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Abstract

Epstein—Barr virus (EBV) establishes lifelong asymptomatic infection by replication of its chromatinized episomes with the host genome. EBV
exhibits different latency-associated transcriptional repertoires, each with distinct three-dimensional structures. CTCF, Cohesin and PARP1 are
involved in maintaining viral latency and establishing episome architecture. Epstein—Barr virus-associated gastric cancer (EBVaGC) represents
1.3-30.9% of all gastric cancers globally. EBV-positive gastric cancers exhibit an intermediate viral transcription profile known as ‘Latency II',
expressing specific viral genes and noncoding RNAs. In this study, we investigated the impact of PARP1 inhibition on CTCF/Cohesin binding in
Type Il latency. We observed destabilization of the binding of both factors, leading to a disrupted three-dimensional architecture of the episomes
and an altered viral gene expression. Despite sharing the same CTCF binding profile, Type I, Il and Ill latencies exhibit different 3D structures
that correlate with variations in viral gene expression. Additionally, our analysis of H3K27ac-enriched interactions revealed differences between
Type Il latency episomes and a link to cellular transformation through docking of the EBV genome at specific sites of the Human genome, thus
promoting oncogene expression. Overall, this work provides insights into the role of PARP1 in maintaining active latency and novel mechanisms

of EBV-induced cellular transformation.
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Introduction

Epstein—Barr virus (or EBV) is a human gammaherpesvirus,
that infects more than 90% of the adult population, estab-
lishing a lifelong asymptomatic condition (1) through the for-
mation of circularized mini-chromosomes known as episomes,
which replicate with the host genome. These episomes do not
integrate into the host genome, thus making it essential for
EBV to organize its chromatin in a way that allows access to
essential genes for transcription and replication while main-
taining genomic stability.

EBV exhibits different latency-associated transcriptional
repertoires, each responsible for specific gene expressions dur-

ing different stages of infection and characterized by different
three-dimensional structures of the viral genome (2—4).

Our group and others have previously demonstrated that
the cellular factor CTCF is involved in the maintenance of the
viral latency and, together with Cohesin, in the establishment
of the 3D architecture of the viral episomes (5-9).

Recent work from our group also demonstrated that Poly
[ADP-ribose] Polymerase 1 (PARP1) is essential in maintain-
ing an active latency program in Type III latency by stabi-
lizing CTCF binding at CTCF/Cohesin co-localization sites
(3,10,11). Moreover it has recently been demonstrated that
PARP1 inhibition is a valuable approach to target EBV + Gas-
tric Cancer (12).
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Gastric cancers lead to approximately 780 000 deaths every
year, making them the third most common cause of cancer-
related deaths worldwide (13). Among the different types
of gastric cancer, Epstein—Barr virus-associated gastric can-
cer (EBVaGQC) is frequently observed (14). The prevalence of
EBVaGC varies based on geographic regions, comprising ap-
proximately 1.3-30.9% of all gastric cancers (15-18), with
an overall global average of 8.9% (15). This accounts for ap-
proximately 75 000 new cases diagnosed annually (14).

EBV-positive gastric cancer is associated with CpG island
hypermethylation (19) and with distinct mutation patterns
(20,21).

In EBV + gastric cancers, EBV establishes an intermediate
transcriptional profile called ‘Latency II’ which is character-
ized by the expression of EBNA1, noncoding RNAs, and la-
tent membrane proteins (LMP2A and 2B and occasionally
LMP1).

Given all our previous findings, we aimed to investigate
whether also in Type II latency CTCF/Cohesin binding is al-
tered by PARP1 inhibition. Surprisingly, we observed a desta-
bilization of both factors thus resulting in a completely dis-
rupted three-dimensional architecture of the EBV episomes.
As we expected, this genomic instability caused altered viral
gene expression even though below statistical significance.

