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Abstract 

Cancer is a disease underpinned by aberrant gene expression. Enhancers are regulatory elements that play a major role in transcriptional 
control and changes in active enhancer function are likely critical in the pathogenesis of oesophageal adenocarcinoma (O A C). Here, we utilise 
STARR-seq to profile the genome-wide enhancer landscape in O A C and identify hundreds of high-confidence enhancer elements. These regions 
are enriched in enhancer-associated chromatin marks, are actively transcribed and exhibit high levels of associated gene activity in O A C cells. 
These characteristics are maintained in human patient samples, demonstrating their disease rele v ance. T his rele v ance is further underlined by 
their responsiveness to oncogenic ERBB2 inhibition and increased activity compared to the pre-cancerous Barrett’s state. Mechanistically, these 
enhancers are linked to the core O A C transcriptional network and in particular KLF5 binding is associated with high le v el activity, pro viding further 
support for a role of this transcription factor in defining the O A C transcriptome. Our results therefore uncover a set of enhancer elements with 
ph y siological significance, that widen our understanding of the molecular alterations in O A C and point to mechanisms through which response 
to targeted therapy may occur. 
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esophageal adenocarcinoma (OAC) is a gastrointestinal can-
er that is one of the leading global causes of cancer-associated
eaths ( 1 ). A number a genome-wide DNA-sequencing stud-
es have identified potential disease driver events, including
mplifications of genes encoding receptor tyrosine kinases
RTKs) such as ERBB2 ( 2–4 ). Despite this, there is still a
aucity of information regarding the specific mechanisms by
hich disease occurs. We have previously demonstrated that

hanges to the accessible chromatin landscape are critical in
oth the onset of disease, and the response to targeted thera-
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peutic intervention ( 5–8 ). These chromatin changes often oc-
cur in regions of the genome that have the potential to func-
tion as regulatory elements, such as enhancers, and may rep-
resent an underappreciated mechanism by which disease and
therapy-resistance is facilitated. This makes the study of en-
hancer elements in OAC of potential clinical importance. 

Enhancers are distal regulatory elements that affect the ex-
pression of their target genes through long-range interactions
with their promoters ( 9 ). The identification of enhancers has
largely focused on the use of correlative approaches, link-
ing the presence of histone marks such as H3K27ac and
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H3K4me1, as well as chromatin accessibility, to enhancer po-
tential ( 10 ,11 ). Whilst these approaches have revolutionised
the study of enhancer elements, they remain hampered by the
inability to provide a robust readout of genuine enhancer ac-
tivity. Indeed, there is a body of evidence to suggest that cor-
relative enhancer marks have no bearing on enhancer activ-
ity itself ( 12–14 ). Low-throughput enhancer reporter assays,
which link enhancer function to a reporter gene such as green
fluorescent protein (GFP) or luciferase, remain the most com-
monly used method by which enhancer activity is assessed
( 15 ). However, these approaches generally interrogate a sin-
gle enhancer at time, limiting their use in genome-wide en-
hancer identification. To this end, genome-wide screening such
as STARR-seq is an important advance in the understanding
of enhancer biology ( 16 )]. STARR-seq is a form of massively
parallel reporter assay (MPRA), where regions of DNA are
inserted downstream of a promoter, and into the 3 

′ -UTR of
a reporter gene. Provided that the region of DNA functions
as an enhancer, it will drive expression of the reporter tran-
script, and itself, which may be detected using RNA-seq ( 16 ).
By generating genome-wide libraries of potential regulatory
DNA regions, and inserting these into the STARR reporter, it
is possible to interrogate global enhancer activity. 

Our previous studies identified regions of the genome that
change accessibility during the transition to OAC from the
precursor condition Barrett’s oesophagus ( 5–7 ), but these pro-
vide only correlative evidence for enhancer activity based on
one modality (chromatin accessibility). Here, we employed
STARR-seq to expand on these studies and provide direct ev-
idence of enhancer activity in OAC. By using genome-wide
DNA libraries generated using a combination of A T AC-seq
and CUT&Tag, we identified chromatin regions in OAC that
function as active enhancer elements. Integration with other
genome-wide datasets from both OAC cells and patient sam-
ples validated their designation as bona fide regulatory ele-
ments and their association with regulatory events in OAC
patients. These findings therefore expand our current under-
standing of the gene regulatory mechanisms underlying OAC.

Materials and methods 

Cell culture and treatments 

OE19 cells were cultured in RPMI 1640 (ThermoFisher Sci-
entific, 52400), HEK293T cells were cultured in DMEM
(ThermoFisher Scientific, 11965084). All media was supple-
mented with 10% foetal bovine serum (ThermoFisher Sci-
entific, 10270). Cell lines were cultured at 37 

◦C, 5% CO 2

in a humidified incubator. Lapatinib (Selleckchem, S1028)
treatments were performed for 24 h and at a 500 nM final
concentration. 

Luciferase reporter assays 

Regions containing VEGFAe , ELF3e , GATA6e or PAX8e
were amplified from OE19 genomic DNA using primers con-
taining 20 bp overlap regions with the multiple cloning site
of the pGL3 Promoter vector (Promega, E1761) for luciferase
assays ( Supplementary Table S4 ). Final vectors were assem-
bled using HiFi assembly (NEB, E5520S) according to the
manufacturer’s instructions to create pGL3 plasmids contain-
ing VEGFAe , ELF3e , GA TA6e or P AX8e enhancer regions
(pAS5014-pAS5017). Enhancer vectors were transfected into
OE19 cells using the Amaxa™ Nucleofector™ II (Lonza) with
Cell Line NucleofectorTM Kit V (Lonza, VCA-1003) using 
program T-020, according to manufacturer’s instructions. To 

conduct luciferase assays, 250 ng of enhancer vector was 
co-transfected alongside 50 ng of pCH110 (Amersham). En- 
hancer activity was assessed using the Dual-Light™ Luciferase 
& β-Galactosidase Reporter System (ThermoFisher Scientific,
T1003) according to the manufacturer’s instructions. 

STARR-seq vector production 

An integrating STARR-seq vector was designed based on the 
pLenti-FKBP-delCasp9-Puro vector ( 17 ) and the hSTARR- 
seq_ORI vector (Addgene, 99296) ( 18 ). Briefly, the lentivi- 
ral machinery was amplified from the pLenti-FKBP-delCasp9- 
Puro vector to create two PCR products (primer pairs 
ADS6967 / ADS6968 and ADS6969 / 6970). The STARR re- 
porter machinery was amplified from the hSTARR-seq_ORI 
vector to create two PCR products using primer pairs 
ADS6963 / ADS6964 and ADS6965 / 6976. The four PCR 

products were then assembled in a 1:1:1:1 ratio using HiFi 
assembly (NEB, E5520S) according to the manufacturer’s in- 
structions to create the pLenti-STARR vector (pAS5018). PCR 

primers are listed in Supplementary Table S4 . 

