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ABSTRACT
Objective  Oesophageal adenocarcinoma (EAC) arises 
in the setting of Barrett’s oesophagus, an intestinal 
metaplastic precursor lesion that can develop in patients 
with chronic GERD. Here, we investigated the role of 
acidic bile salts, the mimicry of reflux, in activation of 
NOTCH signaling in EAC.
Design  This study used public databases, EAC cell line 
models, L2-IL1β transgenic mouse model and human 
EAC tissue samples to identify mechanisms of NOTCH 
activation under reflux conditions.
Results  Analysis of public databases demonstrated 
significant upregulation of NOTCH signaling components 
in EAC. In vitro studies demonstrated nuclear accumulation 
of active NOTCH1 cleaved fragment (NOTCH intracellular 
domain) and upregulation of NOTCH targets in EAC cells 
in response to reflux conditions. Additional investigations 
identified DLL1 as the predominant ligand contributing to 
NOTCH1 activation under reflux conditions. We discovered a 
novel crosstalk between APE1 redox function, reflux-induced 
inflammation and DLL1 upregulation where NF-κB can 
directly bind to and induce the expression of DLL1. The APE1 
redox function was crucial for activation of the APE1-NF-κB-
NOTCH axis and promoting cancer cell stem-like properties 
in response to reflux conditions. Overexpression of APE1 
and DLL1 was detected in gastro-oesophageal junctions of 
the L2-IL1ß transgenic mouse model and human EAC tissue 
microarrays. DLL1 high levels were associated with poor 
overall survival in patients with EAC.
Conclusion  These findings underscore a unique 
mechanism that links redox balance, inflammation and 
embryonic development (NOTCH) into a common pro-
tumorigenic pathway that is intrinsic to EAC cells.

INTRODUCTION
Oesophageal cancer is the sixth leading cause of 
cancer death worldwide.1 Oesophageal adenocar-
cinoma (EAC), the predominant histopathological 
type of oesophageal cancer in the USA and Western 
countries, has been increasing rapidly over the past 
40 years.2 Patients with EAC have a 5-year survival 
rate below 20%.3 4 Hence, there is an urgent need 
to identify novel molecular mechanisms and find 
new therapeutic targets for EAC. Chronic GERD 
is characterised by abnormal exposure of the lower 

oesophagus to a mixture of acidic gastric juice and 
bile salts. GERD is the main risk factor for meta-
plastic Barrett’s oesophagus (BE) and its progres-
sion to EAC.5 6 GERD conditions in patients with 
BE and EAC induce DNA damage along with 
aberrant activation of pro-inflammatory and pro-
tumorigenic signaling pathways such as NF-κB and 
STAT3 pathways.7 8

WHAT IS ALREADY KNOWN ON THIS SUBJECT?
	⇒ Apurinic/apyrimidinic endonuclease (APE1) is 
aberrantly overexpressed in multiple cancer 
types, including oesophageal adenocarcinoma 
(EAC). Exposure to chronic gastro-oesophageal 
reflux, the main risk factor for Barrett’s 
oesophagus (BE)-originated oesophageal 
tumourigenesis, induces APE1 dysregulation, 
activates intricate networks of redox-dependent 
transcription factors and promotes cancer cell 
survival.

	⇒ Although activation of NOTCH signaling was 
reported in BE and EAC, the mechanisms 
underlying its activation in reflux conditions 
remain largely unknown.

WHAT ARE THE NEW FINDINGS?
	⇒ Using 2D and 3D in vitro models as well as 
mouse and human data, we report a novel 
signaling axis where APE1 promotes activation 
of NOTCH through redox-dependent NF-κB 
activation and DLL1 induction. High levels of 
DLL1 are associated with poor overall survival 
in patients with EAC.

HOW MIGHT IT IMPACT ON CLINICAL 
PRACTICE IN THE FORESEEABLE FUTURE?

	⇒ EAC is one of the leading causes of cancer 
death in the USA and Western countries, where 
standard chemotherapy has limited efficacy. 
Our findings provide a new perspective for 
the crosstalk between signaling networks, 
suggesting that targeting NOTCH or APE1-
redox function can be a promising therapeutic 
strategy in patients with EAC.
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Apurinic/apyrimidinic endonuclease (APE1), also known as 
APEX or redox factor 1 (REF1), is a dual-functional protein 
that plays important roles in both DNA base excision repair 
and reduction–oxidation (redox) transcriptional regulation.9 
APE1 interacts with a number of redox-dependent transcription 
factors (TFs) to induce transcription of target genes.10 11 APE1 
maintains the reduced status of cysteine residues on these TFs to 
enhance their DNA-binding affinity on target genes.10 12 Aberrant 
overexpression of APE1 has been described in multiple cancers, 
including EAC.8 13 14 Dysregulation of APE1 is closely related to 
cell proliferation, cell survival, angiogenesis, metastasis and drug 
resistance.15 16 Exposure to acidic bile salts (ABS), the mimic of 
the reflux condition under GERD, induces oxidative stress and 
genotoxic DNA damage, with subsequent upregulation of APE1 
to promote cell survival in EAC cells.14 17