Moreover, using HiC assay we found varying structures in
EBV + GC cells and B cells even though Type I, II and III la-
tencies share the same CTCF binding profile across the viral
genome. Notably, long-range chromatin interactions in the vi-
ral genome align with expression levels of latent genes, indi-
cating a close connection between 3D viral chromatin struc-
ture and transcriptional activity of involved viral loci.

To further elucidate the link between EBV genomic archi-
tecture and its functional role we analyzed the H3K27ac-
enriched EBV-EBV and EBV-human interactions. We found
that Type II latency episomes show strong H3K27ac-rich sites
on the Qp and BILF2 promoters differently from what is ob-
served in Type III latency. Moreover, most EBV-human inter-
actions occur between the BILF2 region and genes which are
markers of gastric malignances.

Altogether, this work aims to shed light on the dependency
of EBV latency on PARP1 to maintain an active latency pro-
gram. Moreover, we wanted to further elucidate the molecular
mechanism named ‘enhancer infestation’ by which EBV could
induce cellular transformation by docking at specific sites of
the Human genome both altering host epigenetic landscape
and serving as an additional enhancer to promote oncogene
expression (22).

All these findings may present opportunities for novel, tar-
geted therapeutics tailored to specific latency types and asso-
ciated malignancies.

Materials and methods

Cell culture and treatment

Cell lines were maintained in a humidified incubator con-
taining 5% CO, at 37 C. YCCEL1 and SNU719 cell lines
were cultured in RPMI 1640 supplemented with Fetal Bovine
Serum at a concentration of 10% and supplemented with 1%
penicillin—streptomycin.

Treatment with PARP inhibitor Olaparib (Selleck Chemi-
cals, Catalog No. S1060) was given 72 h before collection at
a concentration of 5 uM.
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Dot blot

Dot Blot was carried out as per Abcam protocol. Briefly, three
biological replicates of 2 x 10° YCCEL1/SNU719 cells per
treatment group (with or without 5 uM Olaparib for 72 h)
were extracted using radioimmunoprecipitation assay (RIPA)
lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.25%
deoxycholic acid, 1% NP-40, 1 mM EDTA; Millipore, Cat.
No. 20-188) supplemented with 1X protease inhibitor cock-
tail (Sigma-Aldrich, Cat. No. P8340-5ML) and 1x PARG in-
hibitor (PDD00017273, Selleck Chemicals, Cat. No. S8862).
Protein concentration was measured using a bicinchoninic
acid (BCA) protein assay (Pierce, Cat. No.23227) and 10 pg of
protein were diluted in 50 ul of water and loaded onto the ac-
tivated nitrocellulose membrane (Bio-Rad Cat. No. 1620113).

Red Ponceau staining (Ponceau S Staining Solution, Cell
Signaling, Cat. No. 59803) was used as a loading control.

Membrane was blocked in 5% milk TBS-T and then incu-
bated with anti-PAR antibody (R&D Systems, Cat. No. 4335-
MC-100) as per manufacturer recommendation.

Membrane was washed 5 mins three times, incu-
bated for 1 h with rabbit anti-mouse IgG-HRP (Jackson
ImmunoResearch), at a dilution of 1:10000 and detected
by enhanced chemiluminescence (SuperSignal West Dura Ex-
tended Duration Substrate, Cat. No. 34075).

Subcellular fractionation and western blot

Three biological replicates of 5§ x 10° YCCEL1/SNU719 cells
per treatment group (with or without 5 uM Olaparib for 72 h)
were prepared using the Subcellular Protein Fractionation Kit
for Cultured Cells (Thermo Scientific, Cat. No. 78840) as per
manufacturer’s protocol.

Protein concentration was measured using a bicinchoninic
acid (BCA) protein assay (Pierce). Lysates were boiled with
2x Laemmli sample buffer (Bio-Rad, Cat. No. 1610737)
containing 2.5% p-mercaptoethanol (Sigma-Aldrich, Cat.
No. M6250-100ML).