STARR-seq plasmid library generation 

To maintain library complexity, 8 Omni-A T AC or CUT&Tag 
tagmentation reactions of 50000 OE19 cells each were con- 
ducted per library, as previously described ( 19 ,20 ) except Nex- 
tera sample barcodes were only introduced using the forward 

primer ( Supplementary Table S4 ) and with an altered nuclear 
extraction step for CUT&Tag libraries. For the CUT&Tag nu- 
clear extraction, OE19 cells were initially lysed in Nuclei EZ 

lysis buffer (Sigma-Aldrich, NUC-101) at 4 

◦C for 10 min fol- 
lowed by centrifugation at 500 g for 5 mins. The subsequent 
clean-up was performed in a buffer composed of 10 mM Tris- 
HCl pH 8.0, 10 mM NaCl and 0.2% NP40 followed by cen- 
trifugation at 1300 g for 5 min. Nuclei were then lightly cross- 
linked in 0.1% formaldehyde for 2 mins followed by quench- 
ing with 75 mM glycine followed by centrifugation at 500 g 
for 5 mins. Cross-linked nuclei were resuspended in 20 mM 

HEPES pH 7.5, 150 mM NaCl and 0.5 M spermidine at a 
concentration of 4–8 × 10 

3 / μl (2–4 × 10 

4 total). For 2–
4 × 10 

4 nuclei, 0.5 μg of primary and secondary antibody 
were used with 1 μl of pA-Tn5 (Epicypher, 15–1017). Anti- 
bodies used for CUT&Tag: anti-BRD4 (Abcam, ab128874),
anti-H3K27ac (Abcam, ab4729) and anti-MED1 (Antibody- 
Online, A98044 / 10UG). Subsequent CUT&Tag stages were 
as previously described ( 20 ). 

Omni-A T AC or CUT&Tag libraries assembled into the 
pLenti-STARR vector using HiFi assembly (NEB, E5520S),
as previously described ( 16 ) and according to manufacturer’s 
instructions. 25 assembly reactions per library were con- 
ducted to maintain library complexity. Assembly reactions 
were pooled and cleaned using Ampure XP beads (Beckman 

Coulter Agencourt, A63881) at a 1.8 × ratio of beads to input.
Assembled libraries were eluted into 10 μl nuclease-free H 2 O.
MegaX DH10B T1R electrocompetent bacteria (20 μl; Ther- 
moFisher Scientific, C640003) were transformed with 150 ng 
of library, with a total of 8 transformations performed per 
library to maintain complexity. Bacteria were transformed us- 
ing the Ec1 setting on the BioRad MicroPulser (BioRad, 165- 
2100) in 1 cm cuvettes, ensuring time constants between 4.5–
5.0 ms. Bacterial cells were recovered in 750 μl of pre-warmed 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
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OC medium and incubated for 1 h in a 250 RPM shaker at
7 

◦C. Post-recovery, bacterial cells were pooled and incubated
vernight in 4 l of Luria broth containing 100 μg / ml carbeni-
illin (Sigma, C1613). Plasmid libraries were collected using
he Plasmid Giga Kit (Qiagen, 12191). An aliquot of the plas-
id library was sequenced on an Illumina HiSeq 4000 Sys-

em to assess complexity (University of Manchester Genomic
echnologies Core Facility). 

TARR-seq library transduction and screening 

entiviral particles were generated as previously described
 21 ). Briefly, 2 × 10 

6 HEK293 cells were transfected with 15
g pLenti-STARR library, 10 μg psPAX2 (Addgene, 12260)
nd 5 μg pMD2.G (Addgene, 12259) using PolyFect (Qi-
gen, 301107). Media was collected at 48 and 72 h post-
ransfection and viral particles were precipitated using PEG-
t™ Solution (System Biosciences, LV810A-1). To transduce,
 × 10 

7 OE19 cells were treated with virus (MOI 0.7) and 5
g / ml Polybrene (EMD Millipore, TR-1003). Polyclonal cells
ere selected for 2 weeks in 500 ng / μl puromycin (Sigma,
7255). After selection and growth to 5 × 10 

7 cells, 50% of
ells were processed for gDNA isolation using the DNEasy
lood and Tissue Kit (Qiagen, 69504) and 50% processed

or RNA isolation using the RNEasy Midi Kit with optional
n-column DNAse digestion (Qiagen, 75144), as per manu-
acturer’s instructions. Sequencing-ready gDNA and RNA li-
raries were generated as previously described ( 22 ). Briefly,
olyA + mRNA was isolated using the Oligotex mRNA
idi kit (Qiagen, 70042), as per manufacturer’s instructions.
NA was reverse-transcribed using Superscript III Reverse
ranscriptase (ThermoFisher Scientific, 18080085) with 4 re-
ctions per library (ensuring < 4 μg per reaction) using a
pecific primer and according to manufacturer’s instructions
 Supplementary Table S4 ). cDNA was pooled and cleaned
p using Ampure XP beads (Beckman Coulter Agencourt,
63881) at a 1.8X ratio of beads to input, eluting in 80 μl
uclease-free H 2 O. cDNA and gDNA libraries were ampli-
ed by PCR using the NEBNext 2X Master Mix with the re-
aining sample barcode introduced using the reverse primer

 Supplementary Table S4 ). 4 reactions were performed per li-
rary. Libraries were pooled and sequenced on an Illumina
iSeq 4000 System (University of Manchester Genomic Tech-

ologies Core Facility). 

TARR-seq data analysis 

nitial STARR-seq data processing was performed similarly
o A T AC-seq data processing previously described ( 5 ). Briefly,
eads were mapped to GRCh38 (hg38) using Bowtie2 v2.3.0
 23 ) with the options: -X 2000 -dovetail. Mapped reads
 > q30) were retained using SAMtools ( 24 ). Reads mapping to
lacklisted regions were removed using BEDtools ( 25 ). Peaks
ere called using MACS2 v2.1.1 ( 26 ) with the following pa-

ameters: -q 0.01, -nomodel -shift -75 -extsize 150 -B –SPMR.
 union peakset was formed from all plasmid library samples,
sing HOMER v4.9 mergePeaks.pl -d 250 ( 27 ) as described
reviously ( 6 ). STARR signal was ranked using featureCounts
 28 ) by taking the sum of RNA libraries at regions above the
ESeq2-defined count threshold and calculating signal over
lasmid (A T AC-ST ARR-seq) or gDNA (CUT&Tag-STARR-
eq). The changepoint package in R v3.6.0 was used to de-
ermine RNA and plasmid ranks, as well as the top-ranked
egions for subsequent analysis. Differentially active STARR
regions were subsequently determined from top-ranked re-
gions using DESeq2 ( 29 ). A log 2 -fold change of ± 0.3 and
P -value adj < 0.1 defined differential expression. 

HOMER v4.9 was used for de novo transcription factor
motif enrichment analysis on the identified STARR + regions.
The default settings of HOMER were used, where the back-
ground regions were randomly selected that match the GC-
content distribution of the STARR + regions. STARR + re-
gions were annotated to genes by the nearest gene model and
genomic distribution profiled using HOMER v4.9 annotate-
Peaks.pl. A custom peakset of high-confidence STARR + in-
tersect regions was generated as described previously ( 5 ).
Differentially accessible / H3K27ac-marked high-confidence
STARR + intersect regions upon lapatinib treatment were de-
termined using DESeq2 ( 29 ). A log 2 -fold change of ±0.2, and
P -value adj < 0.075 and 0.05 defined differential accessible and
H3K27ac-marked regions, respectively. 

