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A B S T R A C T

Gastroesophageal reflux disease (GERD) is the main risk factor for Barrett's tumorigenesis. In this study, we
investigated the role of NRF2 in response to exposure to acidic bile salts (ABS), in conditions that mimic GERD,
using Barrett's esophagus cell models. We detected an increase in NRF2 protein levels, following exposure to
ABS. We found oxidization of cysteines (cysteines with oxidized thiol groups) in KEAP1 protein with a weaker
interaction between NRF2 and KEAP1, following ABS exposure. Treatment with bile salts increased nuclear
NRF2 levels, enhancing its transcription activity, as measured by an ARE (antioxidant response element) luci-
ferase reporter assay. The mRNA expression levels of NRF2 target genes, HO-1 and GR, were increased in re-
sponse to ABS exposure. Using genetic overexpression and knockdown of NRF2, we found that NRF2 has a
critical role in suppressing ABS-induced ROS levels, oxidative DNA damage, DNA double strand breaks, and
apoptosis. Collectively, our results suggest that transient induction of NRF2 in response to ABS plays a pivotal
role in protecting esophageal cells by maintaining the levels of oxidative stress and DNA damage below lethal
levels under GERD conditions.

1. Introduction

The incidence of esophageal adenocarcinoma (EAC) has been rising
rapidly during the past few decades in the United States and other
Western countries [1–3]. The development of Barrett's esophagus (BE),
where the normal squamous epithelium is replaced by intestinal
glandular metaplastic epithelium, due to chronic gastroesophageal re-
flux disease (GERD), is the main risk factor for EAC [4–6]. The ab-
normal reflux of acidic bile salts (ABS) into the lower esophagus gen-
erates high levels of reactive oxygen species (ROS) and oxidative stress
that induce oxidative DNA damage. Chronic oxidative stress and DNA
damage are high risk factors associated with tumor initiation and pro-
gression of EAC [7–9]. The GERD-associated genotoxic environment
can lead to cell death, if oxidative stress and DNA damage lesions are
uncorrected, reaching lethal levels. Normal cells have adaptive intact
anti-oxidative response systems that counteract the toxic reactive spe-
cies, such as ROS, hydrogen peroxide (H2O2), reactive nitrogen species
(RNS), and nitric oxide (NO) [10,11]. While low concentrations of these
potentially toxic molecules are used for adaptive intracellular signaling,

their physiological concentrations must be tightly regulated.
Nuclear factor erythroid 2-related factor 2 (NRF2) is a transcription

factor which belongs to the Cap ‘N’ Collar (CNC) family that contains a
conserved basic leucine zipper (bZIP) structure that regulates the ex-
pression of antioxidant proteins that protect against oxidative damage
triggered by injury and inflammation. Under normal conditions, NRF2
binds to its physiological inhibitor KEAP1 (Kelch-like erythroid cell-
derived protein with CNC homology [ECH]-associated protein 1).
KEAP1 is a thiol-rich protein that contains multiple reactive cysteines.
Under basal conditions, KEAP1 functions as an adaptor protein in the
Cul3-based E3 ligase complex which mediates constant degradation of
NRF2 through the ubiquitin-proteasome pathway [12–14]. The half-life
of the NRF2 protein is usually short under normal conditions [15],
which maintains cellular NRF2 at a low level to prevent constitutive
activation of antioxidant response. Upon exposure to stresses, KEAP1 is
inactivated, mainly by direct modification of cysteine thiol residues,
resulting in decreased NRF2 ubiquitination and degradation [15,16].
Accumulation of NRF2 is followed by its nuclear localization to activate
transcription of numerous target genes that contain the antioxidant
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response element (ARE)/electrophile response element (EpRE), in cell
and context dependent manners [17]. NRF2 target genes encode de-
toxification enzymes, such as NAD(P)H, quinone oxidoreductase 1
(NQO1) and glutathione S-transferases (GSTs); antioxidant enzymes
like heme oxygenase-1 (HO-1); glutathione reductase (GR) and perox-
iredoxins (PRDX), and several other enzymes involved in glutathione
(GSH) synthesis and metabolism, such as glutamate–cysteine ligase
(GCL) subunits.

In the present study, we investigated the role of NRF2 in protecting
BE epithelial cells from abnormal exposure to ABS in conditions that
mimic GERD. We demonstrated that NRF2 is transiently induced in
response to ABS, a step that is critical in reducing ABS-induced oxida-
tive stress, DNA damage, and cell death.