Proteins were resolved by gel electrophoresis on a 4-20%
polyacrylamide gradient Mini-Protean TGX pre-cast gel (Bio-
Rad, Cat. No. 4561096) and transferred to an Immobilon-P
membrane (Millipore, Cat. No. IPVH00010) using a Power
Blotter XL System (Invitrogen).

Membranes were blocked in 5% milk PBS-T for 1 h at room
temperature and incubated overnight at 4°C with primary
antibodies against SMC3 (Bethyl Laboratories A300-060A),
SMCI1 (Bethyl Laboratories A300-055A), Rad21 (Bethyl Lab-
oratories A300-080A), CTCF (Active Motif 61311), PARP1
N-terminal (Active Motif 39559) and Histone H3 (Abcam
ab1791) as per manufacturer recommendation. Membranes
were washed 5 mins three times, incubated for 1 h with the
appropriate secondary antibody, either goat anti-rabbit IgG-
HRP (Jackson ImmunoResearch) or rabbit anti-mouse IgG-
HRP (Jackson ImmunoResearch), at a dilution of 1:10 000.
Membranes were then washed and detected by enhanced
chemiluminescence (SuperSignal West Dura Extended Dura-
tion Substrate).

Poly (ADP-ribose) ELISA assay

The ELISA assay to assess the levels of intracellular Poly
(ADP-Ribose) (PAR) was carried out using 7 x 10° cells per
sample using the poly(ADP-ribose) ELISA kit (Cell Biolabs,
Cat. No. XDN-5114) as per manufacturer protocol.
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RNA extraction and RNA-seq

Total RNA from SNU719 cell line was isolated from 2 x 10°
cells using a Direct-zol RNA Kit (Zymo Research, Cat. No.
R2050) according to the manufacturer’s protocol. RNA sam-
ples were either used for downstream RT-qPCR or submit-
ted to the Wistar Institute genomics core facility for RNA
quality control and sequencing library preparation using the
SENSE mRNA-Seq Library Prep Kit V2 (Lexogen) to gener-
ate Illumina-compatible sequencing libraries according to the
manufacturer’s instructions. Paired-end reads of 75 bp were
obtained using a Illumina HiSeq 2500 sequencer. RNA-seq
data was aligned using Bowtie2 (23) against hg19 version of
the Human genome and all unaligned reads were then aligned
against NC_007605.1 version of EBV genome and RSEM
v1.2.12 software (24) was used to estimate raw read counts
and RPKM for Human and EBV genes.

Datasets are available in Gene Expression Omnibus see
Data Availability section for accession number.

RT-gPCR

For quantitative reverse transcription-PCR (RT-qPCR), Su-
perScript IV reverse transcriptase (Invitrogen, Cat. No.
18090200) was used to generate randomly primed cDNA
from 1 pg of total RNA. 50 ng of cDNA sample was analyzed
in triplicate by quantitative PCR using the ABI StepOnePlus
system. Data were analyzed by the ACT method relative to
18S-ribosomal subunit control. Primer sequences are available
in the Supplementary file 1.

Chromatin immunoprecipitation assays
Chromatin immunoprecipitation sequencing (ChIP-seq)

Chromatin  immunoprecipitation with next-generation
sequencing (ChIP-seq) was performed as previously
described(3). Briefly, 25 x 10° cells per immunoprecipi-
tation were collected and fixed with 1% formaldehyde for
15 min and then quenched with 0.25 M glycine for 5 min on
ice. After 3 washes with 1x PBS, pellets were resuspended
in 10ml each of a series of two lysis buffers and resus-
pended in 1ml of the third lysis buffer before fragmentation
in Covaris ME220 Ultrasonicator (peak power 75, duty
factor 25, cycles/burst 1000, average power 18.8, time 720
s) to generate chromatin fragments roughly 200-500 bp in
size. Chromatin was centrifuged to clear debris and a 1:20
of this cleared chromatin was kept as standard input for
comparison against immunoprecipitations. Chromatin was
incubated rotating at 4° 1 h with 25 pg H3K4mel (Active
Motif 39299) and 25 ug H3K27ac (Active Motif 39133),
then chromatin—antibody complexes were precipitated using
50 ul of Dynabeads Protein A (ThermoFisher, product no.
10001D) incubated rotating at 4° overnight. DNA was pu-
rified using Promega Wizard SV Gel and PCR Clean-up Kit
(product no. A9285). Libraries for sequencing were made
using NEBNext Ultra I DNA Library Prep Kit (New England
Biolabs, product no. E7103) and sequenced on the Illumina
HiSeq 2500.