CUT&tag processing and data analysis 

OE19 cells were treated with 500 nM lapatinib or DMSO.
After 24 h, CUT&Tag library generation was performed as
described above using an anti-H3K27ac antibody (Abcam,
ab4729). CUT&Tag libraries were pooled and sequenced on
an Illumina HiSeq 4000 System (University of Manchester Ge-
nomic Technologies Core Facility). CUT&Tag data process-
ing was performed as for A T AC-seq analysis described above.
A union peakset was generated using HOMER v4.9 merge-
Peaks.pl -d 250 ( 27 ) as described previously ( 5 ) and biological
replicates were assessed for concordance ( r > 0.80). 

KAS-seq processing and data analysis 

24 h-lapatinib or DMSO treated OE19 cells / cells from OAC
tissue were prepared for KAS-seq. OE19 KAS-seq library gen-
eration was performed as described previously for bulk low
input KAS-seq ( 28 ) except for altered nuclear extraction and
labelling reactions, and using home-made Tn5 transposase as
described previously ( 30 ). Nuclei were extracted and washed
as described for CUT&Tag. Nuclei were then resuspended in
nuclease-free H 2 O at a concentration of 1 × 10 

4 / μl (2 × 10 

5

total) Labelling reactions were carried out in DNA LoBind®
tubes (Eppendorf, 0030108051) using 5 mM N3-kethoxal (a
gift from Chuan He) in PBS to a final volume of 50 μl for
15 min at 37 

◦C with 1000 RPM mixing in a thermomixer.
Labelled gDNA was isolated using the PureLink™ Genomic
DNA Mini kit (ThermoFisher Scientific, K182001) and eluted
twice with 21.5 μl 25 mM K 3 BO 3 pH 7.0. Purified DNA un-
derwent tagmentation reaction with 2 μM of Tn5 in 1 × TD
buffer (33 mM Tris–OAc pH 7.8, 66 mM K O Ac, 10 mM
Mg(OAc) 2 and 16% dimethylformamide) in a 25 μl reac-
tion volume at 37 

◦C for 30 min. Subsequent enrichment was
performed with 5 μl of Dynabeads Streptavidin C1 (Ther-
moFisher Scientific, 65001) and resuspended in 19.5 μl H 2 O.

Library amplification was performed by PCR with 20 μl
beads, 0.5 μM i5 and i7 Illumina index primers (Illumina,
20027213) and NEBNext Ultra II Q5 Master Mix (NEB,
M0544S) in a 50 μl final reaction volume. The PCR reaction
was carried out at 72 

◦C, 5 min; 95 

◦C 10 min, 15 cycles at
98 

◦C 10 s, 63 

◦C 30 s, 72 

◦C 60 s and a final 72 

◦C step for
2 min. The final libraries were cleaned up using Zymo DNA
Clean & Concentrator kit 5 (Zymo Research, D4014). KAS-
seq libraries were pooled and sequenced on an Illumina HiSeq
4000 System (University of Manchester Genomic Technolo-

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
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gies Core Facility). Three biological replicates were sequenced
and checked for concordance ( r > 0.80). KAS-seq data pro-
cessing was performed as described previously ( 28 ), but with
the MACS2 v2.1.1 –broad peak calling option. 

For OAC and Barrett’s tissue KAS-seq, fresh frozen OAC 3
mm biopsies were collected at Cambridge University Hospi-
tals NHS Trust (Addenbrooke’s Hospital) from patients un-
dergoing endoscopy. The study was approved by the Insti-
tutional Ethics Committees and all patients gave individual
informed consent. Tissue nuclei were extracted as previously
described ( 5 ) and treated as described for OE19 cells. 

KAS-seq data processing was performed as described previ-
ously ( 28 ). Briefly, reads were mapped to the human genome
GRCh38 (hg38) using Bowtie2 v2.3.0 ( 23 ). Mapped reads
( > q30) were retained using SAMtools ( 24 ). Reads mapping to
blacklisted regions were removed using BEDtools ( 25 ). Peaks
were called using MACS2 v2.1.1 ( 26 ) with the following pa-
rameters: -q 0.01, -nomodel -shift -75 -extsize 150 -B –SPMR
–broad. A union peakset was generated as described previ-
ously ( 5 ) and biological replicates were assessed for concor-
dance ( r > 0.80). 

Bioinformatics 

Genome browser data were visualised using the UCSC
Genome Browser ( 31 ) Heatmaps and tag density plots
of epigenomic data were generated the using deepTools
( 32 ) computeMatrix, plotProfile, plotCorrelation and plotHe-
atmap functions. Metascape ( 33 ) was used for gene and
disease ontology analysis of closest protein-coding genes of
the STARR + regions. Metascape utilizes the hypergeometric
test and Benjamini-Hochberg p-value correction algorithm to
identify all ontology terms that contain a statistically greater
number of genes in common with an input list than expected
by chance. 

The eulerr package in R v3.6.0 was used for generating
Venn diagrams. The Fisher exact test was used to calculate the
p-values for the genomic region overlaps shown in the Venn
diagrams in Figure 3 B and Supplementary Figure S3 C, and
the Monte Carlo method was used for obtaining a P -value in
Supplementary Figure S4 A. In order to use the Fisher exact
test, we created a genomic background (namely a set of ge-
nomic regions) as a possible sample space for the genomic re-
gions involved in the overlapping. For Figure 3 B, the genomic
background was the whole genome. In detail, two peaks from
the two sets were regarded as overlapping if the distance be-
tween their mid-points is < 250 bp. From such overlapping
definition we obtained the number of peaks in one set over-
lapping with peaks in another set, and the number of peaks
in one set which does not overlap with any peak in another
set, giving us three numbers of peaks. To use the Fisher exact
test to calculate P value, a fourth number was calculated by
dividing the whole human genome into contiguous and non-
overlapping 1 kb regions. After excluding those 1 kb regions
which overlap with the hg38 blacklisted regions downloaded
from UCSC genome browser web site, we counted the num-
ber of 1 kb regions which do not overlap with any peak in
the two sets, which was used as the fourth number for calcu-
lating the p-value in Figure 3 B. For the overlapping shown in
Supplementary Figure S3 C, the genomic background was the
non-redundant A T AC-seq peaks in OE19 cells. In detail, two
peaks were regarded as overlapping with each other if their
mid points were in the same A T AC-seq peak, and the num-
ber of A T AC-seq peaks which did not contain any peaks in 

the two overlapping sets was regarded as the fourth number 
for Fisher exact test. The calculation of the p-values shown 

in Supplementary Figure S4 A also used the non-redundant 
A T AC-seq peaks in OE19 cells. In detail, we randomly selected 

1549 peaks from the set of A T AC-seq peaks, and counted the 
number of these 1549 A T AC-seq peaks overlapping with the 
peaks in one ChIP-seq peak set (either GA T A6, HNF4A or 
KLF5). We repeated the random selection 10 000 times, and 

ordered the number of overlaps obtained in the 10 000 exper- 
iments, and finally compared the ordered numbers with the 
overlap numbers shown in Venn diagrams to obtain an esti- 
mation of P -value for the overlap. 

