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Abstract 

Enhancer cis -regulatory elements play critical roles in gene regulation at many stages of cell growth. Enhancers in cancer cells also regulate the 
transcription of oncogenes. In this study, w e perf ormed a comprehensive analysis of long-range chromatin interactions, histone modifications, 
chromatin accessibility and expression in two gastric cancer (GC) cell lines compared to normal gastric epithelial cells. We found that GC- 
specific enhancers marked by histone modifications can activate a population of genes, including some oncogenes, by interacting with their 
proximal promoters. In addition, motif analysis of enhancer–promoter interacting enhancers sho w ed that GC-specific transcription factors are 
enriched. Among them, we found that MYB is crucial for GC cell growth and activated by the enhancer with an enhancer–promoter loop and 
TCF7 upregulation. Clinical GC samples sho w ed epigenetic activ ation of enhancers at the MYB locus and significant upregulation of TCF7 
and MYB , regardless of molecular GC subtype and clinicopathological factors. Single-cell RNA sequencing of gastric mucosa with intestinal 
metaplasia sho w ed high e xpression of TCF7 and MYB in intestinal stem cells. When w e inactiv ated the loop-f orming enhancer at the MYB locus 
using CRISPR interference (dCas9-KRAB), GC cell growth was significantly inhibited. In conclusion, we identified MYB as an oncogene activated 
by a loop-forming enhancer and contributing to GC cell growth. 
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is -Regulatory elements (CREs) occupy a significant portion
f the human genome and contain immeasurable and dis-
inctive information about cell types through the regulation
f gene transcriptomes ( 1 ). Aberrant gene transcription of-
en occurs in cancer, leading to tumorigenesis by upregulat-
ng oncogenes or silencing tumor suppressor genes and their
ssociated pathways ( 2 ). In CREs, enhancers and promoters
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promote the transcriptional machinery for gene expression
( 1 ). Histone modifications, such as H3K4me1 and H3K4me3,
regularly occur in the enhancer and promoter regions, and
H3K27ac indicates the active status of the enhancer and pro-
moter. These epigenetic codes provide a path for discovering
the connections between CREs and transcriptomes ( 3 ). One
of the mechanisms by which genes are activated by enhancers
and promoters is de novo enhancer–promoter (E–P) loop
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formation ( 4 ). Several vital factors, including transcription
factors (TFs) and critical transcriptional enzymes, are involved
in this long-range interaction during different gene transcrip-
tion processes. 

In recent years, the structural aberrations of chromatin in
cancer have been explored through the development of chro-
mosome conformation capture techniques. Colorectal cancer
cells revealed different open (A) and closed (B) chromatin
compartments compared to normal cells using Hi-C, HiChIP
and image data. These alterations are accompanied by changes
in DNA methylation and histone modification and are as-
sociated with gene repression and oncogenic pathways, such
as epithelial-to-mesenchymal transition (EMT), invasion and
Wnt signaling ( 5 ). For a smaller unit, topologically associated
domain boundary alterations regulated by CTCF on the chro-
matin structure in T-cell acute lymphoblastic leukemia can
lead to E–P looping and higher MYC expression ( 6 ). A study
of the 3D genome alterations in acute myeloid leukemia con-
firmed the activation role of enhancer hijacking in gene tran-
scription ( 7 ). 

Gastric cancer (GC) was the fifth leading cause of cancer in
2020 and causes many deaths every year ( 8 ,9 ). Mutations in
genes such as PIK3CA , TP53 , KRAS , ARID1A and CDH1 are
enriched in GC patients ( 10 ). These characteristics may pro-
vide information on the GC subtypes and indicate the precise
treatment of patients with the disease ( 8 , 11 , 12 ). Promoter re-
gions were somatically altered in GC clinical samples. Cancer-
associated promoters exhibited enrichment of the SUZ12 and
EZH2 (two subunits of the polycomb complex PRC2) TF
binding sites ( 13 ). The TFs KLF5 , GATA4 and GATA6 have
been found to occupy promoter regions in a genome-wide
manner. They participate in GC development by coopera-
tively regulating GC cell proliferation, colony formation and
oncogene MYC expression ( 14 ). Genome-wide enhancer al-
terations also occur in GC. Activated and super-enhancers are
associated with elevated gene expression and long-range chro-
matin interactions. Super-enhancers are involved in cancer de-
velopment, such as signal transduction, cell death and cell pro-
liferation ( 15 ). Genome-wide enhancer alterations regulated
by TEAD1 were enriched in biological adhesion, locomotion
and cell migration ( 16 ). All of the above studies indicate the
importance of enhancer and promoter dysregulation and E–
P loop structure aberrations in oncogene activation, tumori-
genic pathways and cancer development ( 4 ,17–19 ). However,
aberrant E–P interactions in GC have not yet been fully inves-
tigated. 

To clarify the role of the E–P loop in gene regulation and its
contribution to gastric tumorigenesis, we utilized chromatin
immunoprecipitation (ChIP) followed by sequencing (ChIP-
seq), HiChIP, assay for transposase-accessible chromatin us-
ing sequencing (A T AC-seq) and RNA sequencing (RNA-seq),
along with a comprehensive, integrated genome-wide analysis
of histone modifications, chromatin interactions, chromatin
states and gene expression in GC and normal cells. We identi-
fied a set of enhancer-interacting genes in GC, extracted sev-
eral GC-specific TFs that regulate gene transcription via E–P
loop formation and found an oncogene, MYB , associated with
GC cell growth. The E–P loop activation mechanism was val-
idated by the CRISPR interference (CRISPRi; dCas9-KRAB)
system in GC cell lines, where repressive epigenetic changes in
the MYB target enhancer-induced H3K27ac level decreased
in the target region and MYB downregulation inhibited GC
cellular growth. 
Materials and methods 

Cell culture 

The human GC cell line SNU719 cells (Korean Cell Line Bank) 
were cultured in RPMI 1640 medium (Fujifilm, #189-02025) 
supplemented with 10% fetal bovine serum (FBS; Corn- 
ing, Ref# 35-079-CV) and penicillin / streptomycin (Sigma–
Aldrich, #P4333). YCC10 cells (Yonsei Cancer Center) were 
cultured in minimum essential media (Eagle’s minimum es- 
sential medium; Fujifilm, #051-07615) supplemented with 

10% FBS, penicillin / streptomycin and 1% non-essential 
amino acid solution. GES1 (Beijing Institute for Cancer Re- 
search) is a normal fetal gastric epithelial cell line immor- 
talized with SV40 cultured in RPMI 1640 supplemented 

with 10% FBS and penicillin / streptomycin. HEK293T cells 
(ATCC) were cultured in Dulbecco’s modified Eagle medium 

(Fujifilm, #044-29765) supplemented with 10% FBS and 

penicillin / streptomycin. 