ChIP-seq analysis

Reads were mapped against the human gammaherpesvirus
4 (HHV4) NC_007605.1 genome assembly using Burrows-
Wheeler Aligner (BWA) (25). We used MACS2 (26,27) soft-
ware packages to call peaks using input samples as control.
deepTools (28) was used for data visualization.
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For transcription factor binding motif analysis, Analysis of
Motif Enrichment (AME) from the MEME-ChIP suite (29)
was used using default options.

ChIP-seq data were deposited for public access at Gene Ex-
pression Omnibus see Data Availability section for accession
number.

Chromatin immunoprecipitation (ChIP)

Chromatin immunoprecipitation was performed as previously
described (3) with minor changes. Briefly, after 72 h incuba-
tion with or without Olaparib, 1 x 10° cells per immuno-
precipitation were collected and fixed with 1% formalde-
hyde for 15min and then quenched with 0.125M glycine
for Smin on ice. After centrifugation, the pellet was re-
suspended in 120 ul lysis buffer and sonicated using Co-
varis ME220 Ultrasonicator (peak power 75, duty factor
25, cycles/burst 1000, average power 18.8, time 600 s)
to generate chromatin fragments roughly 100-200bp in
size. A sample of ‘input chromatin’ was collected at this
point as a standard for comparison against immunoprecip-
itations (5% of total material). Chromatin was then incu-
bated overnight rotating at 4° with 4 pg of antibody against
CTCE, 5 pg of antibody against SMC1 and 5 ug of IgG
antibody.

Real-time PCR was performed with a master mix con-
taining 1X Maxima SYBR Green (Thermoscientific, REF No.
K0223), 0.25 uM primers and 1:50 of ChIP or input DNA
per well. Quantitative PCRs were carried out in triplicate us-
ing the ABI StepOnePlus PCR system. Data were analyzed by
the AACT method (where CT is threshold cycle) relative to
DNA input. Primer sequences are available in the Supplemen-
tary file 1.

Chromatin conformation capture assays
HiC assay

Hi-C assay was performed as previously described (3).
Briefly, 5 x 10° cells per condition were collected for
in-situ Hi-C. Libraries of total ligation products were
produced using Ultralow Library Systems V2 (Tecan
Genomics, part no. 0344NB-32) as per manufacturer’s
protocol.

Purified libraries were then enriched for only EBV genome
ligation products using myBaits enrichment kit as per man-
ufacturer’s protocol. Libraries were sequenced using the
[llumina HiSeq 2500 sequencing platform with paired-
end 75bp read length. HiC data was preprocessed using
HiC-Pro v2.10.0 pipeline (30) with default settings using
NC_007605.1 version of the EBV genome at 1kb resolution.
DESeq2 (31) was used to estimate significance of differential
contact based on raw count matrix files. Significantly changed
associations (FDR < 5%) were plotted as circos graph using
the circlize package (version 0.4.12) of R (version 4.0.5) (32).

To identify cell-type specific loops we summed all the in-
teractions that passed the FDR threshold based on cell type
and further filtered them by CTCF binding. Then a differential
analysis was performed using DESeq2 R package as described
above.

The detailed protocol with all minor alterations will be hap-
pily supplied by corresponding author per request. Datasets
are available in GEO see Data Availability section for the ac-
cession number.
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HiChIP assay

HiChIP assay was performed as per protocol (33) with minor
changes.