Datasets 

All data were obtained from ArrayExpress, unless stated 

otherwise and are listed in Supplementary Table S5 . OAC 

tissue total RNA-seq data were obtained from: OC- 
CAMS consortium (European Genome-Phenome Archive,
EGAD00001007496) ( 34 ). Lapatinib-treated OE19 A T AC- 
seq, lapatinib-treated OE19 RNA-seq and OE19 H3K27ac 
ChIP-seq was obtained from: E-MT AB-10334, E-MT AB- 
10304 and E-MTAB-10302, respectively ( 8 ). OE19 KAS-seq 

and CUT&Tag data were obtained from E-MTAB-11357 and 

E-MTAB-11356, respectively 35. The 4600 test eRNA set was 
obtained from published data ( 35 ). 

Results 

Identification of enhancer-like regulatory regions 

using STARR-seq in OAC cells 

To identify genomic regions with enhancer activity in OAC 

cells, we applied STARR-seq in the OAC cell line, OE19 which 

we have previously demonstrated to faithfully recapitulate 
OAC at the chromatin level ( 5–7 ). This technique leverages 
the ability of putative enhancer elements to drive transcrip- 
tion ( 15 ,16 ). Putative enhancer elements are placed into the 
3 

′ -UTR of a truncated GFP reporter under the control of a 
minimal promoter (Figure 1 A). If these elements function as 
enhancers, they may upregulate the production of the reporter 
upon introduction into cells. Genomic sequencing of these 
cells can determine the extent of the plasmid introduction into 

the cells, whilst RNA sequencing can determine the extent of 
reporter RNA production. As the enhancers are within the 3 

′ - 
UTR, they serve as their own barcode in the generated tran- 
scripts. By calculating the ratio of RNA to plasmid insertion,
it is possible to calculate relative enhancer strength ( 15 ,16 ). 

We adopted a multi-pronged approach to identify puta- 
tive enhancers by creating STARR-seq libraries from DNA 

fragments generated from OE19 cells, with accessible chro- 
matin (via A T AC) or linked to the enhancer-associated chro- 
matin factors and marks BRD4, H3K27ac and MED1 (via 
CUT&Tag). Libraries were created in lentiviral vectors to en- 
able integration into the host genome. This created four inde- 
pendent libraries; A T AC-ST ARR, BRD4-ST ARR, H3K27ac- 
ST ARR and MED1-ST ARR libraries respectively. W e then 

transduced OE19 cells with these libraries and used RNA-seq 

to identify enhancer derived transcripts alongside sequencing 
of the integrated gDNA as well as input plasmid library for 
determining signal enrichment relative to overall library abun- 
dance (Figure 1 A). 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
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Figure 1. STARR-seq identifies potential enhancer regions. ( A ) STARR-seq strategy. P utativ e enhancer regions from ATAC-seq or CUT&Tag assa y s are 
inserted downstream from a truncated GFP reporter (GFP’) in a lentiviral vector. Regulatory regions which represent active enhancers are revealed by 
RNA-seq where they are ‘self transcribed’ along with the GFP’ segment. Enrichment is calculated relative to input DNA from the library or integrated 
into the host genome. ( B ) Volcano plots displaying the differential ( ± Log 2 FC 2.0, < –Log 10 - P- value = 1.0) RNA signal over plasmid (A T AC) or gDNA 

(BRD4, H3K27ac, MED1) for A T AC, BRD4, H3K27ac and Med1 -ST ARR-seq assays. Regions are colour coded by RNA signal strength. ( C ) Genomic 
distribution of the STARR + regions for A T AC, BRD4, H3K27ac and MED1 -ST ARR-seq assays. ( D ) Genome browser view of A T AC, BRD4, H3K27ac and 
MED1 -ST ARR-seq assays, with plasmid (A T AC) or gDNA (BRD4, H3K27ac, MED1) and RNA tracks shown. Displayed is the TKT locus with an upstream 

STARR + region highlighted. 
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Differential STARR-derived RNA enrichment relative to
plasmid library representation was calculated for each
STARR-seq experiment and predominantly demonstrated
higher levels of reporter-derived RNA signal enrichment, as
expected (Figure 1 B). Genomic regions showing significant
enrichment (log 2 ≥ 2 fold; –log 10- P -value ≤ 1) were taken
forward as positive hits for demonstrating enhancer activ-
ity and henceforth be referred to as STARR + regions (con-
versely those not exhibiting high signal are referred to as
STARR- regions). This analysis revealed, 893, 5398, 5534 and
3763 STARR + regions representing potential enhancers, from
the A T AC-ST ARR (1%), BRD4-ST ARR (28%), H3K27ac-
STARR (20%) and MED1-STARR (40%) plasmid libraries
respectively. These regions were predominantly from mid-high
RNA producing regions rather than low activity, potentially
high abundance regions as indicated by colour coding each
region (Figure 1 B) based on whether in a low, mid or high ex-
pressing category ( Supplementary Figure S1 A). Furthermore,
we determined the impact of plasmid count on RNA produc-
tion, by categorising STARR regions into low, mid and high
plasmid DNA copy number regions ( Supplementary Figure 
S1 B). This analysis demonstrated no disproportional enrich-
ment of any plasmid DNA copy number categories, precluding
plasmid drop-out or integration bias as drivers of RNA signal
strength. 

The genomic distribution of the STARR + regions showed
consistency across all STARR libraries (Figure 1 C) which
is similar to that observed in all accessible A T AC-seq de-
rived regions ( Supplementary Figure S1 C). However, by com-
parison to input libraries (7–16%) an enrichment was ob-
served for promoter elements (21–34%) (Figure 1 C). This
phenomenon has previously been reported for other high
throughput enhancer screens ( 36 ) and is consistent with the
notion that a subset of promoters can function as enhancer
elements in MPRAs ( 37 ). These observations confirm that the
STARR + elements are not unrepresentative elements predis-
posed to transduction and are genuinely randomly sampled
from the libraries from which they are generated. 