The NOTCH pathway is a highly conserved cell signaling 
system, playing both oncogenic and tumour suppressive func-
tions, depending on the cancer type and cellular context.18 19 
NOTCH signaling promotes cell differentiation, apoptosis, inva-
sion, cancer stem-like properties, therapeutic resistance and 
tumour immune escape.20–22 Mammals possess four different 
NOTCH receptors (NOTCH 1–4) and five Delta/Serrate/
Lag2 ligands, referred to as JAG1, JAG2, DLL1, DLL3 and 
DLL4.20 Once binding to a ligand from neighbouring cells, the 
NOTCH receptor undergoes consecutive proteolytic cleavages 
by ADAM17 and γ-secretase,20 releasing the NOTCH intracel-
lular domain (NICD) into the nucleus. NICD, the active form 
of receptor, forms a ternary complex with CBF1Su(H)–LAG1 
(CSL) and protein mastermind-like 1 (MAML1) to transcrip-
tionally regulate downstream targets such as HES and HEY gene 
families.20 23

Although NOTCH activation has been reported in BE and 
EAC,24 25 the mechanisms underlying its activation in EAC and 
under reflux conditions remain largely unknown. This study 
demonstrates upregulation of NOTCH signaling in response 
to exposure to ABS, mimicking reflux conditions. Activation 
of NOTCH signaling occurred in an APE1-redox-dependent 
manner. Our findings uncover DLL1 as a critical ligand, acti-
vated by the APE1-NF-κB axis, to induce activation of NOTCH 
and promote stem-like properties in EAC tumourigenesis.

MATERIALS AND METHODS
For detailed resources, refer to online supplemental materials 
and methods and online supplemental tables 1-3.

RESULTS
NOTCH signaling is activated in patients with EAC and ABS-
provoked cell lines
Gene set enrichment analysis (GSEA) of the TCGA and GEO 
datasets of the samples from patients with EAC predicted signif-
icant alterations of NOTCH signaling (online supplemental 
figure 1A–C). Using the TCGA-EAC dataset, we detected signif-
icant upregulation of mRNA levels of two receptors (NOTCH1 
and NOTCH3), four ligands (DLL1, DLL4, JAG1 and JAG2) 
and several downstream targets (HES1, HEY1 and HEYL) 
(figure 1A). Analysis of the GSE13898 dataset (75 primary EAC 
and 15 BE) demonstrated similar results (figure  1B). Because 
chronic GERD is the primary risk factor for BE-derived EAC, we 
decided to validate the expression levels of NOTCH signaling 
components under reflux conditions (ABS exposure) using EAC 
cell lines. The results demonstrated consistent ABS-induced 
expression of several genes involved in the NOTCH signaling 
cascade, including NOTCH1, DLL1, DLL4, HES1 and HEY1 

(figure  1C and online supplemental figure 1D). In addition, 
western blot analysis demonstrated a remarkable increase in 
the total DLL1 protein level, including the full length (75kDa) 
and cleaved c-terminal proteolytic fragment of DLL1 (30 kDa), 
following exposure to ABS (figure 1D and online supplemental 
figure 1E). Consistent with activation of NOTCH, we observed 
an increase in the NICD (120 kDa), the active form of full-length 
NOTCH1 (figure 1D and online supplemental figure 1E). These 
results suggest upregulation and activation of NOTCH signaling 
components in response to reflux conditions (ABS).

The hallmark of canonical activation of NOTCH signaling 
is nuclear localisation of NICD, which triggers transcription of 
downstream target genes. To confirm the nuclear translocation 
of NICD in response to ABS, we performed cytosol/nuclear frac-
tionation in OE33 and OE19 cells. The results showed an accu-
mulation of NICD in the nucleus in response to ABS exposure 
(figure 1E and online supplemental figure 1F). Immunofluores-
cence staining of NOTCH1/NICD demonstrated membranous 
immunostaining of NOTCH1 in the control (untreated) cells 
whereas cells exposed to ABS showed nuclear immunostaining 
indicative of cleaved NOTCH (NICD) (figure 1F,G, and online 
supplemental figure 1G,H). To confirm the transcriptional 
activity of ABS-induced nuclear NICD, we performed NOTCH/
CSL luciferase reporter assays as a measure of NOTCH tran-
scription activity. There was a significant increase in the lucif-
erase activity (p<0.001) in response to ABS treatment compared 
with the control group (Ctrl) (figure  1H and online supple-
mental figure 1I).

As shown in figure  1D and online supplemental figure 1E, 
we detected ABS-induced increase and cleavage of DLL1, an 
important NOTCH ligand. To determine if DLL1 was indeed 
a crucial ligand for activation of NOTCH under ABS condi-
tions, we performed a DLL1 antibody neutralisation exper-
iment. DLL1 neutralisation not only reduced NICD at a base 
level (figure 1I, lane 3 vs lane 2) but also abrogated ABS-induced 
NOTCH1 cleavage compared with the IgG control (figure 1I, 
lane 6 vs lane 5). These results indicate that DLL1 is a critical 
ligand for ABS-induced NOTCH1 cleavage and activation.