2. Materials and methods

2.1. Cell lines

Three immortalized cell lines originating from non-neoplastic
Barrett's esophagus, BAR-10T (kindly provided by Dr. Rhonda Souza),
CPA and CPB (purchased from American Type Culture Collection,
ATCC, Manassas, VA) were used in this study. Cells were cultured at
37 °C with 5% CO2 in DMEM/F12 (1:1) medium supplemented with
0.4 μg/ml hydrocortisone, 20mg/L adenine, 140 μg/ml bovine pitui-
tary extract, 20 ng/ml recombinant human epidermal growth factor and
0.1% ITS (Insulin-transferrin-sodium selenite), and 5% FBS.

2.2. Bile salts

A bile salts cocktail, consisting of an equal molar mixture of sodium
salts of glycocholic acid, taurocholic acid, glycodeoxycholic acid,
deoxycholic acid (CALBIOCHEM, La Jolla, CA), and glycochenodeoxy-
cholic acid (Sigma-Aldrich, Saint Louis, MO), was prepared to reflect
the mixture of bile salts in the distal esophagus during GERD, as pre-
viously reported [9,18,19]. To mimic pathophysiology conditions of
GERD, we used the bile salts cocktail in acidic medium (pH4, ABS) to
treat Barrett's epithelial cells.

2.3. Quantitative real time RT-PCR (qRT-PCR)

Total RNA was isolated using the Direct-Zol RNA kit (Zymo
Research, Irvine, CA). Single-stranded complementary DNA was sub-
sequently synthesized from RNA using the iScript cDNA synthesis Kit
(Bio-Rad, Hercules, CA). Primers for NRF2 target genes were designed
using Primer 3 on line tool (http://bioinfo.ut.ee/primer3-0.4.0/
primer3/). The primers were obtained from Integrated DNA
Technologies (Coralville, Iowa). The quantitative real-time polymerase
chain reaction (qRT-PCR) was performed using an iCycler (Bio-Rad)
with the threshold cycle number determined by the use of iCycler
software version 3.0. Reactions were performed in triplicate, the
threshold numbers were averaged, and fold expression was calculated
as previously reported [20]. The mRNA expression results were nor-
malized to the average CT of HPRT1.

2.4. Cloning and construction of NRF2 pTetOne inducible expression system

A full length of NRF2 coding sequence [21] with Flag-tag was am-
plified from normal cDNA by PCR using Platinum PCR SuperMix High
Fidelity (ThermoFisher Scientific, Waltham, MA) and cloned into the
pTetOne vector (Takara Bio USA, Mountain View, CA). The pTetOne-
NRF2 plasmid was co-transfected with linear hygromycin marker (Ta-
kara Bio USA) at 20:1 ratio, following supplier instructions. 72 h after
transfection, the cells were treated with hygromycin at 100 μg/ml (for
CPA cells) to select cells stably expressing the vector. Doxycycline
(DOX, 100 ng/ml) was added to cells for 72 h to induce NRF2 expres-
sion. Induction of NRF2 was validated using qRT-PCR and Western

blotting.

2.5. Construction of NRF2 knockdown cell model

NFE2L2 (NRF2) sgRNA crispr/cas9 all-in-one lentivector was pur-
chased from Applied Biological Materials (Abm, Richmond, BC,
Canada) and co-transfected with second generation packaging mix
(Abm) into 293LTV cells (Cell Biolabs, San Diego, CA) following sup-
plier's protocol. Cells were infected with NRF2 lentiviral particles with
polybrene at a concentration of 8 μg/ml. Cells were selected with pur-
omycin and single clones were isolated. NRF2 mRNA and protein levels
were examined using qRT-PCR and Western blotting.

2.6. Detection of oxidized cysteine sulfates of KEAP1 protein

CPB cells were treated with ABS (pH4, 200 μM) for 20min, then
cells were cultured with regular medium with 5 μM Dimedone for 1 h.
Cells were harvested and co-immunoprecipitation (co-IP) was per-
formed with antibody against KEAP1 (Proteintech, 10503-2-AP,
Rosemont, IL) using Dynabeads protein A for immunoprecipitation
(Thermofisher). The input and IP proteins were loaded and separated
by sodium dodecyl sulphate polyacrylamide gel electrophoresis and
transferred to nitrocellulose membranes. We used a rabbit antibody
which recognizes all forms of cysteine with an oxidized thiol group
(sulfenic RSOH, sulfinic RSO2H and sulfonic RSO3H) (Enzo Life
Science, Farmingdale, NY) [22]. To avoid heavy chain background, a
second mouse antibody against rabbit IgG light chain was applied (Cell
Signaling, Danvers, MA), followed by anti-mouse IgG with HRP (Cell
Signaling). Immuno-reactive protein bands were visualized by en-
hanced chemiluminescence (Thermofisher) and images were captured
by a ChemiDoc XRST Image System (Bio-Rad).