ChIP for histone modification 

Two million cells were cross-linked with 1% formaldehyde 
and quenched with 0.2 M glycine. The fixed cells were son- 
icated by Picoruptor (Diagenode) in 0.25% sodium dodecyl 
sulfate (SDS) sonication buffer supplemented with 1% pro- 
tease inhibitor cocktail (Roche, Ref# 05056489001). Twenty 
microliters of Protein A Sepharose beads (Cytiva, #17528001) 
was incubated with 2 μl histone modification antibody 
(H3K4me3, Active Motif, #39159; H3K4me1, CST, #5326S; 
H3K27ac, Active Motif, #91193) for 6 h at 4 

◦C. The sonicated 

chromatin fragments were mixed with antibody-bonded Pro- 
tein A Sepharose beads overnight at 4 

◦C. Beads with immuno- 
precipitated DNA were washed three times with ChIP dilu- 
tion buffer, low-salt wash buffer, high-salt wash buffer and TE 

buffer, eluted with 100 μl elution buffer (Tris–HCl, pH 8.0).
De-cross-linking of DNA was performed at 65 

◦C with 3 μl 
Proteinase K incubation overnight. After removing the beads,
DNA fragments were purified by QIAquick PCR Purification 

Kit (#28106). 

ChIP for TCF7 

Ten million cells were cross-linked with 1% formaldehyde and 

quenched with 0.2 M glycine. The fixed cells were sonicated 

by Picoruptor (Diagenode) in 0.25% SDS sonication buffer 
supplemented with 1% protease inhibitor cocktail (Roche,
Ref# 05056489001). Twenty microliters of Protein A Dyn- 
abeads (Invitrogen, #10002D) was incubated with 10 μl TCF7 

(T-cell factor 7) antibody (CST, #2203) for 6 h at 4 

◦C. The 
sonicated chromatin fragments were mixed with antibody- 
bonded beads overnight at 4 

◦C. Beads with immunoprecipi- 
tated DNA were washed three times with ChIP dilution buffer,
low-salt wash buffer, high-salt wash buffer and TE buffer,
eluted with 100 μl elution buffer (Tris–HCl, pH 8.0). De- 
cross-linking of DNA was performed at 65 

◦C with 3 μl Pro- 
teinase K incubation overnight. After removing the beads,
DNA fragments were purified by QIAquick PCR Purification 

Kit (#28106). 

Quantitative polymerase chain reaction for ChIP 

samples 

Real-time quantitative polymerase chain reaction (qPCR) was 
performed using SYBR Green and CFX96 Touch Real-Time 
PCR (Bio-Rad Laboratories) to quantify the target regions of 
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he genomic DNA. All the primers are listed in Supplementary 
able S1 . 

hIP-seq 

ibraries were prepared using the KAPA Hyper Prep Kit
KAPA Biosystems) and sequenced by Illumina NextSeq 500
r NovaSeq 6000, as previously described ( 20 ). Sequence
eads were aligned to the hg38 reference genome by Bowtie2
version 2.3.3.1) ( 21 ). Duplicates were removed by MarkDu-
licates (Picard); peak calling was performed by findPeaks
HOMER 4.10). All ChIP-seq data were visualized by IGV
v2.11.9). 

–P interactome analysis by HiChIP 

iChIP for H3K27ac was performed based on the previously
ublished study ( 22 ). Approximately 10 million cells were
ross-linked with 1% of formaldehyde for 10 min, quenched
ith 0.2 M glycine and lysed with Hi-C lysis buffer (10
mol / l Tris–HCl, pH 8.0, 10 mmol / l NaCl, 0.2% NP-40)

upplemented with protease inhibitors to obtain cell nuclei.
NA was digested by MboI (NEB, #R0147) and 10 × NEB
uffer 2 at 37 

◦C with rotation. The digested overhangs were
hen filled with dCTP (Invitrogen, #10217016), dGTP (In-
itrogen, #18254011), dTTP (Invitrogen, #18255018) and
iotin-labeled dATP (Active Motif, #14139) and then ligated
ith T4 DNA ligase (Roche). After ligation, the nuclei were

esuspended in 0.25% SDS sonication buffer (50 mmol / l Tris–
Cl, pH 7.5, 10 mmol / l EDTA, 1% SDS) supplemented with

rotease inhibitors and sonicated by Covaris E220. The soni-
ated chromatin was then processed with H3K27ac ChIP. The
urified and enriched DNA fragments were then captured by
he streptavidin T-1 magnetic beads and washed, processed
ith Nextera XT DNA Library Preparation Kit (#FC-131-
096) preparation and sequenced by Illumina NovaSeq 6000.
As for HiChIP loop calling, the HiChIP sequencing reads

ere aligned to the hg38 reference genome by the HiC-Pro
ipeline ( 23 ). Chromatin loops were identified by 10 and
5 kb resolution using the FitHiChIP ( 24 ). The loops sup-
orted by at least three pairs of valid reads (PET) and associ-
ted with a false discovery rate of < 0.05 were considered as
igh-confidence loops for subsequent analyses. HiChIP loops
ere visualized by WashU genome browser (v54.0.4, https:

/ epigenomegateway.wustl.edu/ browser/ ). To find interacting
romoter / enhancer in two distal elements, we used bedtools
o intersect obtained overlapped regions between ChIP and
iChIP ( 25 ). 

leavage under targets and tagmentation 

leavage under targets and tagmentation (CUT&Tag) was
onducted as previously described ( 26 ). A total of 1 × 10 

5 cells
ere incubated in the antibody buffer with 10 μl pre-cleaned
-MyOne T1 beads (Thermo Fisher Scientific, #65601) and 1
l H3K27ac antibody (Active Motif, #91193). After primary
ntibody binding, cells were incubated with 1 μl secondary
ntibody (Rabbit Anti-Mouse IgG H&L, Abcam, #ab6709)
n Dig-wash buffer for 1 h at room temperature and washed
sing a Dig-wash buffer five times. Then, adapters were added
o the fragments with the pA-Tn5 Kit (EpiCypher, #15-1017),
nd the mixture was washed twice using a Dig-wash buffer.
he beads were resuspended in tagmentation buffer and in-
ubated for 1 h at 37 

◦C. After DNA extraction, library was
constructed using KAPA HiFi HotStart ReadyMix (Roche,
#07958927001), and sequenced by NovaSeq 6000. 