STARR-seq therefore identifies a catalogue of self-
transcribing regions that may represent enhancer elements in
OAC cells. This is exemplified by the STARR + region iden-
tified by all STARR-seq modalities, found at the TKT locus
(Figure 1 D), which encodes a transketolase which has been
associated with the tumourigenic properties of many different
cancers ( 38 ) 

High-confidence STARR + regions are marked with 

features of active chromatin 

To create a high confidence set of STARR + regions, we
overlapped the regions found in each dataset (Figure 2 A)
and found 1549 STARR + intersect regions common to
at least two of the A T AC, BRD4, H3K27ac and MED1
STARR + datasets (Figure 2 A; Supplementary Table S1 ). These
intersect STARR + regions include promoter proximal ele-
ments in addition to both intergenic and intragenic regions
( Supplementary Figure S2 A). Intragenic enhancers, in partic-
ular, can be challenging to identify through other approaches
such as eRNA profiling in patient samples ( 35 ,39 ). This rel-
atively low level of overlap can be partially explained by the
lack of saturation in our screen, but also by the fact that al-
though there was high correlation between plasmid input and
gDNA libraries ( Supplementary Figure S2 B), each gDNA li-
brary represented 32–42% coverage of all possible fragments 
from the input libraries. Moreover, when comparing across 
modalities, we found good correlations between gDNA li- 
braries but numerically, while the majority of MED1-defined 

regions are also present in in the two other datasets (76 

and 96%), there was a lower between H3K27ac- and BRD4- 
derived gDNA libraries (42 and 63%). Collectively, this means 
that the theoretical possible numbers of overlaps between 

modalities is substantially less than 100%, and the gDNA li- 
braries are subsampling all possible genomic fragments. This 
is not unexpected, given that we are using different antibodies 
and biologically, all enhancers would not necessarily have the 
same levels of each modification, and different combinations 
of modifications and binding proteins likely produce different 
activity levels. 

We next sought to identify the features associated with these 
STARR + intersect regions, and the implications on regulatory 
potential. We previously generated CUT&Tag, ChIP-seq and 

A T AC-seq data for a range of chromatin-associated factors in 

OE19 cells ( 6 , 7 , 35 ) and we used this data to examine the over-
all levels of a broad range of chromatin marks and binding 
proteins across all of the STARR + regions. Strikingly, the high 

confidence 1549 STARR + intersect peaks showed widespread 

enrichment for chromatin features associated with active regu- 
latory potential, including BRD4, H3K27ac, MED1 and PolII 
as expected, but also more overt enhancer-associated marks 
such as H3K4me1 / 2 (Figure 2 B). This is exemplified by an 

intergenic region located upstream from TKT (Figure 2 C).
Chromatin architectural marks were also detected (CTCF and 

SMC1) but there was little evidence of the repressive chro- 
matin mark H3K27me3 (Figure 2 B). While the STARR + re- 
gions identified in all of the individual assays exhibited en- 
richment for active chromatin features, the high confidence 
intersecting regions showed higher levels than any of the re- 
gions identified uniquely in a particular dataset (Figure 2 D; 
Supplementary Figure S2 C). This mirrors the data from the 
STARR-seq assays where there is high signal resulting from 

the assay in which the data is generated but high signal is 
only uniformly observed across all marks in the intersecting 
regions ( Supplementary Figure S2 D and E). Overall, the high 

confidence intersect set of 1549 STARR + regions exhibit en- 
richment of features indicative of active enhancers in OE19 

cells. 
To further explore the characteristics of regions ex- 

hibiting enhancer activity, we compared the ratios of 
H3K4me1:H3K4me3 and H3K4me2:H3K4me3 found in 

OE19 cells between STARR + intersect regions annotated 

as promoter-proximal (–1 kb to +0.1 kb) and the remain- 
ing intergenic or intragenic regions (representing distal en- 
hancers). Both ratios were significantly higher for distal en- 
hancer elements, than for promoter-proximal elements (Fig- 
ure 2 E; Supplementary Figure S2 F). These analyses imply 
that the subset of intersect STARR + regions located in in- 
tergenic or intragenic regions, may represent bona fide en- 
hancers. This is corroborated by metaplots which show a 
clear demarcation of higher H3K4me1 signal at putative en- 
hancers and H3K4me3 signal at promoter proximal regions 
( Supplementary Figure S2 G). 

To explore the potential functional consequences of en- 
hancer activity at the STARR + intersect regions, we linked 

STARR + regions to the nearest coding gene TSS using 
HOMER ( 27 ) ( Supplementary Table S1 ) and compared 

the expression of the 1372 genes linked to the STARR + 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
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Figure 2. High confidence STARR + regions are associated with active chromatin and transcriptional features. ( A ) Venn-diagram displaying the intersect 
between A T AC-, BRD4-, H3K27ac- and MED1 -ST ARR + regions. ( B ) Heatmaps showing CUT&Tag (BRD4, MED1, H3K4Me1, H3K4Me2, PolII, CTCF, 
SMC1 and H3K27me3), ChIP-seq (H3K27ac) and A T AC-seq signal in OE19 cells at the 1549 STARR + intersect regions. ( C ) Genome browser view of 
H3K27ac ChIP-seq, BRD4 CU T&Tag, MED1 CU T&Tag and A T AC-seq signal at an intergenic STARR + intersect region highlighted upstream from the TKT 
locus. ( D ) Metaplots of CUT&Tag, ChIP-seq and A T AC-seq signal in OE19 cells at the 1549 STARR + intersect regions compared to STARR + unique 
regions in A T AC, BRD4, H3K27ac and MED1 -ST ARR-seq assays. ( E ) Violin plots displaying the ratio of H3K4me1:H3K4me3 ratios at distal regulatory and 
promoter proximal regions (–1 kb to +0.1 kb) within the 1549 STARR + intersect regions ( P -value is shown; Welch’s t -test). ( F ) Box plots comparing the 
expression of genes in O A C patient tissue total RNA-seq samples from the OCCAMS dataset (n = 210) annotated to unique BRD4, H3K27ac, 
MED1 -ST ARR + regions against genes annotated to the 1549 STARR + intersect regions ( P -value is shown; ** ≤0.01, *** ≤0.001, **** ≤0.0 0 01 
Student’s t -test). 
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Figure 3. High confidence STARR + regions are associated with enhancer-like activity. ( A ) Metaplot of O A C patient tissue KAS-seq signal at the 566 
STARR + intersect regions found in intergenic regions compared to 2303 randomly selected STARR- ATAC peaks from OE19 cells. ( B ) Venn-diagram of 
o v erlap betw een the 1549 S TARR + intersect regions and 4600 pre viously identified BO and O A C patient eRNAs ( P- v alue is sho wn; Fisher’s e xact test). 
( C ) Bar graph displaying the difference in KAS-seq expression between VEGFAe, ELF3e , GA T A6e and PAX8e regions , compared to the average of four 
negative control regions in OE19 cell KAS-seq data (** P < 0.01; * P < 0.05; t -test relative to controls; n = 3). ( D ) Genome browser view of A T AC-seq, 
BRD4, H3K27ac and MED1 and H3K4me1 CUT&tag signal at the regions associated with the VEGFAe, ELF3e , GA T A6e and PAX8e STARR + regions 
(bo x ed). ( E ) Bar graph displaying the difference in luciferase reporter activity between VEGFAe, ELF3e , GA T A6e and PAX8e, compared to vector only 
negative control (** P < 0.01; * P < 0.05; one-way ANO V A with Bonferroni’s correction). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

intersect regions in OE19 cells and OAC patients, to those
linked with the unique STARR + regions. The intersect regions
exhibited a significantly higher expression of associated genes
compared to all of the other ‘unique’ regions in both OE19
cells ( Supplementary Figure S2 H) and OAC patients (Figure
2 F), consistent with a potential role as active enhancers for
these genes in OAC. This may be an underestimation as en-
hancers are not always linked to the nearest gene. 

