH=3.5) for 20 minutes
then returned to normal growth media and reimaged at 6 hours. Increased AV steady state
levels are visible as increase in GFP+ small vacuoles.
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Figure 6. Effects of autophagy inhibition on intracellular oxidative stress and AV formation after
GERD-like acid exposure

A. Relative intracellular ROS levels as determined by reporter DCF fluorescence in STR
cells at 6 hours post treatment; imaged by confocal microscopy. N=control nonacidic media;
A=acid [pH 3.5] pulsed; C=chloroquine treated; AC=acid pulsed followed by chloroquine
treatment. B. Summary of DCF fluorescence quantified by flow cytometry in representative
normal (STR) and BE (non-dysplastic/CPA) cell lines treated as before and measured at 6
hours post-treatment; n=6 experiments for each. Significance testing was by 1 way ANOVA
followed by Tukey’s multiple comparison test; p values adjusted for multiple comparisons
are reported. a = significantly differs from control and chloroquine treated cells; adjusted
p<0.0073. b= significantly differs from acid and chloroquine treated cells by 1 way ANOVA
and Tukey’s multiple comparison test; p<.05. C. Relative autophagy induction 6 hours post
treatment with acid or/and chloroquine as determined by reporter Cyto-ID fluorescence in
STR cells and imaged by confocal microscopy. D. Summary of Cyto-ID fluorescence and
relative autophagy induction quantified by flow cytometry in representative normal (STR),
BE (non-dysplastic/CPA and dysplastic/CPD) and EAC (OE19) cell lines treated as before
and measured at 6 hours post-treatment; n=6 experiments for each. a= significantly differs
from control treated cells by 1 way ANOVA and Tukey’s multiple comparison test; p>.001.
b= significantly differs from acid and chloroquine treated cells by 1 way ANOVA and
Tukey’s multiple comparison test; p<.05.
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Figure 7. Inhibition of autophagy increases cell death after GERD-like acid exposure
Flow cytometric quantitation of 7-amino-actinomycin D+ (7AAD+) cell staining at 24 hours

in A) STR cells, B) CPA cells, C) CPD cells, and D) OE19 cells. 7AAD+ cells are expressed
as fold-increased over non-acid treated control cells. N=control nonacidic media; A=acid
pulsed [pH3.5]; C=chloroquine treated; AC=acid pulsed followed by chloroquine treatment;
n=6 experiments for each. Significance testing was by 1 way ANOVA followed by Tukey’s
multiple comparison test; p values adjusted for multiple comparisons are reported. a=
significantly differs from acid and chloroquine treatments, p<0.0018. b= significantly differs
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from chloroquine treatments, p<0.015. c= significantly differs from acid and chloroquine
treatments, p<0.028. E) Model for role of autophagy in the esophagus in the response to acid
reflux injury. Gastric acid and bile reflux into the esophagus causes tissue injury and cellular
damage, as well as an inflammatory response. With the inflammation there is production of
pro-inflammatory eicosanoids and cytokines. Together, the acid injury and inflammatory
response contribute to an increase in intracellular reactive oxygen species (ROS). Autophagy
is induced to help the cell remove damaged proteins and organelles and reduce ROS levels.

Mol Carcinog. Author manuscript; available in PMC 2017 November 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Cell Culture
	Human BE and EAC tissue biopsies
	Transmission Electron Microscopy (TEM) analysis
	IL-1β mouse model for Barrett’s Esophagus
	Flow cytometry analysis
	Protein Extraction and Western Blot Analysis
	Immunostaining
	Statistical analysis

	RESULTS
	Cell lines representing the disease spectrum from normal esophagus to EAC demonstrate different levels of basal autophagic vesicle (AV) content
	Autophagy in human normal squamous, BE, and EAC biopsies
	L2-IL-1β transgenic mice, a model for human BE and EAC, demonstrate oxidative stress, and increased autophagy preceding the onset of metaplasia and dysplasia
	Normal human esophageal squamous STR cells are much more sensitive to an acid exposure that mimics GERD compared to BE and EAC cell lines
	Pharmacologic inhibition of autophagy following acidic stress increases ROS production and diminishes cell viability

	DISCUSSION
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