Circularized chromosome conformation capture 

with sequencing 

Circularized chromosome conformation capture with se-
quencing (4C-seq) was performed as previously described
( 20 ,27 ). Approximately 1 × 10 

6 cells were cross-linked with
1% formaldehyde for 10 min, quenched with 0.2 M glycine,
lysed with lysis buffer and digested with primary restric-
tion enzyme DpnII (NEB, R0543). The digested DNA frag-
ments were then subjected to ligation by using T4 DNA lig-
ase (Roche, 10799009001). After digestion with the second
restriction enzyme Csp6I (Thermo Fisher Scientific, ER0211)
and circularization by T4 DNA ligase, the 4C template was
amplified by a PCR reaction and purified with AMPure XP
beads. The 4C library was sequenced by NextSeq 500 (Illu-
mina). 

Transcriptome analysis by RNA-seq 

RNA was extracted using TRIzol reagent (Invitrogen, Ref#
15596018) and Direct-zol RNA MiniPrep Kit (Zymo Re-
search Corporation, #R2052) according to the manufacturer’s
instructions. RNA-seq libraries were prepared using the
TruSeq Stranded mRNA Sample Prep Kit (Illumina) and se-
quenced using Illumina NextSeq 500 or NovaSeq 6000. Gene
expression levels were expressed as fragments per kilobase of
exon per million mapped sequence reads (FPKM) by Cufflinks
( https:// github.com/ cole- trapnell- lab/cufflinks ) ( 28 ). 

Clinical cancer patient data 

Clinical cancer patient transcriptome data were obtained from
The Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.
gov/, TCGA_STAD) ( 10 ). 

Gene Ontology analysis 

Enrichment analysis of Gene Ontology (GO) terms was per-
formed by using g:Profiler ( https:// biit.cs.ut.ee/ gprofiler/ gost )
( 29 ). 

Chromatin accessibility analysis by A T AC-seq 

A T AC-seq was performed as described previously ( 30 ). The
cell was lysed by A T AC lysis buffer for 7 min and centrifuged
at 500 × g and 4 

◦C for 10 min to obtain cell nuclei. Nuclei iso-
lated from ∼5 × 10 

4 cells were used for transposition reaction
with transposase (Illumina Tagment DNA TDE1 Enzyme and
Buffer Kits, #20034198). Purified transposed DNA was am-
plified in 50 μl reactions with KAPA HiFi HotStart ReadyMix
(Roche, Ref# 07958927001) using primers with unique bar-
codes for the library construction. Sequence data analysis was
performed similarly to ChIP-seq. Accessible chromatin was
called with HOMER findPeaks with 300-bp nucleosome-free
region. 

Motif analysis 

The motif enrichment of open, interacting enhancer was calcu-
lated using HOMER findMotifsGenome. The motif sequence
was annotated by HOMER annotatePeaks-m. 

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://epigenomegateway.wustl.edu/browser/
https://github.com/cole-trapnell-lab/cufflinks
https://portal.gdc.cancer.gov/
https://biit.cs.ut.ee/gprofiler/gost
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CRISPRi-mediated epigenetic editing 

GC cell lines expressing dCas9-KRAB were established
according to ( 31 ). Plasmid (pLV-dCas9-KRAB-PGK-HygR,
Addgene #83890) was packaged by lentivirus (Promega, FU-
GENE 6 transfection reagent, Ref# E2692) and introduced
into GC cells. Guide RNAs were designed by CRISPick
( https:// portals.broadinstitute.org/ gppx/ crispick/ public ) 
( 32 ,33 ) and then cloned in the backbone (pLV-U6-gRNA-
UbC-eGFP-P2A-Bsr, Addgene #83925) by Gibson assembly.
The sequences of constructed single-guide RNA (sgRNA)
plasmids were confirmed by Sanger sequence, and the
sgRNA sequences are listed in Supplementary Table S2 .
After lentivirus packaging, sgRNA was introduced into
dCas9-expressed GC cell lines. To obtain a modest 30–50%
efficiency, we used a suitable amount of virus for infection.
Three days after infection, 8 μg / ml blasticidin was used to
select sgRNA-infected cells for 7 days. 

Competitive growth assay by FACS 

Competitive growth assay was started after 4 days from
sgRNA infection (defined by day 0) by measuring fluorescent
protein expression using CytoFLEX flow cytometry (Beckman
Coulter). The eGFP percentage in each group was measured
every 7 days for a total of 28 days. Cell viability was calculated
by comparing with the day 0 in each group. 

Immunohistochemistry 

Clinical GC tissue samples [ n = 49, including 5 MSI (mi-
crosatellite instability) GC, 29 EBV(+) (Epstein–Barr virus-
positive) GC and 15 other GC cases] were obtained from
patients undergoing gastrectomy at the University of Tokyo
Hospital. Normal gastric mucosa samples ( n = 22) were ob-
tained from healthy individuals undergoing biopsies in the
health check-up program at NTT Medical Center Tokyo ( 34 ).
Formalin-fixed, paraffin-embedded tissue blocks were cut into
4- μm-thick sections. Three serial sections were prepared for
each tissue block and used for hematoxylin and eosin stain-
ing and immunohistochemistry (IHC) using c-MYB antibody
(Abcam, Cat# ab45150). IHC was performed using Bench-
Mark ULTRA automated staining system (Roche Diagnos-
tics, Basel, Switzerland), and visualized with OptiView DAB
IHC Detection Kit (760700; Roche) according to the manu-
facturer’s instructions. Two independent experienced pathol-
ogists scored the staining as follows: 3 (strong), 2 (moderate),
1 (weak) and 0 (negative). The study design was approved by
the Institutional Review Board at NTT Medical Center Tokyo
(18-102), Chiba University Hospital (1209) and the University
of Tokyo Hospital [G3521-(21)]. 

siRNA knockdown 

Small interfering RNA (siRNA) was purchased from Thermo
Fisher Scientific (MYB#1: s9109; #2: s9110; TCF7#1:
s13877; #2: s13878; TCF7L2#1: s13880; #2: s13881;
TCFL5#1: s21080; #2: s21081), and was transfected into
GC cells by RNAiMAX (Thermo Fisher Scientific), accord-
ing to the manufacturer’s instructions. The siRNA effect was
confirmed by reverse transcription qPCR (RT-qPCR) after 48
h transfection, and the primers for RT-qPCR are listed in
Supplementary Table S1 . 
CCK-8 growth assay 

Cell growth assay was performed from the day of siRNA 

transfection to day 8 in a 96-well plate. Cell viability was cal- 
culated by comparing the OD value (450 nm) detected each 

day to day 0. The OD value was detected 1.5 h after adding 
CCK-8 (Cell Counting Kit 8; Dojindo, #CK04). 

Colony formation assay 

For colony formation assay, 1 × 10 

4 cells with and without 
CRISPRi editing were seeded into 6-cm plates with agarose.
After 28-day incubation, plates were washed with phosphate- 
buffered saline (PBS) and stained by staining solution (1 

mg / ml nitro blue tetrazolium in PBS) for 3 days. 