2.7. Detection of NRF2 and KEAP1 interaction by co-immunoprecipitation
assay

Co-immunoprecipitation assay was performed using protein-G
magnetic beads (Millipore, Billerica, MA, USA) and the primary anti-
bodies against NRF2 (Abcam, ab62352) and KEAP1 (Proteintech,
10503-2-AP), according to the supplier's instruction. IgG from rabbit
(Cell signaling) was used as the negative control. The same amount of
protein from each group was incubated with antibody-bound beads,
continuously mixing at 4 °C overnight. The input and IP proteins were
denatured at 90 °C for 10min. Western blot analysis was performed
following standard protocols using the primary antibodies against NRF2
(Abcam, ab62352) and KEAP1 (Proteintech, 10503-2-AP). For KEAP1
Western blotting, we used a mouse-anti-rabbit IgG light chain as the
secondary antibody followed by anti-mouse IgG antibody with HRP
(Cell signaling) to reduce the background of heavy chain.

2.8. 3D organotypic culture and bile acids treatment

3D organotypic reconstruct cultures were established as previously
described [21,23]. Briefly, human esophageal fibroblasts (ScienCell,
Carlsbad, CA) were seeded into a 3D matrix (75,000 cells/well) con-
taining collagen I (High concentration rat tail collagen, Corning,
Corning, NY) and Matrigel (BD Biosciences, Franklin Lakes, NJ) and
incubated for 7 days at 37 °C. Then, CPB cells were seeded
(500,000 cells/well) on top of the fibroblast matrix. Cultures were in-
cubated for an additional 14 days. Cells were treated with ABS (pH4,
200 μM) by adding the ABS cocktail into the chambers covering the
epithelial cells for 30min. The culture medium was replaced by regular
medium for 2 h. The 3D cultures were harvested, fixed in 4% paraf-
ormaldehyde for 1 h, and then transferred to 70% ethanol for overnight,
followed by embedding paraffin blocks. Blocks were cut into glass slides
and processed for HE staining and immunocytochemistry.
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2.9. Detection of NRF2 nuclear translocation by immunofluorescence

Cells were seeded in 8-chamber culture slides. On the second day,
cells were treated with ABS (pH4, 200 μM) for 20min, followed by
replacement with regular culture medium for 2 h. Cells were fixed with
4% paraformaldehyde in PBS at room temperature for 45min, followed
by permeabilization with 0.5% Triton X-100 in PBS for 2min on ice.
After blocking, cells were incubated with primary antibody against
NRF2 (ABE413, Millipore Sigma, Burlington, MA) overnight at 4 °C.
Cells were incubated with anti-rabbit secondary antibody labelled with
Fluor-488 for 1 h at room temperature. After washing, cells were cov-
ered with Vectashield mounting medium with DAPI (Vector
Laboratories, Burlingame, CA).

2.10. Detection of NRF2 ARE luciferase reporter activity

BE cells were seeded into 12-well plates. On the second day, cells
were co-transfected with PGL4.37[luc2P/ARE/Hygro] vector
(Promega, Madison, WI) and pCMV-beta-gal vector (Promega). 48 h
after transfection, cells were treated with bile salts cocktail (BS) at a
concentration of 200 μM for 6 h, together with control treatment of PBS
(we did not use BS in acidic medium, because we found that acidic
conditions significantly impairs luciferase activity). Cells were har-
vested and lysed with 1x luciferase lysis buffer. Lysates were divided
into two parts: for measurement of luminescence of ARE luciferase
activity and for measurement of absorbance of β-galactosidase using a
FLUOstar OPTIMA microplate reader (BMG LABTECH, Cary, NC). ARE
luciferase activity results were normalized to β-galactosidase expression
levels of each sample. The experiments were set in triplicate.

2.11. Immunofluorescence of 3D organotypic cell culture

We carried out immunofluorescence staining in paraffin-embedded
3D culture slides as previously described [23,24]. Primary antibodies

(anti-NRF2, Millipore; anti–HO–1, Proteintech) were incubated over
night at 4 °C. Secondary anti-mouse or anti-rabbit antibody with Fluor-
488 or Fluor-586 labeling were applied for 1 h at room temperature,
protected from light. Slides were then mounted with Vectashield
mounting medium with DAPI (Vector Laboratories). Images were ex-
amined and documented using an Olympus BX41 fluorescence micro-
scope.