In summary, we have identified a high confidence dataset of
regulatory elements in OAC cells with enhancer activity which
are associated with high target gene activity in OAC patients.

High-confidence STARR + regions demonstrate 

enhancer activity 

To further explore the enhancer-like properties of the
STARR + regions and more directly link the STARR + re-
gions to clinically relevant active transcription, we analysed
kethoxal-assisted single-stranded DNA-sequencing (KAS-seq)
data from OE19 OAC cells ( 35 ) and performed additional
analyses on three OAC patient samples ( Supplementary Table 
S2 B). This approach serves as a proxy for active transcription,
and potentially eRNA production, thereby indicative of en-
hancer activity given the close association between eRNA pro-
duction and enhancer activity ( 37 ). The data from OE19 cells
shows good correlation with each of the OAC tissue KAS-seq
samples ( Supplementary Figure S3 A). We focussed on inter-
genic regions to avoid interference from coding gene transcrip- 
tion and found substantially higher levels of KAS-seq signal 
in OE19 cells at the STARR + intersect regions compared to 

a random set of accessible chromatin regions not identified in 

the STARR-seq assays ( Supplementary Figure S3 B) consistent 
with enhancer transcription and hence enhancer activity in 

cancer cells. Next, we turned to patient samples, and again we 
found higher levels of KAS-seq signal associated with the inter- 
sect STARR + regions, indicative of high enhancer activity in 

OAC patients (Figure 3 A). To further explore the relevance of 
the regulatory regions we have identified in a disease context,
we next sought to determine whether any of our previously 
identified eRNAs in OAC patients ( 35 ) were located within 

the STARR + intersect regions. Comparing the two datasets,
we found a significant enrichment of eRNAs amongst the in- 
tergenic STARR + intersect regions, consistent with potential 
enhancer activity in OAC patients (Figure 3 B). This overlap of 
82 regions is relatively modest which likely arises from a com- 
bination of reasons. Firstly, not all patient-specific enhancers 
are present in OE19 cells. Secondly, we took a highly stringent 
approach by taking overlap STARR + regions. Indeed, when 

taking both these two parameters into account, we observed 

400 regions that overlapped between the non-redundant total 
STARR + regions and the eRNA producing regions in patients 
( Supplementary Figure S3 C). Other issues such as the inabil- 
ity of all enhancers to function in isolation in reporter vectors 
and the filtering out of intragenic enhancers when deriving the 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
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RNA datasets, further lessens the probability of finding over-
aps between the two approaches. 

Next, we wished to validate a panel of enhancer regions
rom the STARR + regions using an independent reporter as-
ay based on a luciferase reporter in OE19 cells. We selected
our STARR + intersect regions, annotated to cancer relevant
enes: vascular endothelial growth factor A ( VEGFA) , ELF3 ,
ATA6 and paired box gene 8 ( PAX8) , which displayed sig-
ificantly increased KAS-seq signal in OAC tissue relative to
 panel of control genomic regions (Figure 3 C). These regions
ll show a range of chromatin features indicative of enhancer
ctivity (Figure 3 D). Importantly, all regions demonstrated a
ignificant increase in luminescence in the reporter assay, rel-
tive to vector only control (Figure 2 E) authentic enhancer
ctivity. 

Collectively, this data further supports the conclusion that
he STARR + intersect regions we have identified represent
ona fide regulatory elements with enhancer-like properties
nd demonstrates their likely clinical relevance due to their
ssociation with patient-derived eRNAs and KAS-seq signal
n OAC tissue. 

ranscription factor and gene activity associated 

ith high-confidence STARR + regions in OAC cells 

nd patients 

o further understand the biological activity associated with
he high confidence STARR + regions, we performed gene on-
ology (GO) analysis on their associated genes. This revealed a
ignificant enrichment in processes associated with OAC, in-
luding ‘VEGFA signalling’, ‘pathways in cancer’ and ‘actin
ytoskeleton organisation’ (Figure 4 A). Next, we sought to
dentify the transcription factors that may bind and regulate
he STARR + intersect regions. We identified an enrichment of
NA motifs associated with transcription factors previously

hown to play a role in OAC, such as KLF5 as well as AP-
, FOX and ETS family members (Figure 4 B) ( 5 - 7 ,40 ). In the
ase of KLF5, motif occurrences in the STARR + regions were
ignificantly higher than across all open chromatin regions in
E19 cells, whereas other transcription factors previously im-
licated in OAC either showed no enrichment (HNF4A) or re-
uced enrichment (GA T A6) relative to the expected frequency
Figure 4 C). To provide more direct evidence for regulatory
otential, we examined overlaps between ChIP-seq binding
atasets for KLF5, GA T A6 and HNF4A transcription fac-
ors in OE19 cells at the peak ( Supplementary Figure S4 A)
r signal level (Figure 4 D). In all cases, significant overlap
as observed ( Supplementary Figure S4 A). Subsequent clus-

ering of binding activity allowed us to identify five broad
ubgroups among the STARR + regions (Figure 4 D), with a
elatively small triply bound group (C1:KGH), a group co-
ound bound by KLF5 and GA T A6 (C2:KG), two groups
ound by either KLF5 (C3:K) or GA T A6 alone (C4:G) and
ne group not bound at high levels by any of the transcrip-
ion factors (C:5). Regions surrounding the VEGFA (Fig-
re 4 E) and PIM3 ( Supplementary Figure S4 B) gene loci
xemplify STARR + regions from the C1:KGH and C3:K
lusters respectively. All groups showed high levels of open
hromatin, H3K27ac and BRD4 binding (Figure 4 D, right;
upplementary Figure S4 C, top). However, KAS-seq signal (an
ndicator of active transcription) was highest in the KLF5 only
luster (K) and lowest in the cluster featuring GA T A6 binding
G) (Figure 4 D, right; Supplementary Figure S4 C, bottom left).
Importantly, this high signal in the KLF5-specific cluster was
maintained when considering only intergenic STARR + re-
gions ( Supplementary Figure S4 C, bottom right) indicating
that this signal is likely generated from eRNA transcription, a
feature of active enhancers ( 9 ). We therefore analysed KAS-seq
from OAC patient samples and found that the KLF5-specific
STARR + regions also exhibited the highest transcriptional
activity, consistent with active enhancer activity in patients
(Figure 4 F). 

Both motif analysis and ChIP-seq therefore implicate KLF5-
associated STARR + regions as active enhancers in OAC cell
lines and patients. We therefore asked whether likely target
genes also showed enhanced expression in OE19 cells. Com-
pared to a random selection of open chromatin regions, all
transcription factor binding-defined clusters showed signifi-
cantly higher expression of their nearest genes, with the KLF5-
specific cluster the highest level and the GA T A6-specific clus-
ter the lowest ( Supplementary Figure S4 D, top). More gener-
ally, the genes closest to the KLF5-associated STARR + regions
showed higher expression in OE19 cells than those with no
associated KLF5 binding (Figure 4 G, top). Similarly, in OAC
patient samples a similar trend was observed with genes clos-
est to KLF5-associated regions showing the highest expression
(Figure 4 G, bottom; Supplementary Figure S4 D, bottom) but
genes associated with GA T A6-only regions showed the low-
est expression levels in patients ( Supplementary Figure S4 D,
bottom). 