Western blot 

Cells were lysed by SDS loading buffer suspended in 2- 
mercaptoethanol for 5 min to obtain whole cell protein.
The protein was quantified by the Bradford assay. The same 
amount of protein was loaded on the gel (Bio-Rad, 7.5%) 
and transferred to 0.45 μm polyvinylidene fluoride mem- 
brane. The membrane was blocked in 5% skim milk for 1 h,
and incubated in the primary antibody (cMYB, Abcam, Cat# 

ab45150; ACTB, MBL, M177-3) at 4 

◦C overnight. After be- 
ing washed by TBST, the membrane was incubated in the sec- 
ondary antibody (anti-mouse IgG, NA931V; anti-rabbit IgG,
NA934V), and visualized using Amersham ECL Prime (Cy- 
tiva, RPN2232). 

Statistical analysis 

Error bars represent standard deviation. For statistical com- 
parison, we performed Student’s t -test using R software. Data 
with statistical significance ( * P < 0.05, ** P < 0.01) are shown 

in figures. 

Results 

Acti ve enhancer s displayed a specified histone 

modification landscape in GC 

To identify the enhancer and promoter regions in normal 
and GC cell lines, we utilized the ChIP-seq of H3K4me1,
H3K4me3 and H3K27ac, which are well-known histone mod- 
ification markers of the enhancer and promoter regions ( 3 ).
First, we identified the ‘active enhancers’ with H3K4me1(+),
H3K4me3(–) and H3K27ac(+), as well as the ‘active pro- 
moters’ with H3K4me3(+) and H3K27ac(+) in each cell line 
( Supplementary Figure S1 A). Using the heatmap, we com- 
pared the enhancer regions of the three cell types and found 

that they were highly specific in the normal and GC tissues.
The regions with normal active enhancers showed strong sig- 
nals for H3K4me1 and H3K27ac in GES1, but not in the 
two GC lines. Likewise, the GC active enhancer exhibited 

higher signals in the GC cells than in the normal cells, espe- 
cially in H3K27ac. However, the histone modification mark- 
ers H3K4me3 and H3K27ac were at least partly shared in the 
three cell lines at the active promoters. Enhanced aberrations 
and stable promoter patterns were also observed ( 15 ). This ev- 
idence led us to use different methods to extract the enhancers 
and promoters for further analysis. 

For the enhancers, we extracted specific regions from 

each cell line. We named 8261 enhancers active in GES1 

as ‘normal-specific enhancers’ and 6306 commonly active 

https://portals.broadinstitute.org/gppx/crispick/public
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
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nhancers in two GC lines as ‘GC-specific enhancers’ (Fig-
re 1 A; Supplementary Tables S3 and S4 ). A heatmap of
pecific enhancers showed obvious differentiation between
he normal and GC cells (Figure 1 B). Two representative
enes, CDH2 with a normal-specific enhancer and EHF with
wo GC-specific enhancers, were shown in the H3K4me1,
3K4me3 and H3K27ac ChIP-seq data (Figure 1 C). EHF is
 critical TF involved in GC tumorigenesis as demonstrated
n our previous study ( 35 ). Regarding most of the promot-
rs shared in the three cell lines, the active promoters in the
ormal and GC cells may have different patterns of E–P loop
ormation. To avoid losing some interactions between the
ommon promoters and specific enhancers in the following
teps, we extracted all the promoters in each cell line, includ-
ng overlapping regions, to achieve a total of 12 267 active
romoters in the three cell lines ( Supplementary Figure S1 B;
upplementary Table S5 ). Thus, we confirmed enhancer aber-
ations in GC and identified the active enhancers and promot-
rs using ChIP-seq. 

enes with GC-specific active E–P loops showed 

igher expression in GC 

o explore the chromatin interactome, we performed
3K27ac HiChIP, which detects interactions between the
3K27ac histone active markers ( 22 ). More than 10 000

active interactions’ were detected in the three cell lines
sing HiChIP ( Supplementary Figure S2 ). Instead of call-
ng specific loops in the GC cells, we preferred to iden-
ify loops formed by the GC enhancer aberrations. We ap-
lied the ‘specific enhancer’ (Figure 1 A) and ‘active promoter’
 Supplementary Figure S1 B) extracted by ChIP-seq and fur-
her classified those active loops into enhancer–enhancer (E–
), E–P and promoter–promoter (P–P) interactions. Around
ne-third of the active loops were E–P loops (GES1: 7260;
NU719: 3717; Y CC10: 6193) (Figure 2 A). W e obtained all
he enhancers with E–P loops in the GES1 and GC cells,
amed ‘interacted enhancer’. By integrating interactome with
istone modification data, the differences between the nor-
al and GC cell lines can be visualized and compared. Here,
e showed that the representative gene, EHF , gained E–P

oops in the GC cells. In the EHF transcription starting site
TSS) region, H3K4me3 and H3K27ac signals were detected
n the GC cells but not in the normal cells, and H3K4me1
nd H3K27ac signals in enhancer regions. These active ele-
ents were confirmed to form several loops at the EHF locus

Figure 2 B). To identify the genes with E–P loops in the GC
ines, we annotated their corresponding promoters. In the GC
ells, there are 2369 genes with an E–P loop, called the ‘E–
 interacted gene’ ( Supplementary Table S6 ). E–P interacting
enes of GC cells were expressed at significantly higher levels
n the GC cells compared to those in the normal cells (Figure
 C; Supplementary Table S7 ). Thus, we analyzed H3K27ac
iChIP using selected regulatory proximal and distal elements

nd found an association between E–P contact and high gene
xpression. 

he E–P interacted gene MYB has higher 
xpression in GC cells and clinical samples 

ccording to previous studies, genes related to E–P loops
ay be enriched in some tumorigenic pathways ( 36 ). We
btained gene expression data of the cell lines by RNA-
eq, and those of clinical tissues from the TCGA_STAD,
and extracted highly expressed genes in GC cell lines com-
pared with GES1 [average transcripts per million (TPM) of
two cell lines, P < 0.05, fold change (FC) > 2, n = 2480;
Supplementary Table S8 ] and clinical GC tissues ( P < 0.05,
FC > 2, TPM > 5, n = 3466; Supplementary Table S9 ).
Among the 2369 GC E–P interacted genes, 188 were highly
expressed in both GC cell lines and clinical GC tissues (Fig-
ure 3 A). Furthermore, GO analysis of these 188 genes re-
vealed several tumorigenesis-related terms, such as cell migra-
tion and cell motility (Figure 3 B; Supplementary Table S10 ).
In addition, we wanted to determine whether oncogenes or
those that function in tumorigenesis are included. We uti-
lized ‘gene effect score’ in SNU719 from the DepMap pub-
lic database, a dependency map through CRISPR screening
( https:// depmap.org/ portal/ ). A lower gene effect score indi-
cates that SNU719 cell growth is more dependent on the gene.
Among these 188 genes, the top 20 genes showing critical roles
in SNU719 cellular growth (ranging from −2.33 to −0.35)
included CDC7 , CCND1 , ATP2A2 , POLR1B , etc. (Figure
3 C; Supplementary Table S11 ). These results indicated that
both oncogenic pathways and cell growth-related genes are
enriched in the E–P interacting genes. 