2.12. Detection of oxidative DNA damage and DNA double strand breaks

CPA cells expressing the NRF2-pTetOne Inducible System were
seeded into 8-chamber culture slides and treated with doxycycline
(100 ng/ml) for 48 h. CPB cells with or without NRF2 knockdown were
seeded into 8-chamber culture slides. On the second day, cells were
treated with ABS (pH4, 200 μM) for 20min, then cells were returned to
regular culture medium for 2 h. Cells were fixed with 4% paraf-
ormaldehyde in PBS at room temperature for 45min and immuno-
fluorescence assay was performed as described above. Primary anti-
bodies against p-H2A.X (ser139) (80312, Cell Signaling) and 8-
Oxyguanine (MAB3560, Millipore, Sigma) were applied. p-H2A.X and
8-oxoGuanine nuclear staining positive cells were counted. We counted
at least 400 cells from four different areas using the ImageJ software.
The percentage of nuclear positive cells versus total number of cells was
calculated and statistically analyzed using the GraphPad Prism soft-
ware.

2.13. Western blot analysis

Cells were lysed using RIPA buffer in the presence of proteinase
inhibitor cocktail and phosphatase inhibitor (Santa Cruz Biotechnology,
Dallas, TX). Protein concentration was determined by a BCA Protein
Assay (Thermo Scientific) using a FLUOstar OPTIMA microplate reader
(BMG). Equal amounts of proteins were loaded and separated by so-
dium dodecyl sulphate polyacrylamide gel electrophoresis and

Fig. 1. NRF2 protein is transiently induced and
activated by short exposure to acidic bile salts.
BAR-10T (A) and CPB (B) cells were exposed to
acidic bile salts (ABS, pH4, 200 μM) for 20min, then
recovered in regular culture media for the designated
time points. Western blot analysis of NRF2 protein
was carried out. C and D, immunofluorescence
staining of NRF2 protein (green) in BAR-10T (C) and
CPB (D) cells. Cells were exposed to ABS for 20min
and recovered for 2 h, based on Fig. 1 A and B. DAPI
(blue) was used to stain nucleus. E and F, luciferase
assay to evaluate the ARE (antioxidant response ele-
ment) reporter activity in BAR-10T (E) and CPB (F)
cells after cells were exposed to bile salts cocktails
(we used BS instead of ABS in this assay, because we
found that acidic conditions significantly impaired
luciferase activity). Data presented as relative luci-
ferase activity after normalized to β-galactosidase
expression level of the same samples. Ctrl, control
with PBS; BS, bile salts.

D. Peng, et al. Cancer Letters 458 (2019) 46–55

48



transferred to nitrocellulose membranes, followed by Western blot
analysis using standard protocols. The primary antibodies were: anti-
NRF2 antibody (Millipore), Anti-KEAP1 antibody (Proteintech), anti-
cleaved caspase 3 and caspase 3 antibodies (Cell Signaling), anti-
cleaved PARP and PARP antibodies (Cell Signaling), anti-histone H3
antibody, anti-β-tubulin antibody (Cell Signaling), and anti-β-actin
antibody (Sigma). Horseradish peroxidase-conjugated anti-mouse and
anti-rabbit secondary antibodies were purchased from Cell Signaling
Technology. Immunoreactive protein bands were visualized by en-
hanced chemiluminescence and images were captured by a ChemiDoc
XRST Image System (Bio-Rad).

2.14. Statistical analysis

Data were expressed as the mean ± standard error of the mean for

parametric data. Statistical analysis was performed using unpaired
Student t-test for independent two samples. 1-way analysis of variance
(ANOVA) with post-test comparison was used to analyze the in-
dependent samples of 3 or more. All statistical analyses were done using
the GraphPad Prism software. For all analyses, p < 0.05 was con-
sidered statistically significant.

3. Results

3.1. NRF2 protein level is induced following a short exposure to acidic bile
salts

To mimic the pathophysiological condition of a gastro-esophageal
reflux episode, we treated BAR-10T, and CPB cells with ABS cocktail
(200 μM, pH4) for 20min, followed by replacement with a regular