Together these analyses demonstrate that STARR + inter-
sect regions are associated with OAC-specific transcription
factors and have target genes that are related to OAC pathol-
ogy. In particular, the association of the most active enhancers
and their likely target genes with KLF5 binding is consistent
with our previous finding of an important role for KLF5 in
OAC progression from the Barrett’s pre-cancer state ( 6 ). 

High-confidence STARR + regions are associated 

with clinically relevant regulatory events 

The locus encoding the RTK ERRB2 is frequently ampli-
fied in OAC, and is therefore thought to be an oncogenic
driver event ( 2 ,41 ) and is a target for pharmacological inhi-
bition in the clinic ( 42 ). We therefore explored whether the
activity of the STARR + regions was altered by treatment
of OE19 cells (which contain amplifications of ERRB2 lo-
cus) with the ERBB2 small-molecule inhibitor lapatinib. First,
we assessed differential accessibility through A T AC-seq and
H3K27ac signal (an activation associated histone mark) by
ChIP-seq ( 8 ) at STARR + intersect regions upon lapatinib
treatment for 24 h. Through using these datasets, we iden-
tified 2 and 24 STARR + intersect regions that gained and
lost accessibility , respectively , upon lapatinib treatment and
5 and 48 STARR + intersect regions that increased and de-
creased in H3K27ac signal upon lapatinib treatment (Figure
5 A; Supplementary Table S3 ). Generally consistent changes
were seen in chromatin accessibility and histone H3K27 acety-
lation levels, with decreases in both observed following lap-
atinib treatment (Figure 5 B). An exemplar region is located
upstream from the DUSP5 locus, where chromatin changes
indicative of enhancer inactivation (Figure 5 C) accompanies
reductions in gene expression ( Supplementary Figure S5 A) fol-
lowing lapatinib treatment. Expression of DUSP5 has poten-
tial clinical and prognostic significance as it is expressed more
in OAC compared to Barrett’s ( Supplementary Figure S5 B),

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
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Figure 4. High confidence STARR + regions are enriched for binding to core O A C transcription f actors, activ e chromatin features and are associated with 
active genes. ( A ) GO-term analysis of genes annotated to the 1549 STARR + intersect regions. ( B ) Transcription factor de novo motif enrichment using 
H OMER f or S TARR + intersect regions ( P -v alues are sho wn). Matc hes to the indicated motifs are indicated in brac kets. ( C ) Frequency of DNA binding 
motif occurrence for KLF5 (DGGGYGKGGC), GA T A (NBWGA T AAGR) and HNF4 (CARRGKBCAAAGTYCA) transcription factors in the 1549 intersect 
STARR + regions and all 99855 ATAC-seq peaks found in OE19 cells. **** P -value < 0.001; ns = non-significant. ( D ) Heatmap of ChIP-seq signal for the 
transcription factors KLF5 ( K ), GA T A6 ( G ) and HNF4A ( H ) after kmeans clustering into five clusters (left) and associated KAS-seq, A T AC-seq, ChIP-seq 
and CUT&Tag signals for the same regions (right). ( E ) Genome browser view of KLF5, GA T A6 and HNF4A ChIP-seq, and A T AC-seq signal at C1:KGH 

cluster STARR + intersect regions (highlighted) surrounding the VEGFA locus. ( F ) Average tag density plots of KAS-seq signal from O A C patients ( n = 3) 
for each of the five clusters of the intergenic high confidence STARR + regions. ( G ) Boxplot of average expression values of the genes nearest to the 
1549 STARR + intersect regions from clusters C1-3 combined (KLF5+; 860 peaks, 774 genes), clusters C4-5 combined (KLF5-; 689 peaks, 659 genes) or 
three control sets of randomly selected A T AC-seq peaks, in OE19 cells (top) or 28 OAC patient samples (bottom). Statistical significance is shown; 
P -values < 0.001, **** and < 0.05, *. 
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Figure 5. STARR + defined enhancer regions respond to ERBB2 inhibition and are associated with O A C-specific gene regulation. ( A ) Volcano plots 
displaying the differential OE19 cell A T AC-seq (left; ± Log 2 FC = 1, < P- value = 0.05) or OE19 cell H3K27ac ChIP-seq (right; ± Log 2 FC = 1, < 

P- value = 0.5) at the 1549 STARR + intersect regions upon 24 h lapatinib treatment. ( B ) Heatmap of the ATAC-seq (left) or H3K27ac ChIP-seq (right) 
signal f ollo wing 24hr lapatinib treatment of OE19 cells at the union of significantly closing / opening peaks from part A (i.e. red and blue dots). Tw o 
experimental replicates are shown for each condition. Data are row z-normalised, with A T AC-seq and ChIP-seq data normalised separately. ( C ) Genome 
bro wser vie w of A T AC-seq and H3K27ac CUT&Tag signals at the ST ARR + region upstream from DUSP5 ( DUSP5 e) in OE19 cells f ollo wing treatment 
with DMSO or lapatinib for 24 h. ( D ) Kaplan–Meier plot comparing overall survival between O A C patients ( n = 80) with low ( n = 19) or high ( n = 61) 
DUSP5 expression in the TCGA PanCancer Atlas dataset (Log rank P -value is shown). ( E ) Pie chart showing the numbers of genes associated with the 
high confidence 1549 STARR + regions that are up or downregulated in O A C compared to matched Barrett’s samples from the same patients ( n = 28; 
> 1.5-fold change, P -value < 0.01). ( F ) Metaplots of ATAC-seq signal within the 1549 STARR + intersect regions in 4 Barrett’s or 11 O A C patient samples. 
( G ) B o xplot of a v erage KAS-seq signal in the 309 S TARR + intersect regions f ound in intergenic regions, from three matched B arrett’s and O A C patient 
samples. Statistical significance is shown; P -values < 0.01, **. ( H ) Boxplot of average KLF5 ChIP-seq signal in the top and bottom terciles of the 1549 
STARR + intersect regions (based on fold difference in A T AC-seq signal in OAC relative to Barrett’s patients). Statistical significance is shown; 
P -values < 0.001, ***. 
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nd higher expression levels predict poorer patient survival
Figure 5 D). 