When we compared the FCs of expression for the top 20
genes, MYB showed the highest FC (Figure 3 D). To confirm
MYB expression in clinical tissues, we compared the expres-
sion in normal and GC tissues by using RNA-seq data from
TCGA_STAD, where MYB showed significantly higher ex-
pression in all molecular subtypes of GC, especially in MSI
GC and EBV GC (Figure 3 E). Additionally, we performed IHC
for clinical GC tissue samples of our cohort ( n = 49) and nor-
mal gastric mucosae from healthy individuals ( n = 22). Nearly
half of the GC cases showed high MYB expression (IHC score
2 or 3), and the IHC staining score was consistent with the
TCGA_STAD data (Figure 3 F; Supplementary Table S12 ). We
further classified TCGA patients of each GC subtype into two
groups by age ( < 70 versus ≥70), gender (female versus male),
stage (I / II versus III / IV ) and TNM factors (I / II versus III / IV
for T; 0 versus ≥1 for N; 0 versus ≥1 for M). There was no
significant difference detected in these comparisons, suggest-
ing that MYB expression could be upregulated in any sub-
types of GC, regardless of these clinicopathological factors
( Supplementary Figure S3 A). IHC results showed similar dis-
tribution of GC cases with high and low IHC scores regard-
less of these clinicopathological factors, which were consistent
with TCGA results ( Supplementary Figure S3 B). 

ChIP and HiChIP data at the MYB locus were visualized,
along with a significant interaction between the active en-
hancer and promoter in GC cells (Figure 3 G). To confirm
whether enhancers of MYB are activated in clinical GC tis-
sues as well, we analyzed published NanoChIP-seq data for
seven GC patients, including GS, EBV(+) and CIN subtypes
(GSE76153 and GSE75898) ( 13 ,15 ). When H3K4me1 signals
of normal and GC tissues were compared, GC tissue showed
significantly higher tag count ( Supplementary Figure S4 ). 

Taken together, we found that E–P interacting genes in GC
are associated with oncogenic pathways and that MYB was
highly upregulated in GC cell lines and clinical GC tissue sam-
ples, regardless of GC subtypes or clinicopathological factors.

MYB regulates GC cellular growth 

To assess how MYB contributes to GC tumorigenesis, we
knocked down MYB in two GC cell lines by siRNA.

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://depmap.org/portal/
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
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Figure 1. A ctiv e enhancers displa y ed a specified histone modification landscape in GC. ( A ) Black outline area presenting normal / GC-specific enhancer 
regions. ( B ) Heatmap of normal / GC-specific enhancers: normal-specific enhancer, n = 8261; GC-specific enhancer, n = 6306. ( C ) R epresentativ e 
ChIP-seq results at the CDH2 and EHF loci. A ctiv e promoters and normal / GC-specific enhancer are shown. 
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Figure 2. Genes with GC-specific active E–P loops showed higher expression in GC. ( A ) The feature of active loops in normal and GC cells. E, enhancer; 
P, promoter. A ctiv e loops are classified into three types: E–E, E–P and P–P loops. The number of E–P loop interactions identified is as follows: GES1, 
n = 7260; SNU719, n = 3717; YCC10, n = 6193. ( B ) A representative ChIP-seq and H3K27ac HiChIP result at EHF locus. EHF was from the list of ‘genes 
with active E–P interaction’ of the GC cell lines. ( C ) Expression levels of E–P interacted genes in GC. GC enhancer-interacted genes ( n = 2369) show 

higher expression in GC cells compared with GES1. 
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Figure 3. E–P interacting gene MYB has higher expression in GC cells and clinical samples. ( A ) One hundred eighty-eight genes were overlapped 
among E–P interacted genes detected by HiChIP ( n = 2369), highly expressed genes in GC cell lines detected by RNA-seq ( n = 2480, P < 0.05, FC > 2) 
and highly expressed genes in GC tissues detected by TCGA data of RNA-seq ( n = 3466, P < 0.05, FC > 2). ( B ) Enrichment of GO terms for the 188 
extracted genes by g:Profiler ( https:// biit.cs.ut.ee/ gprofiler/ gost ). ( C ) DepMap score of the 188 genes analyzed for SNU719 
[CRISPR_(DepMap_Public_24Q1)]. Top 20 genes are listed, and marked by red. Gene names are shown by the ascending order of gene effect score and 
descending order of gene dependency. ( D ) Expression le v els of the top 20 genes in GC cell lines compared to GES1. Genes are listed from the highest 
to the lo w est FC. ( E ) MYB expression in normal and GC tissues. TCGA_STAD data were analyzed. Normal tissues, n = 29; EBV(+) GC, n = 30; MSI GC, 
n = 73; CIN (chromosomal inst abilit y) GC, n = 223; GS (genomically stable) GC, n = 50. ( F ) IHC of MYB in clinical sample of gastric mucosae ( n = 22) 
and GC tissues. EBV(+) GC, n = 29; MSI GC, n = 5; other GC, n = 15. Scale bar: 100 μm. ( G ) R epresentativ e ChIP-seq and HiChIP results at MYB locus. 

https://biit.cs.ut.ee/gprofiler/gost
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fter siRNA transfection, messenger RNA (mRNA) expres-
ion and protein expression of MYB were both downregu-
ated, as shown by RT-qPCR and western blotting. The results
f growth assay in SNU719 were consistent with the public
ata on DepMap; repression of MYB leads to an inhibitory
ffect on the cell growth of GC. Similar results were obtained
n another GC cell line, YCC10 (Figure 4 A and B), confirming
hat MYB is a critical gene in GC cell growth. MYB is a TF that
lays an important role and is overexpressed in many types of
ancer ( 37–39 ). However, the roles of MYB in GC remain un-
lear. To explore downstream effect of MYB in GC cells, we
erformed RNA-seq by using MYB knockdown (KD) cells in
oth GC cell lines. GO enrichment analysis showed that the
ommonly downregulated genes (FPKM, P < 0.05, FC < 0.8)
ended to regulate cell cycle process. The commonly upregu-
ated genes (FPKM, P < 0.05, FC > 1.2) showed a structure
nd cell adhesion pattern, including the well-known cell ad-
esion genes CLDN1 and ITGB family members (Figure 4 C
nd D; Supplementary Tables S13 and S14 ). These results in-
icate the importance of MYB in GC and suggest that it may
egulate GC cell growth through the cell cycle. 