NF-κB is an upstream TF for DLL1 that directly binds to the 
DLL1 promoter
As we detected changes in DLL1 at the mRNA level in response 
to ABS, our next step was to identify the upstream TFs that are 
induced with ABS and play a role in induction of DLL1 mRNA 
expression. First, we identified the differentially expressed genes 
(DEGs) defined by distinct DLL1 mRNA expression levels (DLL1-
high vs DLL1-low) using tumor samples of the TCGA-EAC data-
base. Based on the DEGs, we performed GSEA (http://software.​
broadinstitute.org/gsea/msigdb/collections.jsp#C3) and used 
a web-based tool (TRRUST, https://www.grnpedia.org/trrust/​
Network_search_form.php) for TF prediction. GSEA predicted 
100 potential TFs critical for DLL1 transcription (online supple-
mental table 4, p.adjust < 6e−34), while 29 TFs were identified 
as candidates by TRRUST (online supplemental table 5). Over-
lapping the 100 enriched TFs of GESA and the TRRUST candi-
dates highlighted 6 TFs, which included NF-κB (figure  2A). 
GSEA of the TCGA-EAC database confirmed enrichment of the 
NF-κB signature in DLL1-high compared with DLL1-low EAC 
samples (figure  2B). We further performed RNA sequencing 
using OE33 cells, in the presence or absence of exposure to ABS. 
RNA-seq analysis of OE33 cells demonstrated an increase in 
the expression levels of DLL1 and several NOTCH receptors 
(NOTCH1, NOTCH2 and NOTCH3), following exposure to 
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ABS, as compared with untreated control (online supplemental 
figure 2A). GSEA analysis showed significant enrichment of 
the NF-κB signature (figure 2C and online supplemental figure 
2B). Using western blot analysis, we confirmed the increase in 
NF-κB phosphorylation (S536) (figure  2D) and transcription 

activity (figure  2E) following exposure to ABS. Consistent 
with these data, immunofluorescence staining demonstrated 
an increase in nuclear NF-κB immunostaining following expo-
sure to ABS (figure 2F,G). Of note, ectopic overexpression of 
p65 led to induction of DLL1 mRNA expression, suggesting a 

Figure 1  NOTCH signaling is activated in patients with oesophageal adenocarcinoma (EAC) and acidic bile salts (ABS)-provoked cell lines. (A) and 
(B) Grouped boxplot showing gene expression of core NOTCH signaling components in EAC/Barrett’s oesophagus (BE) and normal oesophagus tissues 
in TCGA-EAC database (A) and GSE13898 dataset (B), respectively. (C) qRT-PCR showing mRNA expression levels of key components of NOTCH 
pathway in OE33 cells after 6h-recovery from ABS exposure. (D) Western blots of total DLL1 (including full-length DLL1 at 75 kDa and cleaved DLL1 
at 30 kDa), full-length NOTCH1 (300 kDa), active NOTCH1 intracellular domain (NICD, 120 kDa) and β-actin in OE33 cells during indicated recovery 
time courses after ABS exposure. (E) OE33 cells were harvested for cytosol/nuclear fractionation after 6h-recovery from ABS exposure. Induction of 
NICD was examined by western blots. β-tubulin and p84 were used as loading control for cytosol fraction and nuclear fractions, respectively. (F) 
Representative immunofluorescent staining images of NOTCH1/NICD in OE33 cells after ABS exposure. DAPI was used for nuclear staining. (G) The 
percentage of NOTCH1 nuclear localisation was quantified using three independent fields. (H) NOTCH/CSL luciferase assays were performed in OE33 
cells. (I) Anti-DLL1 antibody neutralisation blocked NOTCH1 cleavage and activation in OE33 cells. The cells were incubated with DLL1 antibody (10 µg/
mL) or IgG control (10 µg/mL) in full medium before and during recovery of ABS exposure. All quantification analyses were shown as mean±SEM. 
Statistical significance was calculated using the Wilcoxon test in the public datasets for two group comparisons. t-Test was performed to analyse the 
experimental data for two group comparisons. *P<0.05, **p<0.01, ***p<0.001, ****p<0.0001, NS, no significance.
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possible direct role of NF-κB in transcription regulation of DLL1 
(figure 2H,I).

Based on the above results, we analysed the DLL1 promoter 
to identify potential NF-κB binding sites using three online 
tools: JASPAR 2020 (http://jaspar.genereg.net/), Promo (http:// ​
alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?​
dirDB=TF_​8.​3) and TRANSFAC-Gene Regulation (http://gene-​
regulation.com/pub/databases.html). This analysis identified 
twelve potential binding sites of NF-κB on the DLL1 promoter 
(online supplemental figure 2C). To confirm direct binding, we 
performed a ChIP assay using a phospho-NF-κB-p65 antibody, 

followed by qPCR using six primers’ pairs (online supplemental 
table 3) that cover all potential binding sites. ChIP-qPCR 
results indicated that only one primer set covering three adja-
cent predicted binding sites (−551 bp to – 361 bp) (figure 2J) 
was amplified in the ChIP samples. This primer set showed 
a 12-fold increase of NF-κB binding on the DLL1 promoter 
after ABS exposure compared with the untreated group (UT) 
(figure  2K). There was no significant amplification detected 
in the IgG pull-down control sample (figure 2K). These novel 
findings confirmed the direct binding of NF-κB on the DLL1 
promoter.