Briefly, 25 x 10° cells were fixed with 1% formaldehyde for
10 min and then quenched with 0.125 M glycine for 5 min
at RT. Ligation products were immunoprecipitated with 25
ug H3K27ac (Active Motif 39133). 5 ul of Streptavidin C-1
beads were used for biotin pull-down. After the last wash with
Tween Wash Buffer bead-bound DNA was used to prepare
libraries with Ultralow Library Systems V2 (Tecan Genomics,
part no. 0344NB-32) as per manufacturer’s protocol.

Libraries were then deep sequenced using the Illumina
HiSeq 2500 sequencing platform.

Data was preprocessed using HiC-Pro v2.10.0 pipeline (30)
with default settings using NC_007605.1 version of the EBV
genome at Skb resolution and hichipper software (34) was
used to perform restriction site bias modeling and interaction
identification.

Only statistically significant interactions (FDR < 5%) were
kept for downstream analysis.

Differential interactions between cell lines were identified
using the diffloop Bioconductor R package (35). Significantly
changed associations (FDR < 1%) were used for visualization
in UCSC Genome Browser.

The detailed protocol with all minor alterations will be hap-
pily supplied by corresponding author per request.

To identify EBV-human interactions, the output of hichip-
per software was filtered for those interactions having more
than 2 reads, than they were plotted using the circlize R pack-
age (32). H3K27ac peaks in proximity to EBV-human interac-
tions where annotated using the HOMER software (36) and
filtered for just those genes which Transcription Start Sites
(TSS) were within 1 kb from the peak.

Transcription factor binding motif analysis was carried out
using Analysis of Motif Enrichment (AME) from the MEME-
ChIP suite (29) with default options.

Droplet digital PCR (ddPCR)

Multiplex DNA droplet PCR (ddPCR) was performed as pre-
viously described (37). DNA was isolated from 1 x 10° cells
using the GeneJET Genomic DNA Purification Kit (Thermo
Scientific) according to the manufacturer’s protocol. 500 ng
of DNA was digested with BamHI enzyme (10 U/ul, New
England Biolabs) in a total volume of 10 ul for 1 h at 37°C.
Digestion was diluted 1:20 in nuclease-free water. 10 ul of
diluted DNA digest was mixed with 12.5 ul of 2x digital
PCR supermix for probes (No dUTP) (Bio-Rad), 1.25 ul 20x
FAM primers, 1.25 pl VIC primers for each reaction. The
FAM primers sequence for EBV Lmp1 was Fw(5’-3') AAGGT-
CAAAGAACAAGGCCAAG, Rv (5'-3') GCATCGGAGTCG-
GTGG and FAM- AGCGTGTCCCCGTGGAGG.

Host control primer sequence for Ribonuclease P protein
subunit 30 (Rpp30) was Fw (5’-3') GATTTGGACCTGC-
GAGCG, Ry (5'-3') GCGGCTGTCTCCACAAGT, and probe
VIC-CTGACCTGAAGGCTCT. 20x primers contain 18 uM
PCR primers and 5 uM probes for a final PCR reaction con-
centration of 900 nM PCR primers and 250 nM probe. Each
sample was run in duplicate. The ddPCR plate was sealed
with a foil heat seal using the PX1 PCR Plate Sealer (Bio-
Rad) at 180°C for 5 s. The plate was vortexed and spun down
at 1000 rpm for 1 min. Droplets were generated using the
QX200 Droplet Digital PCR System (Bio-Rad) and transfer of
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emulsified samples to a PCR plate was performed according to
manufacturer’s instructions. PCR plate containing emulsified
droplets was sealed with a foil heat seal. PCR reactions were
performed on the C1000 Touch Thermal Cycler (Bio-Rad).
The cycling protocol included an enzyme activation step at
95°C for 10 min and cycled 40 times between a denaturing
step at 94°C for 30 s and an annealing and extension step at
60°C for 1 min, finally one enzyme deactivation step was per-
formed at 98°C for 10. The ramp rate between these steps set
at 2°C/s. Droplets were then counted using QX200 Droplet
Reader (Bio-Rad). The absolute quantity of DNA per sample
was determined using the QuantaSoft software.