olocalization and correlation between TFs and the 

oop-forming enhancers 

imilar motifs are usually enriched in a group of CREs, and
otif-associated TFs bind to accessible elements to partici-
ate in the transcriptome of their downstream genes ( 40–43 ).
e hypothesized that enhancers with E–P loops in GC might

ave a similar tendency; there would be one or more mo-
ifs accumulated in those interacting enhancers. These motifs
ay indicate critical factors associated with loop-forming en-
ancers in GC. In terms of this, we planned to find motifs
nriched at the ‘interacted enhancer’ regions (Figure 2 A). We
erformed A T AC-seq and obtained 300-bp open-chromatin
egions at the center of the interacting enhancers. After ob-
aining the accessible chromatin regions by A T AC (GES1,
 = 29 341; SNU719, n = 34 489; YCC10, n = 33 365),
e combined the regions with interacting enhancer regions

rom HiChIP (GES1, n = 4588; SNU719, n = 2643; YCC10,
 = 3501; Supplementary Tables S15 –S17 ) and found 3381,
159 and 3085 accessible enhancers with E–P loops in the
ormal and GC cells, respectively ( Supplementary Figure S5 A;
upplementary Tables S18 –S20 ). Chromatin accessibility was
imilar at the genome-wide level in the normal and GC cells
ut increased at all active enhancers and E–P loop enhancers
 Supplementary Figure S5 B). Similar to the ChIP-seq data, the
romoter of CDH2 and its interacting enhancer only showed
n open status in the normal GES1 cells, and the A T AC sig-
al specifically occurred in two GC lines at the EHF promoter
nd enhancers (Figure 5 A). 

To find the TF that is associated with loop-forming en-
ancers during gene transcription, we performed motif analy-
is by accessible interacting enhancers. Enhancers with E–P
nteractions in normal and GC cells exhibited different oc-
upancies. Except for common BA TF / A TF3 motifs, TEAD,
UNX and ATF motifs were enriched in the normal cells

blue), whereas TCF, FOX and KLF were the top motifs en-
iched in the GC cell lines (red) (Figure 5 B and C). These mo-
if analysis results indicated that E–P loop development may
ssociate with different TFs in GC cells than in normal cells,
s expected. We further checked the expression of all possible
Fs predicted from each motif (TCF, FOX or KLF), and com-
pared their expression in the cells and clinical tissues. TCF7 ,
TCF7L2 , TCFL5 , KLF5 , FO XA1 and FO XC1 were found to
be highly expressed at mRNA levels in GC (Figure 5 D and E).
Collectively, according to the motif analysis of open enhancers
with an E–P loop, GC showed different TF occupancy. The
TCF, FOX and KLF TF families were the most frequent mo-
tifs in GC. 

TCF7 is a critical TF that regulates MYB 

transcription in GC 

To validate the motif enrichment results, we investigated the
TF involved in MYB activation and the transcriptional mech-
anisms of MYB . Interestingly, when we searched for the pre-
dicted TCF, FOX and KLF motif sequences at the MYB lo-
cus, only the TCF motif was found in the enhancers (Figure
6 A). Since the predicted results contained several family mem-
bers of TCF, we referred to the expression in the cell lines and
clinical data and selected overexpressed TCF7 , TCF7L2 and
TCFL5 to confirm the predicted results. We knocked down
these three TFs in the GC cells to check MYB expression.
RT-qPCR results showed that TCF7 KD effectively led to
lower MYB expression, but not the other two (Figure 6 B
and C; Supplementary Figure S6 A–C). These results suggest
that TCF7 is a critical regulator in MYB transcription pro-
cesses. Moreover, the GC cells with decreased TCF7 expres-
sion exhibited lower cell growth (Figure 6 D), indicating that
TCF7 not only regulates gene expression but also plays an im-
portant role in GC cell growth. 

Next, to confirm that TCF7 binds to the MYB enhancer,
we performed TCF7 ChIP-seq. Most of the TCF7 binding re-
gions showed open status in GC ( Supplementary Figure S6 D,
by referring to A T AC data), indicating their accessibilities and
binding activities in GC. Consistent with the RT-qPCR results,
TCF7 binding was enriched in the MYB enhancer of the GC
cells but not of the normal cells (Figure 6 E). Likewise, higher
expression of TCF7 is shown in all the four subtypes of GC
regardless of age, gender, stage or TNM factors (Figure 6 F;
Supplementary Figure S7 ). To explore the expression of TCF7
and MYB during the clinical GC development, we checked the
single-cell RNA-seq of the antrum with intestinal metaplasia
(IM) obtained from the patients ( 44 ). IM is known as the con-
dition of pre-malignant gastric mucosa, and to be associated
with higher GC risk. We assessed gene expression levels in four
gastric and four intestinal cell clusters, and found that both
TCF7 and MYB were highly expressed in intestinal stem cells
( Supplementary Figure S8 ), suggesting that their upregulation
might perhaps occur at an early step of GC tumorigenesis, e.g.
IM condition. 

To elucidate the function of TCF7 in the regulation of
MYB enhancers, we analyzed chromatin interactions from
MYB promoters by 4C sequence and H3K27ac status by
CUT&Tag after TCF7 KD. Interaction frequency from MYB
promoter did not change after TCF7 KD, and H3K27ac was
not changed either ( Supplementary Figure S9 ). These results
suggested that TCF7 might not have pioneering function in
E–P loop formation and H3K27ac induction. 