Figure 2  NF-κB is critical for acidic bile salts (ABS)-induced DLL1 transcription by directly binding to DLL1 promoter region. (A) DLL1-expression-
based transcription factor enrichment analysis by gene set enrichment analysis (GSEA) and TRRUST website indicates NF-κB as one of the key 
transcriptional regulators in DLL1-high tumour samples in the TCGA-oesophageal adenocarcinoma (EAC) database. (B) GSEA of NF-κB signaling in the 
TCGA-EAC database, comparing DLL1-high EAC with DLL1-low EAC. (C) GSEA of NF-κB pathway in the RNA-seq datasets of OE33 cells, comparing 
control cells with ABS-treated cells (shCtrl vs shCtrl+ABS). (D) Western blots show protein level change of phosphor-p65, total p65, total DLL1 
(including full-length ligand and its cleaved fragment), NICD and β-actin during 6h-recovery after ABS exposure in OE33 (left) and OE19 (right) cells. 
(E) NF-κB-p65 luciferase assay shows NF-κB transcriptional activity were elevated after ABS exposure in OE33 cells. Untreated cells worked as control 
(Ctrl). (F) Representative immunofluorescent staining images of NF-κB (p65) in OE33 (left) and OE19 cells (right) showing nuclear translocation 
after ABS exposure. DAPI was used for nuclear staining. (G) Percentage of NF-κB (p65) nuclear localisation was quantified using three independent 
fields. (H) and (I) DLL1 mRNA expression was detected after OE33 (H) and OE19 (I) cells were transfected with a p65 overexpression vector or control 
(Vector). (J) The ChIP primers amplified the DNA fragment containing three adjacent potential NF-κB binding sites in DLL1 promoter, −551 bp to 
−361 bp from transcription start site (TSS). (K) ChIP-qPCR was performed in OE33 cells by using phospho-NF-κB-p65 antibody to pull down chromatin 
after ABS exposure, compared with the untreated control. IgG works as control. Statistical data are shown as mean±SEM. **P<0.01, ***p<0.001 and 
****p<0.0001 as calculated by t-test for two group comparisons.
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Exposure to ABS promotes NOTCH activation in an APE1-
redox-dependent manner
Exposure of oesophageal cells to reflux conditions generates 
high levels of reactive oxygen species and oxidative stress necessi-
tating activation of cellular redox mechanisms for the protection 
of transcription networks and maintaining cellular homeostasis. 
Our previous studies identified APE1 as an important signaling 
event in conditions of ABS exposure.8 13 14 APE1 redox function 

is critical for protecting cellular signaling and activation of 
redox-dependent TFs such as STAT3 under reflux conditions.8 
We, therefore, hypothesised that APE1 played a critical role in 
promoting NF-κB transcription activity with subsequent tran-
scriptional induction of DLL1 and NOTCH activation.

Indeed, ectopic expression of APE1 increased the levels of 
the three proteins (figure  3A). The NF-κB luciferase reporter 
assay consistently supported the role of APE1, showing 

Figure 3  APE1 plays an essential role in acidic bile salts (ABS)-induced NF-κB-DLL1-NOTCH activation. (A) Western blots were used to detect 
protein levels of interested genes after ectopic APE1 overexpression in OE33 (left) and OE19 (right) cells. (B) NF-κB-p65 luciferase activity was 
examined after APE1 overexpression. (C) qRT-PCR for DLL1 mRNA expression was performed in the condition of APE1 overexpression. (D) NOTCH/
CSL luciferase reporter assay was performed to confirm NOTCH transcriptional activity after APE1 overexpression. (E) Western blots were used for 
detecting protein expression of APE1, phosphor-p65, total p65, total DLL1, NOTCH intracellular domain (NICD) and β-actin at different time points of 
recovery from ABS exposure in OE33 (left) and OE19 (right) cells. (F) OE33 (left) and OE19 (right) cells were transfected with APE1 siRNA (siAPE1) or 
control siRNA (siCtrl) before ABS exposure; protein levels of interested genes were examined by western blot analysis. (G) OE33 cells with stable APE1 
knockdown (shAPE1) or control (shCtrl) were exposed to ABS, NF-κB-p65 activity luciferase reporter assay was performed at 3h- and 6h- recovery 
time points after ABS exposure. (H) Transient knockdown of APE1 (siAPE1) blocked ABS-induced DLL1 upregulation in OE33 as comparing to control 
cells (siCtrl). (I) NOTCH/CSL luciferase activity was checked in APE1-knockdown (shAPE1) and scramble shRNA control (shCtrl) OE33 cells with or 
without ABS exposure. Statistical data are shown as mean±SEM. *P<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 as calculated by t-test for two 
group comparisons.
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induction of the luciferase activity with ectopic expression of 
APE1 (figure 3B). Using qRT-PCR, we found that APE1 overex-
pression upregulated DLL1 mRNA expression compared with 
the control (Vector) (figure 3C and online supplemental figure 
3A). The NOTCH/CSL luciferase reporter assay confirmed that 
ectopic expression of APE1 significantly increased NOTCH 
luciferase activity, a measure of NOTCH transcription activity 
(figure 3D and online supplemental figure 3B). Based on these 
results, we next determined if changes in NF-κB-p65 phosphor-
ylation, DLL1 induction and NOTCH activation are APE1-
dependent under reflux conditions (ABS). Western blot analysis 
demonstrated an increase in APE1, phospho-p65, total DLL1, 
and active NICD following ABS treatment (figure  3E). APE1 
silencing using siRNA abolished the ABS-induced increase in 
phospho-p65, DLL1 and NICD protein levels (figure 3F). We 
also used OE33 cells with stable APE1 knockdown (shAPE1) 
or control (shCtrl) for the NF-κB luciferase reporter assays. 
The results indicated that APE1 suppression abrogated ABS-
enhanced NF-κB transcription activity (figure  3G). Transient 
(siAPE1) or stable (shAPE1) knockdown of APE1 abolished ABS-
induced DLL1 transcripts (figure 3H and online supplemental 
figure 3C) and NOTCH/CSL luciferase activity (figure 3I and 
online supplemental figure 3D). Interestingly, DLL4 was not 
reduced on APE1 knockdown (online supplemental figure 3E,F), 