Fig. 2. Transient exposure to acidic bile salts mediates induction of NRF2 target genes.
BAR-10T (A) and CPB (B) cells were exposed to acidic bile salts (ABS, pH4) for 20min, then returned to regular culture media for the designated time points. qRT-
PCR was carried out to quantify the mRNA levels of NRF2 target genes, normalized to that in control cells. Two representative target genes, HO-1 and GR are shown.
Results of other NRF2 target genes are shown in Supplementary Fig. 3. C. CPB cells were cultured in a 3D organotypic culture model as described in the Methods
section. At the end of 3D culture, cells were exposed to ABS for 30min, recovered for 1 h in regular medium. Immunocytofluorescence assay was applied for NRF2
protein (green) and HO-1 protein (red). DAPI (blue) was used to stain nucleus. HE staining images were used as control.
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culture medium. Cells were allowed to recover for 1, 2, 4, 7, and 24 h.
We detected induction of the NRF2 protein level at the 1 h recovery
time point, that returned back to baseline after 24 h (Fig. 1A and B).
Next, we performed an immunofluorescence assay to determine nuclear
localization of NRF2. As shown in Fig. 1C (BAR-10T) and D (CPB), the
majority of induced NRF2 protein was localized to the nucleus, fol-
lowing exposure to ABS. The nuclear accumulation of NRF2 protein was
further confirmed by Western blot of cytosolic and nuclear fraction of
cell lysates (Supplementary Fig. 1A and B). Using a luciferase reporter
assay with a luc2P reporter that contains 4 copies of antioxidant re-
sponse elements (ARE), as a measure of NRF2 activity, we found that
exposure of cells to bile salts (BS) can significantly induce the reporter
activity in BAR-10T and CPB cells (Fig. 1 E and F). Similar results were
obtained in another BE cell line, CPA cells (Supplementary Fig. 2).

3.2. Up-regulation of heme oxygenase-1 (HO-1) and glutathione reductase
(GR) expression levels in response to acidic bile salts

NRF2 plays a pivotal role in regulating antioxidant response
through transcriptional regulation of target genes that contain ARE. By
using a luciferase reporter assay that measures the ARE activity, the
results demonstrated induction of reporter activity in response to bile
salts treatment (Fig. 1). Therefore, we used qRT-PCR to determine the
expression of several known NRF2 target genes that are related to
oxidative stress; GR, HO-1, GSTM2, GSTM3, GPX1, GPX3, GPX4, GPX7,
NQO1 and GSTP1 (Supplementary Fig. 3). Two genes, heme oxygenase-
1 (HO-1) and glutathione reductase (GR) were the most significantly
and consistently induced in response to bile salts in all the cell lines that
we tested (BAR-10T, CPA, CPB), whereas the up-regulation of other
genes was limited to one or two cell lines (Supplementary Fig. 3). In
concordant with the increase NRF2 protein level and activity, the up-

Fig. 3. Acidic bile salts induce cysteine oxidation of KEAP1 and enhanced NRF2 stability in esophageal epithelial cells.
A, CPB cells were treated with acidic bile salts (ABS) or PBS (Ctrl), then returned to regular media with dimedone for 1 h. Western blot analysis, using a specific
antibody recognizing dimedone-derivatized cysteine sulfates, was applied to co-IP proteins using antibody against KEAP1. Bands with arrowhead display the KEAP1.
B, CPB cells were treated with acidic bile salts (ABS) or PBS (Ctrl), then returned to regular media for 1 h. co-IP using antibodies against NRF2 and KEAP1 were
performed and Western blot analysis was used to detect the binding between NRF2 and KEAP1. Bands with arrowhead (upper bands) indicate NRF2. Quantification
of bands intensity was performed with ImageJ, the KEAP1/NRF2 ratio (when IP NRF2) and NRF2/KEAP1 ratio (when IP KEAP1) were shown. C, CPB cells were
treated with ABS or PBS, then returned to regular medium with existence of cycloheximide (CHX, 100 μg/ml). Cells from different time points were collected and
subjected to Western blot analysis. The bands' intensities were quantified with ImageJ. The NRF2 half-life time was plotted in Panel D.
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regulation of HO-1 and GR expression after ABS exposure was transient
too; the levels of HO-1 and GR returned to baseline after 7–24 h (Fig. 2A
and B). To mimic GERD in physiological 3D growth pattern of epithelial
cells, we established 3D organotypic culture of CPB cells and treated the
culture with ABS for 30min. Immunofluorescence staining of organo-
typic culture cells confirmed the nuclear translocation of NRF2 protein
and induction of HO-1 protein after ABS treatment (Fig. 2C).

3.3. Acidic bile salts induced oxidation of cysteines in KEAP1

KEAP1 (Kelch-like erythroid cell-derived protein with CNC
homology [ECH]-associated protein 1) is a known NRF2 physiological
inhibitor [14,25,26]. Oxidation of cysteines in KEAP1 results in release

of NRF2 from KEAP1, allowing its accumulation. To investigate if ABS
treatment can affect cysteine oxidation of KEAP1, CPB cells were
treated with ABS followed by incubation with 5 μM dimedone for 1 h.
Dimedone is a cell-permeable, nucleophilic reagent that reacts selec-
tively with the electrophilic sulfur atom in sulfenic acid to form a stable
thioether product [22]. Immunoprecipitation (IP) was carried out with
an anti-KEAP1 antibody (Proteintech), then blotted with an antibody
recognizing dimedone-derivatized cysteine sulphate. As shown in
Fig. 3A, ABS induced more oxidized cysteine sulphate of KEAP1 (ar-
rowed bands). Concordant with this finding, the KEAP1-NRF2 protein-
protein interaction was reduced after ABS exposure, as compared to
control cells, with an overall increase of NRF2 level after ABS (Fig. 3B).
Next, we examined the NRF2 protein stability using cycloheximide