Suppression of interacted enhancer by CRISPRi 
repressed gene expression and cellular growth 

At the MYB locus, there are four active enhancers (E1–E4)
marked by H3K4me1 and H3K27ac downstream of the TSS.
By A T AC-seq and TCF7 ChIP-seq, we observed that three

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
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Figure 4. MYB regulates GC cellular growth. ( A , B ) RT-qPCR and western blotting results reveal that MYB was knocked down by two siRNAs at mRNA 

and protein le v els. Cellular growth assay using CCK-8 in both cell lines indicates significant decrease of cellular growth after MYB KD. ( C ) RNA-seq after 
MYB KD in GC cells. Downregulated genes ( P < 0.05, FC < 0.8) and upregulated genes ( P < 0.05, FC > 1.2) are indicated. ( D ) GO analysis of the 
downregulated genes and upregulated genes in MYB KD in GC cell lines. 
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Figure 5. Colocalization of TFs and open chromatin in the loop-forming enhancers. ( A ) Representative views of open-chromatin regions (A T AC-seq) and 
active histone marks (ChIP-seq). CDH2 is active in the normal GES1 cells, and EHF is active in two GC lines. ( B , C ) The top 5 motifs and predicted TFs in 
normal-specific and GC-specific enhancers. Motifs e.g. TEAD and RUNX (B) and those e.g. TCF, FOX, and KLF (C) are specifically observed in 
normal-specific and GC-specific enhancers with E–P loops, respectively. ( D ) Expression of GC-specific TFs in three cell lines (RNA-seq). ( E ) Expression of 
GC-specific TFs in clinical tissues (TCG A_S TAD). 
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Figure 6. TCF7 is a critical TF that regulates MYB transcription in GC. ( A ) Three GC motifs at MYB locus. Only TCF motif sequence has been found 
nearby MYB . ( B ) TCF7 KD in GC cell lines. Expressions of TCF7 and MYB are downregulated after siRNA KD of TCF7 . ( C ) Western blotting re v eals 
decrease of TCF7 and MYB at protein le v els, after TCF7 KD. ( D ) Cellular growth assay for two GC cell lines after TCF7 KD. ( E ) TCF7 ChIP-seq signal 
accumulated in interacting enhancers of MYB . ( F ) Expression of TCF7 in four GC subtypes compared with normal samples (TCGA_STAD). 
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f the enhancers produced both signals (E1, E3 and E4).
he HiChIP loops indicated that only E3 interacted with the
YB promoter. If MYB is activated by this loop-forming en-

ancer, and we repress the interacting enhancer, MYB expres-
ion should also be repressed. As the interacting enhancers
ere extracted by active histone marks, we introduced the
RISPRi system to validate our hypothesis with the transcrip-

ional activation mechanism. The fusion of dCas9 with the
ranscription repressor KRAB can act as an epigenetic repres-
or to induce the heterochromatin mark H3K9me3 and sup-
ress downstream enhancers of MYB ( 31 ). We introduced the
Cas9-KRAB fused protein into our GC cell lines and de-
igned 12 sgRNAs on the target enhancers E1–E4, as well
s control sgRNAs between E2 and E3 (Control 1) and at a
ifferent chromosome (Control 2) (Figure 7 A). As expected,
pigenetic editing successfully induced H3K9me3 in the four
nhancers downstream of MYB , leading to the decrease of
3K27ac signal in corresponding regions. H3K27ac ChIP-

PCR results showed that the sgRNAs against E3 repressed
ot only E3 H3K27ac but also other regulatory elements of
YB (TSS, E1 and E2). However, the other sgRNAs exhib-

ted only an inactivation effect on their targets (Figure 7 B).
T-qPCR results after sgRNA treatment showed that MYB
xpression was markedly downregulated when targeting E3,
ut not markedly when targeting other enhancers, or did not
hange when using control sgRNAs (Figure 7 C). 

When we conducted H3K27ac ChIP-seq after sgRNA treat-
ent, H3K27ac signals were shown to be decreased at the
YB locus when targeting E3, but not targeting Control 1

egion ( Supplementary Figure S10 A). Decrease of H3K27ac,
owever, was not observed at neighboring regions, such as
LDH8A1 , HBS1L and AHI1 loci. The expression of neigh-
oring genes was not decreased either ( Supplementary Figure 
10 B and C). 

To elucidate the effect on cellular growth, we performed
ompetitive growth assay after CRISPRi treatment target-
ng E1–E4. Cell viability significantly decreased on days 14,
1 and 28 when using sgRNAs targeting E3, confirming
he significant effect on GC cell growth by inactivating the
nteracting enhancer, in SNU719 (Figure 7 D) and YCC10
 Supplementary Figure S10 D and E). Decrease of MYB expres-
ion after E3 inactivation by protein level was also confirmed
y western blotting (Figure 7 E; Supplementary Figures S10 F
nd S11 A). In addition, we conducted colony formation as-
ay using SNU719 cells after CRISPRi treatment targeting E3
sg9), and observed decrease of colonies after E3 inactivation
 Supplementary Figure S11 B and C). These results showed
hat epigenetic repression of MYB enhancer by CRISPRi tech-
ique is enough to lead to decrease of gene expression and
ellular growth, similarly to siRNA KD of MYB in the GC
ells (Figure 4 A and B). 

Furthermore, to elucidate the effect on E–P loop after epi-
enetic repression of enhancers by CRISPRi, we performed
C-seq using control sgRNA and sgRNA targeting E3. Inter-
ction frequency from MYB promoter was not changed after
3 repression ( Supplementary Figure S12 A), suggesting that
3 repression may downregulate the activity of chromatin,
ut not enough to break the loop structure between enhancer
nd promoter. In addition, we further explored the synergistic
ffect of E3 repression by CRISPRi and TCF7 KD on MYB ex-
ression. The significant combination effect of E3 repression
nd TCF7 KD was observed ( Supplementary Figure S12 B). 
 

Discussion 

In this study, we conducted a comprehensive analysis of the
long-range interactions in GC. We found that MYB was aber-
rantly activated by such interactions and contributed to gas-
tric tumorigenesis. GC-specific motifs occupy highly accessi-
ble distal enhancers. TCF7 is a critical TF that regulates MYB
activation in GC. 

Recently, many studies have been conducted on chromatin
remodeling during cell development, differentiation and can-
cer ( 42 ,45–47 ). These aberrant chromatin changes are typ-
ically accompanied by enhancer and transcriptomic plastic-
ity ( 36 ,48–51 ). Chromatin structure is regulated by different
factors. CTCF also contributes to the 3D chromatin struc-
ture of embryonic stem cells ( 50 ) and leukemia by activat-
ing the oncogene MYC ( 6 ,7 ). In addition to common factors
such as CTCF and cohesion, specific TFs or long noncod-
ing RNAs (lncRNAs) also play critical roles in different cell
types or stages. YY1 plays an important role in E–P looping
in mouse embryonic cells ( 52 ); KLF5 has been shown to ex-
hibit the ability to bind lineage-specific regulatory elements
and induce gene expression in human epithelial cancer cells by
recruiting BRD4 to chromatin through the CBP / EP300 com-
plex ( 53 ). CCAT1-L promotes long-range chromatin looping
at the MYC locus in colorectal cancer tumor development
( 54 ). In this study, we found that TCF7 is a critical regula-
tor of GC and is associated with aberrantly formed E–P loops.
We demonstrated that TCF7 ChIP-seq signals colocalized with
chromatin-accessible regions and interacted with enhancer re-
gions, which specifically occur in GC cells. 