further confirming that DLL1 is the crucial NOTCH ligand in 
EAC. Collectively, these results indicate that changes in DLL1 
and NOTCH activity are APE1-dependent under reflux condi-
tions (ABS).

To determine the role of APE1 redox function in the ABS-
induced NF-κB-DLL1-NOTCH activation, we used a stable 
shAPE1 cell line for reconstitution with wild-type APE1 (WT) 
or APE1-redox-deficient-mutant (C65A) under ABS condi-
tions. The results indicated that the wild-type APE1, not the 
redox-deficient-mutant, restored protein levels of phospho-p65 
(Ser536), DLL1 and NICD in response to ABS (figure 4A). In 
addition, the increase in phosphor-p65, DLL1 and NICD by ABS 
was abrogated by E3330, a pharmacologic small molecule inhib-
itor of APE1 redox activity (figure 4B). The use of E3330 also 
abrogated the ABS-induced NF-κB luciferase reporter activity 
(figure 4C), DLL1 expression (figure 4D,E), and NOTCH/CSL 
luciferase reporter activity (figure 4F,G). These results indicate 
that APE1 redox function was required for NF-κB activation, 
induction and cleavage of DLL1, and NOTCH1 cleavage and 
transcription activation under reflux conditions. To further vali-
date the connection between APE1 and DLL1, we performed 
a Pearson correlation analysis of normalised gene expression in 
the GEO dataset of NE, BE and EAC (GSE13898). The results 
demonstrated a correlation between APE1 and NOTCH signaling 

Figure 4  APE1 regulates NF-κB-DLL1-NOTCH axis through its redox function in response to acidic bile salts (ABS). (A) The APE1 stable silencing 
OE33 cells (shAPE1) were transfected with APE1-wild-type (WT) overexpression plasmid or APE1-redox-deficient-mutant (C65A) plasmid in the 
absence or presence of ABS exposure for western blots. (B) Western blots were used to detect protein levels of interested genes in the condition of 
ABS treatment with or without APE1 redox inhibitor, E3330, in OE33 (left) and OE19 (right) cells. (C) OE33 cells were maintained with 80 µM E3330 
before and after ABS exposure, and then NF-κB-p65 activity luciferase reporter assay was performed. (D) and (E) qRT-PCR was used to detect DLL1 
mRNA change in the condition of ABS exposure with or without E3330 application (80 µM) in OE33 (D) and OE19 (E) cells. (F) and (G) Luciferase 
reporter assays were performed to examine NOTCH transcriptional activity in the condition of ABS treatment with or without E3330 in OE33 (F) and 
OE19 (G) cells. Statistical data are shown as mean±SEM. *P<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 as calculated by t-test for two group 
comparisons. NICD, NOTCH intracellular domain.
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components (figure 5A). Of note, DLL1 was the only ligand that 
had a strong positive correlation with APE1 in patients with 
EAC and also significantly induced in our ABS-treated EAC cell 
models (figure 5B, R=0.66, p=4.6e−16). Immunofluorescence 
analysis demonstrated an increase in nuclear APE1 immunos-
taining levels together with upregulation of intracytoplasmic 
DLL1 after ABS treatment, as compared with untreated controls 
(UT) (figure  5C,D). Similar results were detected using 3D 
organotypic culture model of OE33 cells (figure 5E,F). Consis-
tent with these findings, we detected an increase in the cleaved 
extracellular N-terminal fragment of DLL1 in the conditioned 
medium after 3h- and 6h-recovery from ABS exposure compared 
with UT controls (online supplemental figure 4). These results 
demonstrate an important role of APE1 redox function in the 
activation of NOTCH signaling via NF-kB-dependent transcrip-
tion regulation of DLL1.