Finally, we asked more globally whether the STARR + reg-
latory regions we have identified are relevant to OAC by
rst asking whether accessible chromatin corresponding to
hese regulatory regions is also present in OAC patient sam-
les. Almost all regions (98%) intersect with accessible chro-
atin peaks in at least one OAC patient and the majority are

ound in multiple patients, with 899 (58%) found in eight or
ore patients ( Supplementary Figure S5 C). Next, we com-
ared the expression of their closest genes in both Barrett’s
nd OAC patients ( Supplementary Table S2 A) and there was
clear enrichment of genes which are upregulated in OAC pa-
tients compared to the pre-cancer state (Figure 5 E). Further-
more, consistent with this observation, STARR + regions are
more accessible (Figure 5 F) and KAS-seq signal is higher at
intergenic STARR + regions in OAC patients compared to
Barrett’s patients (Figure 5 G; Supplementary Table S2 B), in-
dicating higher enhancer activity in cancer cells. We then par-
titioned the STARR + regions based on differences in accessi-
bility in OAC versus Barrett’s as a proxy for increased activity
and examined KLF5 binding levels in the top and bottom ter-
ciles. Significantly more KLF5 binding activity was observed
within the STARR + regions showing the highest activity in-

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae041#supplementary-data
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disease. 
crease in OAC patients (Figure 5 H), in keeping with our find-
ing that this transcription factor is important for progression
to OAC. 

Collectively, this data demonstrates that the STARR + reg-
ulatory regions we have identified are associated with OAC-
specific properties in patients, as many are activated in re-
sponse to oncogenic ERBB2 signaling and their activity is ele-
vated in OAC patients. Our findings therefore provide us with
insights into the active regulatory regions of the genome asso-
ciated with this disease 

Discussion 

Cancer can be viewed as a disease characterised by disrupted
gene regulatory networks ( 43 ). Enhancer elements represent
fundamental hubs within these gene regulatory networks.
When active, these regions serve as platforms for the inte-
gration of signals that dictate a broad range of outcomes in-
fluencing cellular phenotype, and when abnormally activated
can result in tumourigenesis. Traditionally, histone marks such
as H3K27ac and H3K4me1, in addition to chromatin acces-
sibility, have been used to define enhancer elements ( 10 ,11 ).
However, while valuable, this approach is correlative; histone
marks and accessibility may outline the location of a putative
enhancer but these strategies remain limited for the definition
of bona fide active enhancers. More recently, the finding that
when enhancers are active they are themselves transcribed to
produce eRNAs, has opened up the possibility of using eRNA
profiling to identify enhancers in cancer cells ( 35 ,39 ). How-
ever, while promising, Intragenic enhancers can be challeng-
ing to identify through this approach due to the interference
from ongoing genic transcription. Here, we used STARR-seq
to identify representing potentially active enhancers in the
OE19 OAC cell line. Using KAS-seq as a validation tool, in
addition to our previously published patient eRNA dataset,
we confirmed these regions as high confidence enhancers that
are also operational in OAC patients. Moreover, we demon-
strate the response of a subset of identified enhancers to the
ERBB2 inhibitor lapatinib, which highlights the opportunity
to approach clinically-relevant questions using our enhancer
identification strategy. 

A recent study applied STARR-seq to interrogate enhancer
activity in gastric cancers ( 44 ). Whilst OAC does bear molecu-
lar similarities to a specific subtype of chromosomally-instable
(CIN) gastric cancers ( 41 ), the authors utilise a heterogeneous
panel of gastric tumours and normal biopsies, as well as 28
gastric cancer cell lines to generate a STARR reporter library
consisting of universal-common H3K27ac-marked elements.
This amalgamation of sample types is likely to underestimate
any findings given the exquisite cell-type specificity of en-
hancer activity . Additionally , it is now widely accepted that
H3K27ac alone represents a poor indicator of enhancer ac-
tivity ( 12 ,13 ). In addition to the lack of CIN mutational sig-
nature designation for the library source, these caveats pre-
clude the general applicability of these findings to OAC. Here,
we focused on using OE19 cells, which faithfully recapitulate
OAC at the chromatin level ( 5–7 ). Furthermore, our strategy
for STARR library generation uses a range of input material
that are associated with enhancers, and includes H3K27ac but
also BRD4, MED1 and accessible chromatin. Collectively, this
approach ensures the relevancy of our results, and broadens
the search radius, improving chances of successfully identify-
ing active enhancer regions. 
Our approach identified ∼1500 high confidence active en- 
hancers of potential relevance to OAC. These enhancer ele- 
ments displayed an association with genes linked to processes 
pertinent to OAC biology, as well as an enrichment in the mo- 
tifs of transcription factors which have been shown to play a 
role in the development of OA C ( 5–7 , 40 ). Integration with our 
previously published genome-wide binding data on a variety 
of chromatin-associated factors in OE19 cells, as well as our 
patient-derived eRNA dataset, we verified the enhancer-like 
nature of our ∼500 regions in addition to highlighting their 
potential clinical relevance. In support of this, we generated 

KAS-seq data from OAC patient tumour samples to monitor 
enhancer activity. KAS-seq measures the transcription bubble 
( 28 ), serving as a proxy for enhancer transcription. Accord- 
ingly, these regions demonstrated high KAS-seq signal in both 

OE19 cells and patients further confirming their designation 

as high confidence enhancers. However, we also identified a 
large number of putative enhancers that are unique to a par- 
ticular STARR assay. Further data mining alongside newly 
generated datasets will likely uncover additional bona fide en- 
hancers in these cohorts, providing more broader utility of this 
resource to the community. 

An interesting observation from our data was that KLF5 

motif presence and chromatin binding is associated with more 
active enhancer regions and associated target genes whereas 
GA T A6 bound enhancers exhibit the opposite tendency. The 
former observation is consistent with our previous finding that 
KLF5 repurposing through redistribution to a novel set of reg- 
ulatory regions is one of the key molecular events that dis- 
tinguishes OAC from the Barrett’s precursor state ( 7 ). Con- 
versely, the implications on GA T A6 functionality are less ob- 
vious as the gene encoding GA T A6 is often amplified during 
the same transition, so a more prominent role in driving en- 
hancer activity would be expected. It is possible that it acts 
to moderate the outputs of other transcription factors in the 
core OAC network to provide the optimal level of gene expres- 
sion and this enigmatic phenomenon warrants further inves- 
tigation alongside the outcomes of other combinatorial tran- 
scription factor interactions. Our dataset provides candidate 
regions to test these models. 

To explore any clinical associations with our new STARR- 
seq-defined dataset, we utilised the small-molecule ERBB2 

inhibitor, lapatinib. We have previously demonstrated that 
OE19 cells undergo genome wide chromatin accessibility 
changes upon lapatinib treatment, and this has important con- 
sequences for development of therapeutic resistance ( 8 ). These 
chromatin changes may reflect the activation or inactivation 

of enhancer elements. By integrating H3K27ac ChIP-seq and 

A T AC-seq data, we identified a subset of our newly defined en- 
hancer elements that lose accessibility and become less marked 

by H3K27ac following lapatinib treatment. Furthermore, we 
show clear associations with increased accessibility and activ- 
ity in OAC relative to Barrett’s patients, further emphasising 
the relevance of our data to gene regulatory events occurring 
in OAC patients. 

In summary, our STARR-based approach has allowed us 
to identify a set of enhancers that are active in OAC which 

has led to a wider understanding of the transcriptional mech- 
anisms and pathways that are operational during the onset 
of this condition. This provides a compendium of enhancer 
regions for instigating further mechanistic studies into the 
gene regulatory networks that are operational in this deadly 
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