Fig. 4. Reconstitution of NRF2 protects esopha-
geal cells from acidic bile salts-induced oxidative
stress and oxidative DNA damage.
A, NRF2 protein is induced by doxycycline (DOX) in
CPA cells stably transfected with the pTetOne
Inducible System. B, qRT-PCR confirmed that NRF2
target genes were induced upon DOX treatment. C,
immunofluorescence assay to detect NRF2 protein
(green) in cells with/without DOX and exposure to
ABS. D, acidic bile salts (ABS, pH4) induced a sig-
nificant generation of intracellular ROS indicated by
green fluorescence (H2DCFDA). However, the gen-
eration of ROS was significantly suppressed in the
presence of DOX-induced NRF2. E, similar results
were obtained with flow cytometry assay to quantify
the intracellular ROS levels. F, immunofluorescence
assay for 8-oxoguanine (8-OxoG), an oxidative DNA
damage marker. ABS induced marked oxidative DNA
damage lesions (green color, merged with DAPI),
located predominantly in the nucleus. However, in
the presence of DOX-induced NRF2, followed by
ABS, the level of oxidative DNA damage lesions was
significantly decreased. G, quantification data of
oxidative DNA damage lesions by using ImageJ. *,
p < 0.05; ***, p < 0.001, ns, not significant.
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(CHX, a protein synthesis inhibitor) with/without ABS treatment. Data
revealed that ABS treatment significantly prolonged NRF2 half-life time
(Fig. 3C and D).

3.4. NRF2 protects esophageal cells from acidic bile salts-induced oxidative
stress, oxidative DNA damage, and double strand breaks

To examine the role of NRF2 in esophageal epithelial cells, we
generated a doxycycline inducible NRF2 system in CPA cells using the
pTetOne-NRF2 expression plasmid. Western blot analysis and im-
munofluorescence assay confirmed that NRF2 protein is inducible in
CPA cells, following doxycycline treatment (Fig. 4 A and C) and NRF2
target genes were induced (Fig. 4 B). Treatment of CPA cells with ABS
induced significant intracellular ROS, however, this increase of ROS
was diminished in doxycycline-treated pTetOne-NRF2 cells (Fig. 4 D

and E). Similarly ABS treatment induced a significant increase of oxi-
dative DNA damage lesions, as measured by positive nuclear staining of
8-oxoguanine (Fig. 4 F and G), an oxidative DNA damage marker [27].
However, induction of NRF2 by doxycycline-treatment of pTetOne-
NRF2 cells, significantly reduced levels of 8-oxoguanine lesions by ABS
(Fig. 4 F and G). In addition, we also measured levels of double strand
breaks using p-H2A.X (ser 139) immunofluorescence. The levels of p-
H2A.X foci, following exposure to ABS, were significantly lower in
doxycycline-treated pTetOne-NRF2 cells, as compared to controls
(Fig. 5 A and B). In addition, we also transfected CPA cells with a NRF2-
expressing plasmid with EGFP-tag. Fig. 5, panels C and D, confirms
overexpression of NRF2 with induction of NRF2 target genes in these
cells. Exposure to acidic bile salts induced a significant increase in
double stand breaks foci, as measured by p-H2AX (ser 139) immuno-
fluorescence. However, cells expressing NRF2-EGFP (green) exhibited

Fig. 5. Exogenous expression of NRF2 protects
esophageal epithelial cells from acidic bile salts-
induced DNA double strand breaks.
A, immunofluorescence assay for p-H2AX (ser 139)
protein, a DNA double strand breaks marker in CPA
cells stably transfected with the pTetOne Inducible
System. ABS induced high levels of DNA double
strand breaks (green color, merged with DAPI) in
cells without DOX. However, in the presence of DOX-
induced NRF2, ABS-induced DNA double strand
break was significantly inhibited. B, quantitative data
of DNA double stand breaks in panel A, using ImageJ.
*, p < 0.05; ***, p < 0.001. C, CPA cells were
infected with NRF2-EGFP adenoviral particle,
Western blot shows that NRF2 protein is enforced
expressed. D, qRT-PCR shows significant induction of
HO-1 and GR, two representative NRF2 target genes,
following enforced NRF2 expression. E, CPA cells
were expressed with NRF2-EGFP followed by ABS
treatment. Immunofluorescence assay was used to
identify the DNA double stand breaks foci, as in-
dicated by red fluorescence of p-H2AX (ser 139)
protein. ABS exposure induced DNA double strand
breaks in cells without NRF2-EGFP expression; how-
ever, cells with ectopic expression of NRF2 (green)
were devoid of DNA double strand breaks.
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absent to low levels of double stand break foci (Fig. 5E).
To confirm the above results, stable knockdown of NRF2 in CPB