EAC tumorosphere formation is enhanced in response to ABS
NOTCH signaling plays a critical role in driving and main-
taining stem cell properties.24 26 27 We, therefore, investigated if 
the APE1-NOTCH axis promotes stem-like features in response 
to reflux conditions. To mimic the clinical conditions of GERD, 
we exposed OE33 cells to repeated episodes of ABS cocktail 
(200 μM, pH=5.5) 20 min per day for 14 days, followed by a 3D 
tumorosphere formation assay.28 OE33 cells with repeated ABS 
exposure displayed significant augmentation of tumorosphere 
number and growth compared with UT controls (figure 6A–C). 
Immunofluorescence staining demonstrated concomitant over-
expression APE1 and DLL1 (online supplemental figure 5A,B). 
Western blots showed that cells exposed to repeated ABS treat-
ment had higher levels of APE1, phospho-p65, DLL1 and NICD 
(figure  6D), confirming activation of this signaling cascade in 

Figure 5  APE1 is correlated and co-overexpressed with DLL1 under acidic bile salts (ABS) exposure. (A) Pearson correlation analysis of APE1 and 
NOTCH signaling components in a GEO dataset of NE, Barrett’s oesophagus and oesophageal adenocarcinoma (GSE13898). (B) APE1 has significant 
positive correlation with DLL1 at transcription level (R=0.66, p=4.6e−16) in the GSE13898 dataset. (C) Representative immunofluorescent staining 
images of APE1 (green) and DLL1 (red) in OE33 (upper) and OE19 (lower) cells with or without ABS treatment. (D) Mean fluorescent intensity of APE1 
and DLL1 was quantified using three independent fields in OE33 (left) and OE19 (right) cells. (E) Representative immunofluorescent staining images of 
APE1 (green) and DLL1 (red) in OE33-derived 3D organotypic culture with or without ABS treatment. (F) Mean fluorescent intensity of APE1 and DLL1 
was quantified using three independent fields. Statistical data are shown as mean±SEM. **P<0.01, ***p<0.001 and ****p<0.0001 as calculated by 
t-test for two group comparisons.
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response to reflux conditions. To determine if these phenotypic 
and molecular changes were dependent on APE1-redox func-
tion, we maintained OE33-derived tumorospheres with APE1-
redox-specific inhibitor, E3330, for three consecutive days 
before imaging. E3330 (50 µM and 100 µM) gradually reduced 

the number and size of tumorospheres (figure 6E–G) compared 
with UT controls. The changes of immunofluorescence inten-
sity (online supplemental figure 5C,D) and molecular signaling 
(figure  6H) were also reversed. We also used a recent deriva-
tive of E3330, APX2009, which is a potent inhibitor of APE1 

Figure 6  Oesophageal adenocarcinoma tumorosphere formation is enhanced in response to acidic bile salts (ABS). (A) OE33 cells were exposed to 
ABS (200 μM, pH=5.5) 20 min per day for 14 days; then, the cells were seeded for 3D tumorosphere culture; untreated OE33 cells (UT) were used as 
a control; representative images of the OE33-derived tumorospheres under white light. (B) and (C) Quantification of number (B) and size (C) of the 
tumorospheres in A. (D) Western blots of APE1, phosphor-p65, total p65, total DLL1 (full-length and cleaved form), NOTCH intracellular domain (NICD) 
and β-actin in the tumorospheres with and without repeated ABS exposure. (E) Tumorospheres derived from untreated OE33 cells were incubated 
with or without indicated doses of E3330 during culture; representative images of the OE33-derived tumorospheres with E3330 under white light. 
(F) and (G) Quantification of number (F) and size (G) of the tumorospheres in E. (H) Western blots of APE1, phosphor-p65, total p65, total DLL1 (full-
length and cleaved form), NICD and β-actin in the tumorospheres with E3330. (I) Tumorospheres derived from repeated-ABS-treated OE33 cells were 
transfected with DLL1 siRNA (siDLL1) or scrambled control (siCtrl); representative images of the tumorospheres with or without transient knockdown 
of DLL1 under white light. (J) and (K) Quantification of number (J) and size (K) of the tumorospheres in I. (L) Western blots of full-length DLL1, NICD 
and β-actin in the tumorospheres with and without indicated concentration of DLL1 siRNA. (M) Tumorospheres derived from repeated-ABS-treated 
OE33 cells were incubated with DLL1 neutralising antibody or anti-IgG; representative images of the tumorospheres with DLL1 neutralisation under 
white light. (N) and (O) Quantification of number (N) and size (O) of the tumorospheres in M. (P) Western blots of total DLL1 (full-length and cleaved 
form), NICD and β-actin in the tumorospheres with DLL1 neutralising antibody or anti-IgG. Statistical data are shown as mean±SEM. *P<0.05, 
**p<0.01, ***p<0.001 and ****p<0.0001 as calculated by t-test for two group comparisons.
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redox function.29 30 APX2009 decreased protein levels of phos-
pho-p65, total DLL1 (both full-length and cleaved ligands) and 
NICD in the tumorospheres compared with the untreated group 
(online supplemental figure 5E).