Statistical analysis

All experiments presented were conducted at least in tripli-
cate to ensure reproducibility of results. The Prism statistical
software package (GraphPad) was used to identify statistically
significant differences between experimental conditions and
control samples, using Student’s ¢ test as indicated in the fig-
ure legends.

Results

The three-dimensional structure of the viral
genome differs in all latency types and reflects the
viral gene expression state

Recent works from our group and others have demonstrated
that, following the establishment of latency in infected B cells,
the transcription factor CTCF binds to the EBV genome,
regulating its gene expression (5,7). Furthermore, in a re-
cent study we identified that, despite the almost unchanged
binding of CTCF between Type I and Type III latencies, the
three-dimensional (3D) organization of the viral genome is
markedly different between the two latency types and is tightly
correlated with viral gene expression (3). To evaluate how the
binding of CTCF differs between latencies I, III and II, which
is typical of EBV-positive gastric tumors, first we conducted
a Chromatin Immunoprecipitation followed by sequencing
(ChIP-seq) experiment in the two EBV + gastric cancer (GC)
cell lines YCCEL1 and SNU719, that both harbor a Type II
EBV latency, and next we compared it with our previously
published CTCF ChIP-seq data in EBV-positive B cells. For
comparison purposes, the sequencing reads of this experiment
and the previous ones were aligned to the NC_007605.1 ver-
sion of the EBV genome. From the comparison of CTCF tracks
(Figure 1A), we observed minimal differences with respect to
CTCEF occupancy between latency types, except for the peaks
at ~75 and ~122 kb that are predominantly present in gastric
cancer and the peak at ~132 kb which is extremely variable
between latencies. To further confirm that the peaks observed
in the ChIP-seq experiment were specific of CTCF, we con-
ducted a binding motif analysis in both cell lines, which re-
vealed that the recognized motifs correspond to CTCF and
CTCFL (Figure 1B).

Considering the established role of CTCF in determining,
along with the Cohesin complex, the formation of chromatin
loops across the viral genome in B cells, we conducted a HiC
experiment with the addition of an enrichment step for EBV-
specific sequences, and identified the interactions present in
the EBV genome in epithelial cells, and then compared them
with those detected in EBV + B cells.
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Figure 1. The three-dimensional structure of the viral genome differs in all latency types and reflects the viral gene expression state. (A) CTCF ChIP-seq
profiles in latency Type | (Mutu, purple), Il (LCL, brown) and Il (YCCEL1, green and SNU719, dark red), normalized to input DNA. (B) Motif analysis for

the CTCF ChIP-seq peaks identified in the latency Type Il cell lines. (C) Principal Component Analysis (PCA) based on the 3D structure of the viral
genome. (D) UCSC Genome Browser linearized visualization of the unigue interactions found in HiC experiment in gastric cancer cell lines (dark red) and
in B cells (blue) (FDR < 5%). CTCF motif directionality is represented by arrowheads under CTCF ChlIP-seq peaks.
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Based on the Principal Component Analysis (PCA) of the
3D architecture of the viral genome (Figure 1C), EBV-infected
cells were separated according to their tissue of origin. Both B
cells and epithelial cells clustered separately based on the two
main components, 1 and 2. Moreover, our analysis reveals that
the episomes in the YCCELT1 cell line significantly differ from
those in B cells, while the episomes in SNU719 show a con-
formation of the EBV episome more closely resembling B-cell
specific latencies. Next, the overall interactions were filtered
based on CTCF binding and compared between B cells and
GC cells. As shown in Figure 1D, there are some interactions
that occur more frequently in GC cells (in dark red in Figure
1D) that originate from the CTCF binding site on the LMP
promoter (~166 kb) and terminate at the RPMS1 promoter
region (~140 kb) or the Qp promoter (~50 kb), which is ac-
tive in type II latency and transcribes for EBNA1 gene. We
observed that the number of interactions specific to B cells is
higher compared to that of GC cells (in blue in Figure 1D).
These specific interactions originate from three strong CTCF
binding sites, namely the LMP promoter, the origin of replica-
tion OriP (~6-8 kb), and the Cp promoter (~5-10 kb). Inter-
estingly, the Cp promoter is active in B cells adopting the type
III latency program and initiates the transcription for all the
EBNAs.