cells, where endogenous NRF2 levels are relatively higher than CPA,
was established using crispr/cas9. As shown in Fig. 6A, the crispr/cas9
cells (NRF2 KD) expressed significantly lower NRF2 levels, as compared
to control cells. Knockdown of NRF2 led to a significant decrease in
NRF2 target genes, HO-1 and GR (Fig. 6B). Treatment of these cells with
ABS induced significantly higher intracellular ROS levels than that in
control cells, indicating that knockdown of NRF2 sensitized cells to
oxidative stress (Fig. 6C). Not surprisingly, the oxidative DNA damage
level, as measured by positive 8-oxoguanine lesions, was significantly
higher in NRF2 knockdown (NRF2 KD) cells, following exposure to
ABS, as compared with control cells (Fig. 6 D and E). Similarly,
knockdown of NRF2 sensitized CPB cells to ABS-induced double strand
breaks (Fig. 6 F and G). To further confirm the protective role of NRF2,
we re-constituted NRF2 in CPB cells with stable crispr/cas9 NRF2
knockdown. The reconstitution of NRF2 reduced ABS-induced oxidative
DNA damage lesions (Supplementary Fig. 4). Collectively, our results
demonstrate a protective role of NRF2 against oxidative DNA damage
lesions and double strand breaks in conditions of acidic bile salts ex-
posure that mimic GERD.

3.5. NRF2 protects esophageal cells against acidic bile slats-induced
apoptosis

Uncontrolled accumulation of unrepaired DNA damage lesions is a
lethal condition. The above results suggest that NRF2 may play a cyto-
protective role in esophageal cells, in conditions where cells are ab-
normally exposed to acidic bile acids, similar to GERD. We, therefore,
measured the levels of apoptosis, using Annexin V assay, following
exposure to ABS. As shown in Fig. 7 A-C, the number of apoptotic cells
was significantly increased in the absence of NRF2 (NRF2 KD), as
compared to control cells, after exposure to ABS. In agreement with
these results, Western blot analysis showed a significant increase in the
levels of cleaved caspase 3 and cleaved PARP in NRF2 KD cells, as
compared to control cells after exposure to ABS (Fig. 7D).

4. Discussion

The incidence of GERD and its associated BE is increasing at
alarming levels in the United States and other Western countries
[4,6,28]. Although BE can be viewed as a protective adaptive me-
chanism in response to chronic GERD, it is also a precancerous condi-
tion and a major risk factor for esophageal adenocarcinoma (EAC)

Fig. 6. Knockdown of NRF2 sensitizes esophageal cells to acidic bile salts-induced oxidative stress, oxidative DNA damage and DNA double strand breaks.
A, Western blot analysis of NRF2 protein after knockdown of NRF2 (NRF2 KD) in CPB cells. B, qRT-PCR shows significant down-regulation of HO-1 and GR, two
representative NRF2 target genes, following NRF2 knockdown. C, intracellular levels of ROS were enhanced after NRF2 knockdown, following exposure to ABS. D,
immunofluorescence staining of 8-oxoguanine (8-oxoG) in the cells with or without NRF2 knockdown (NRF2 KD), exposed to either PBS or ABS. 8-oxoG is stained in
green and merged with DAPI (blue). E, quantitative data of 8-oxoG in D, using ImageJ. F, immunofluorescence staining of p-H2AX (ser 139) in cells with or without
NRF2 knockdown (NRF2 KD), exposed to either PBS or ABS. p-H2AX is stained green and merged with DAPI (blue). G, quantitative data of p-H2AX in F, using
ImageJ. *, p < 0.05; **, p < 0.01.
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[3,5,29]. Exposure to acidic bile salts in GERD conditions induces high
levels of ROS and DNA damage lesions in esophageal cells [7,9,30];
events that are linked to tumorigenesis of EAC.