To further confirm the vital role of DLL1 in NOTCH-
mediated cancer cells’ expansion in response to reflux, we trans-
fected the tumorospheres derived from repeated-ABS-treated 
OE33 cells with DLL1 siRNA. Transient knockdown of DLL1 
led to a remarkable decrease in tumorospheres’ number and size 
(figure  6I–K) compared with control siRNA (siCtrl). In addi-
tion, western blots verified the DLL1 knockdown efficiency and 
demonstrated a reduced protein level of active NICD (figure 6L). 
Similarly, the use of DLL1 neutralising antibody abrogated 
tumorospheres’ growth (figure 6M–O) and showed a decrease in 
NICD protein level (figure 6P) compared with the IgG control. 
These results demonstrate an important role of APE1-NOTCH 
signaling axis in promoting stem-like properties in EAC cells in 
response to reflux.

DLL1 is upregulated in neoplastic mouse and human 
oesophageal tissues and correlates with poor prognostic 
outcomes in human EAC
We validated our findings in vivo using L2-IL-1β transgenic 
mouse model of BE/EAC.31 These mice develop neoplastic 
lesions at the gastro-oesophageal junctions that include high-
grade dysplasia or EAC lesion following 6–8 months of exposure 
to deoxycholic acid in drinking water (figure 7A). Immunoflu-
orescence staining demonstrated high levels of APE1 and DLL1 
in the neoplastic glandular areas at the gastro-oesophageal 
junctions. APE1 immunostaining was predominantly nuclear, 
whereas DLL1 was detected on the cell surface (figure 7A). We 
also examined the protein expression levels of APE1 and DLL1 
in human EAC tissues. We detected a co-overexpression pattern 
of APE1 and DLL1 by immunofluorescence (figure 7B) and IHC 
staining (figure  7C). To evaluate the correlation of APE1 and 
DLL1 in human EAC and normal oesophageal tissues, protein 
levels of APE1 and DLL1 were examined by IHC staining on 
tissue microarrays (figure  7D). We observed a coexpression 
pattern of APE1 and DLL1 in EAC tissues; IHC scores are 
summarised in online supplemental table 6). Statistical analysis 
of IHC index scores showed that protein levels of APE1 and 
DLL1 were significantly upregulated in EAC tissues compared 
with the normal oesophagus (figure 7E,F). Pearson correlation 
analysis revealed strong positive association between APE1 and 
DLL1 protein levels (figure 7G, R=0.73, p=1.7e−12). Survival 
analysis based on the TCGA-EAC database indicated poor prog-
nostic outcome with a lower overall survival rate for patients 
with EAC with high levels of DLL1 (figure  7H) or HES5, a 
NOTCH downstream transcription target (figure 7I). A cartoon 
summarising our findings is shown in figure 8.

DISCUSSION
The incidence of BE and EAC has increased at alarming rates over 
the past four decades.2 32 GERD, the main risk factor for EAC, 
is a clinical condition present throughout stages of BE-associated 
oesophageal tumourigenesis.33 Exposure of oesophageal cells to 
reflux generates high levels of oxidative stress forcing cells to 
develop adaptive signaling mechanisms to maintain redox and 
cellular homeostasis. Although earlier studies have shown over-
expression and activation of NOTCH signaling in EAC tumouri-
genesis,24 34 the molecular mechanisms governing activation of 
NOTCH in EAC under reflux conditions remain unknown. In 
this study, our results uncover the underlying mechanisms of 

NOTCH activation in EAC. We report a novel signaling axis 
linking intracellular oxidative stress sensor (APE1), GERD-
induced chronic inflammation (NF-κB) and NOTCH activation 
in EAC.

While an active scientific debate continues about origin of 
BE,35–38 several recent studies support that BE originates from 
Lgr5+ progenitor cells38 or Dclk1+ tuft cells39 of gastric cardia. 
Aberrant NOTCH activation resulted in accelerated develop-
ment of metaplastic BE-like lesions in the L2-IL1β mice.31 Our 
analysis of public datasets demonstrated activation of NOTCH 
molecular signature in EAC. NOTCH is an evolutionary highly 
conserved cell-fate-control signaling pathway, which evolved 
with the initial appearance of multicellular organisms and 
conserved in all living organisms.20 NOTCH signaling is essential 
for generating and maintaining cancer stem cell characteristics in 
EAC cells.24 NOTCH activation can also induce transcriptomic 
alterations of multiple oncogenic pathways, such as c-MYC, 
KRAS, and Wnt/β-catenin,39 creating a pro-tumorigenic envi-
ronment for BE progression.