In previous studies on GC, cancer-associated super-
enhancers have shown tendencies in cancer development, such
as signal transduction, cell death and cell proliferation ( 15 ).
Genome-wide enhancer alterations regulated by TEAD1 were
enriched in biological adhesion, locomotion and cell migra-
tion ( 16 ). In our previous study, we found that ATF3 was en-
riched in the enhancer aberrations in EBV-positive GC cells
( 55 ). None of the reports included an interactome analysis.
Another study reported that EHF accumulates at its down-
stream gene, FZD5 , thereby promoting the development of
EBV-positive GC ( 35 ). This study showed chromatin interac-
tions detected by Hi-C but only focused on one gene locus and
not genome-wide. A previous study applied H3K27ac HiChIP
to EBV-positive GC. They extracted mitogen-activated protein
kinase 8 ( MAP3K8 ) from interactions and super-enhancers
and validated its function in cell proliferation, colony forma-
tion and migration. They showed that MAP3K8 is associated
with the Notch signaling pathway and EMT in EBV-positive
cells ( 56 ). However, the genome-wide networks and regulators
of the E–P loop have not been studied. In our study, we com-
bined H3K27ac HiChIP with ChIP-seq, RNA-seq and A T AC-
seq for an integrated analysis and found TCF7 along with its
downstream gene MYB as an oncogene that functions in GC
cellular growth and might perhaps be a therapeutic target. 

MYB is a well-known oncogene involved in leukemia ( 57 ).
It has been reported to be upregulated in several types of can-
cers, including GC ( 37–39 ,58 ). It has also been reported to
fuse with other partner genes and contribute to cancer de-
velopment ( 59 ,60 ). MYB can activate NF- κB and Wnt path-
ways, promote cancer growth and metastasis, and further
contribute to carcinogenesis ( 61–63 ). This confirmed the im-
portance of MYB in cancer development. Some studies on
GC have shown that ERBB2 overexpression / amplification

https://academic.oup.com/narcancer/article-lookup/doi/10.1093/narcan/zcae020#supplementary-data
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Figure 7. MYB interacted enhancer suppression by CRISPRi can repress gene expression and cellular growth. ( A ) Guide RNA targeting four enhancers 
(E1–E4) around MYB . Whole view shows ChIP-seq results for histone modification, A T AC peaks and ChIP-seq for TCF7, along with E–P loop at MYB 

locus. Enlarged view shows the location of sgRNA against enhancers; sgCtrl_1 targeted region between E2 and E3; sgCtrl_2 targeted at another 
c hromosome locus (c hr3: 11 5638881). ( B ) ChIP-qPCR of H3K9me3 and H3K27ac at TSS and E1–E4 regions after CRISPRi treatment in SNU719. Different 
sgRNA target regions include Mock, sg1–3 for E1, sg4–6 for E2, Ctrl_1_1 and Ctrl_1_2 between E2 and E3, sg7–9 for E3, sg10–12 for E4, and Ctrl_2 
(from left to right). R elativ e enrichment was calculated by comparing the target region enrichment to positive region enrichment. Each data point is the 
a v erage v alue of triplicates. ( C ) R T-qPCR result of MYB e xpression after CRISPRi. ( D ) Cell gro wth detected b y fluorescence-activ ated cell sorting (FACS) 
after CRISPRi in SNU719. Cell viability was calculated by comparing D7 / 14 / 21 / 28 with D0 GFP%. ( E ) MYB protein expression was downregulated by 
sgRNA targeting E3. 
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s associated with poor prognosis. HER2, which is encoded
y ERBB2 , contributes to tumorigenesis by promoting cell
roliferation and suppressing cell apoptosis ( 10 ,64 ). MYC
verexpression / amplification is also found in patients with
C and is related to its presence or metastasis, or may
resent as an aggressive phenotype of GC ( 65 ). In recent
ears, lncRNAs have been reported to silence tumor suppres-
or genes in GC, leading to GC development ( 66 ). However,
ittle is known about how MYB functions in GC. GO anal-
sis showed that GC cell inhibition might be caused by the
ell cycle. The colony formation assay indicated its function in
umorigenesis. 

In addition, the mechanism of MYB transcription has not
een analyzed well in GC. A previous study has revealed that
TF4 binds to the HBS1L-MYB intergenic enhancer region
nd regulates MYB expression in human erythroid cells ( 67 ).
n the present study, different TFs exhibited the ability to reg-
late MYB activation. This might indicate that different TFs
xist in different cell types during MYB transcription and that
here might be a more complicated machinery process. TCF7
as named for its function in T-cell development and differ-

ntiation ( 68 ,69 ); several studies have found that TCF family
embers participate in the Wnt / β-catenin pathway in cancer

 70 ,71 ). Wnt triggers β-catenin to migrate to the nucleus; fol-
owing this, β-catenin will interact with TCF / LEF and their
ofactor to activate Wnt downstream genes ( 72 ). TCF pro-
eins also have oncogenic functions in the development of
ncogenesis ( 73 ,74 ). A previous study showed that the en-
ancer looping gene LDB1 colocalizes with TCF7 signals in
iver cells ( 75 ). Although no interaction data were shown in
his study, the results may indicate a role of TCF7 in chro-
atin remodeling. In our study, we showed that the TCF7

ignal accumulated at the interacting enhancer of MYB , espe-
ially the enhancers involved in E–P contact formation on the
hromatin structure. This finding may explain the critical role
f TCFs in tumorigenesis, and that the active E–P loop plays
n important role in oncogene activation. Enhancer activation
nd interaction status, however, were not clearly repressed
y TCF7 KD ( Supplementary Figure S9 A). This may be be-
ause KD by siRNA might be insufficient to show marked
hanges in H3K27ac levels at the target enhancers and E–P
nteraction, or TCF7 might not have pioneering function and
here might be other TFs having critical functions in MYB
nhancers. 

There might be a few limitations in this study. Although
e obtained clinical RNA-seq data from TCGA_STAD and
erformed IHC to show the upregulation of MYB in GC tis-
ues, it is still necessary to conduct experiments to explore
he E–P interactions and their regulatory networks in clini-
al samples. However, owing to the contamination of stromal
ells with inflammatory cells, it is difficult to conduct HiChIP
nd obtain clean loop data from GC clinical tissues. In addi-
ion, there might be a group of TFs playing a dominant role
n E–P loop formation and activation of downstream onco-
enes. Further experiments, e.g. knocking out candidate TFs
y CRISPR, should be conducted to elucidate the whole reg-
latory network and responsible factors to regulate aberrant
hromatin interactions. 

In summary, our genome-wide integrated analysis revealed
hat activation of enhancers with aberrantly formed E–P loops
ontributes to critical oncogene activation, and that MYB up-
egulated by TCF7 binding plays an important role in GC cel-
ular growth. 
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