In this study, we used a cocktail of five bile salts, common com-
ponents of reflux in lower esophagus [18,19], to mimic GERD condi-
tions. We demonstrated that NRF2 was transiently induced following a
single 20min exposure that mimicked a typical GERD episode. NRF2 is
a transcription factor that plays a pivotal role in cellular anti-oxidant
response functions through mediating expression of antioxidant genes
[12,31]. Our analyses indicated that NRF2 decreases ROS levels in BE
cells. We detected nuclear translocation of NRF2 with activation of its
transcription activity, in response to exposure to acidic bile salts. Upon
oxidative stress, ROS can oxidize cysteine in KEAP1 molecule and leads
to release of NRF2 from KEAP1-NRF2-Cul3 complex, free of ubiquiti-
nation degradation [32]. Accordingly, we detected weaker binding of
KEAP1 with NRF2, along with increased oxidized cysteine in KEAP1
molecule upon ABS exposure. Although we found that the increase in
NRF2 protein level is due to increase in its half-life along with oxidation
of KEAP1, the possibility of other additional mechanisms can not be
definitively ruled out. For example, phosphorylation [33] and acet-
ylation [34] of NRF2, interaction with other molecules such as p21
[35], and autophagy [36] have been described to regulate NRF2 in the
context of cellular stress (reviewed in Refs. [37,38]).

We investigated the expression of several targets of NRF2. We de-
tected a consistent and significant induction of expression of heme
oxygenase-1 (HO-1) and glutathione reductase (GR) in several cell
models (BAR-10T, CPA, CPB). Of note, NQO1 and GSTP1, reported to be
activated by NRF2 in response to some cellular stress stimuli [39], did
not show a similar response following exposure to ABS. This data
suggests that activation of targets of NRF2 could be cell and context
dependent. HO-1 catalyzes the rate-limiting step in heme degradation,
leading to the generation of equimolar amounts of iron ions, biliverdin
and CO [40,41]. These molecules contribute to the roles of HO-1 in
regulating important biological processes, such as inflammation,
apoptosis, and cell proliferation [40–42]. Glutathione reductase (GR),
also known as glutathione-disulfide reductase (GSR), is an enzyme that
catalyzes the reduction of glutathione disulfide (GSSG) to the sulfhydryl

form glutathione (GSH), which is a critical molecule in resisting oxi-
dative stress and maintaining the reducing environment of the cell
[43,44]. Based on our findings, HO-1 and GR appear to be important
mediators of response to acidic bile salts in esophageal cells. We ac-
knowledge the need for comprehensive analyses to fully characterize
the anti-oxidant targets in esophageal cells in response to the unique
oxidative environment created by exposure to acidic bile salts reflux.

We and others have previously reported that acidic bile salts gen-
erate high levels of ROS, oxidative stress, oxidative DNA damage lesions
and double strand breaks in esophageal cells [7,9]. Therefore, we in-
vestigated whether NRF2 plays a role in regulating these events and
maintaining genotoxic damage below lethal levels. Using a number of
ectopic expression and knockdown models, our results confirmed that
NRF2 was an essential factor in reducing the burden of exposure to ABS
by lowering the levels of intracellular ROS, oxidative DNA damage and
double strand breaks. In fact, these factors were essential in keeping
DNA damage below lethal levels. In absence of NRF2, there was a
significant increase in the levels of apoptosis. These data suggest that
NRF2 plays a protective role in maintaining cellular homeostasis in
oxidative conditions in response to ABS. However, we speculate that
the role of NRF2 could be a double sword mechanism where some
surviving cells may, over time, accumulate sufficient DNA damage le-
sions, below lethal levels, that promote esophageal tumorigenesis. This
would be consistent with the etiology of EAC where chronic exposure to
GERD, over several years or decades, is a risk factor for carcinogenesis.

In summary, our results indicate that transient induction of NRF2, in
response to reflux conditions, plays a critical role in regulating oxida-
tive stress and genotoxic events. The antioxidant functions of NRF2
protect esophageal cells and maintain cellular homeostasis in a highly
oxidative environment.
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Fig. 7. Knockdown of NRF2 promotes acidic bile salts-induced apoptosis in esophageal cells.
A, CPB cells with NRF2 knockdown (NRF2 KD) and control cells (Ctrl) were treated with acidic bile salts (ABS, pH4). Flow cytometry was used to detect annexin V
and propidium iodide (PI) staining in cells. Representative flow cytometry profiles are shown. B, Bar graph shows the percentage of annexin V positive cells in NRF2
KD cells, as compared with control cells. C, Bar graph shows the percentage of positive cells with both annexin V and PI staining in NRF2 knockdown (NRF2 KD) cells,
as compared to control cells. D, Western blot analysis of cleaved PARP and cleaved caspase 3, two representative apoptosis markers, following knockdown NRF2 and
exposure to ABS. *, p < 0.05; **, p < 0.01.
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