Although a recent study suggested that NOTCH signaling 
mediates differentiation in BE-like lesions with progression to 
adenocarcinoma in the L2-IL-1ß mouse model,38 this study did 
not address the mechanisms of NOTCH activation. Using in 
vitro and in vivo models, we detected significant upregulation of 
NOTCH signaling components in response to reflux conditions. 
DLL1 was the most consistently up-regulated NOTCH ligand in 
the public datasets and in response to reflux conditions in our 
models. DLL1 is one of the three mammalian NOTCH ligands 
that belongs to Delta family. DLL1 overexpression promots 
NOTCH signaling and cancer stem-like features in several 
tumour types.40 41 We detected an increase in the full-length and 
cleaved intracellular form of DLL1. Interestingly, we found ABS-
induced transcriptional upregulation of DLL1 with cleavage. 
DLL1 binds to NOTCH receptors to mediate its proteolytic 
cleavages that, in turn, release the NICD that enters the nucleus 
to bind to other transcription coactivators to induce expression 
of NOTCH targets.20 We detected an increase in NICD with 
induction of expression of several NOTCH targets, such as 
HES1 and HEY1, following exposure to ABS. Of note, the use of 
neutralising DLL1 antibody abrogated ABS-mediated NOTCH 
activation, confirming its critical role in reflux conditions. These 
data indicate that reflux conditions play an important role in 
activation of NOTCH through DLL1.

Exposure to ABS during reflux conditions generates high levels 
of reactive oxygen species and oxidative stress with activation of 
pro-inflammatory signaling in EAC.42–44 Through bioinformatics 
analysis of public datasets, NF-κB signature was prominent in 
EAC where GSEA demonstrated enrichment for NF-κB signa-
ture in tumours expressing high levels of DLL1. We identified 
and confirmed novel active NF-κB binding sites on the DLL1 
promoter. Although the mechanisms by which NF-κB activation 
is induced and maintained under oxidative reflux conditions are 
not entirely understood, our data imply that APE1 redox func-
tion plays an important role in the process. APE1 has a unique 
redox function that protects and promotes TFs’ activities and 
their binding affinity to target genes’ promoters.45 High levels of 
APE1, also known as REF1, have been described in EAC.8 13 14 
We found a positive correlation between APE1 and DLL1 in 
human EAC. These novel results uncover a novel link between 
inflammation and activation of NOTCH, showing crosstalk 
between APE1-redox, NF-κB and DLL1/NOTCH1 signaling 
in EAC. It is worth mentioning that the APE1 redox function 
can promote activation of the STAT3 TF in response to ABS 
in EAC.8 We propose APE1 as an important redox protein that 
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Figure 7  DLL1 is upregulated in neoplastic mouse and human oesophageal tissues and correlates with poor prognostic outcomes in human 
oesophageal adenocarcinoma (EAC). (A) and (B) Representative immunofluorescent staining images of APE1 (green) and DLL1 (red) in EAC tissue 
samples from pL2-IL1ß transgenic mouse (A) and human EAC tissue (B). DAPI was used for nuclear staining. (C) and (D) Representative IHC 
staining images of APE1 and DLL1 using the slides of the same human EAC tissue as B (C) and human EAC tissue microarrays (TMA) (D). (E) and (F) 
Comparisons of IHC index scores of APE1 (E) and DLL1 (F) between normal oesophageal epithelium (n=5) and EACs (n=62) in human EAC TMA were 
shown. (G) Pearson correlation analysis of the IHC index scores of APE1 and DLL1 protein from human EAC TMA. (H) and (I) Kaplan-Meier plots were 
used for the survival analysis in the TCGA-EAC database, comparing DLL1-high patients with DLL1-low patients (H), or comparing HES5-high patients 
with HES5-low patients (I).
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promotes pro-inflammatory oncogenic TFs in response to reflux 
conditions in EAC tumourigenesis.

Using repeated short exposures to ABS over 14 days to mimic 
chronic reflux conditions, we found that ABS not only activated 
APE1//NF-κB/DLL1/NOTCH signaling but also significantly 
enhanced tumorospheres formation capacity. APE1 small mole-
cule redox inhibitors suppressed tumorospheres formation. We 
detected co-overexpression of APE1 and DLL1 in neoplastic 
lesions at the gastro-oesophageal junctions in the L2-IL1β mice. 
A similar expression pattern of APE1 and DLL1 was present 
in EAC tissue samples, where patients with EAC with DLL1-
high expression levels had poorer clinical outcomes and shorter 
overall survival than those with DLL1-low levels.

In summary, our findings link inflammation (NF-κB), redox 
(APE1) and NOTCH signaling in EAC tumourigenesis under 
reflux conditions, providing a new perspective on the complex 
crosstalk of signaling networks. The results call for the develop-
ment of novel therapeutic strategies that target APE1-redox or 
NOTCH signaling in patients with EAC.
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Figure 8  Schematic summary of APE1-redox-mediated NF-κB-DLL1-NOTCH activation in response to acidic bile salts (ABS) in oesophageal 
adenocarcinoma. Exposure to ABS, the in vitro mimic of GERD, increases APE1 protein level and activates APE1-redox-dependent transcription factor, 
NF-κB, which consequently upregulates DLL1 transcription by directly binding to DLL1 promoter region in the signal sending cells. Accumulated 
DLL1 protein on cell surface facilitates NOTCH1 cleavage in the signal receiving cells, releasing the active form of NOTCH1 receptor, NOTCH 
intracellular domain (NICD), which is translocated into cell nucleus, forms transcriptional complex with RBPJ and MAML, and activates transcription of 
downstream targets like HES1 and HEY1. APE1 redox-specific inhibitor, E3330, effectively blocks this ABS-activated NF-κB/DLL1/NICD signaling axis.
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