These findings indicate that although CTCF binds similarly
to the viral genome across the three latency types, each latency
type exhibit distinct 3D architectures of the EBV episomes that
are also specific to the infected cell type.

PARP1 inhibition alters CTCF/Cohesin binding and
viral chromatin looping

As previously demonstrated by our group (3,10,11), it has
been shown that the enzymatic activity of PARP1 plays a
crucial role in stabilizing the binding of CTCF to the viral
genome. This mechanism is essential for maintaining an ac-
tive latency program in the infected cells. Additionally, PARP1
inhibition affects the binding of the Cohesin complex, con-
sequently altering the three-dimensional organization of the
viral genome (3). To investigate whether the central role of
PARP1 in latency maintenance is equally important in Type
II latency, we evaluated the CTCF binding after inhibiting the
enzymatic activity of PARP1 with a potent and specific FDA
approved inhibitor, Olaparib (38). Following a 72-h inhibi-
tion period, we assessed the decrease in PARylation levels us-
ing Dot Blot (Supplemental Figure 1B) and conducted Chro-
matin Immunoprecipitation (ChIP) coupled with quantitative
real-time PCR (qPCR) using antibodies against CTCF and the
Cohesin subunit SMC1. In Type Il EBV + GC cells, our obser-
vations revealed a general trend of reduced CTCF binding,
indicating that the absence of PARylation by PARP1 leads to
the destabilization of binding at the viral genome level (Figure
2A and C). This is consistent with our previous report that
PARP1 activity is necessary to stabilize CTCF binding in B
cells (11). However, only certain regions demonstrate a signif-
icant reduction in CTCF binding, such as the EBER promoter,
the Qp promoter, the RPMS1 gene promoter, the lytic Zp pro-
moter, and the LMP genes promoter. Interestingly, at the Cp
promoter, which is silenced in latency type II cells, CTCF bind-
ing is unaffected by PARP1 inhibition (Figure 2A and C), in
contrast to what we observed in type III latency (11). These re-
sults suggest that although PARP1 activity generally regulates
CTCEF binding across the entire EBV genome, the specific EBV
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regions that experience a loss of CTCF binding after PARP
inhibition are dependent on the cell type and latency type. In
other words, the impact of PARP inhibition on CTCF binding
is context-specific and varies based on the characteristics of
the infected cell and the type of latency exhibited by the EBV.

Due to the close correlation observed between CTCF and
Cohesin binding across the EBV genome in B cells, we assessed
further the SMC1 binding at the same regions analyzed for
CTCE. Surprisingly, in contrast to what observed in Type III
B cells, Cohesin subunit binding shows random alterations at
all the analyzed regions (Figure 2B and D) when PARP1 is
inhibited. This suggests a potential destabilization of Cohesin
binding induced by the inhibition of PARP1 activity.

Considering the observed differences in CTCF and SMC1
binding across the EBV genome after PARP inhibition, and
their role in promoting long-range chromatin loops (39,40),
we next determined whether there were changes in the viral
genome architecture. To do this, we performed a Hi-C exper-
iment in both cell lines following a 72-h treatment with Ola-
parib. Similar to the observed alterations in B cells, EBV + GC
cells also undergo changes in the 3D structure of the EBV epi-
somes upon PARP1 inhibition. These changes include a reduc-
tion in the length of interactions, indicating that loops occur
more frequently between adjacent regions. However, certain
long-range interactions originating from the LMP1 gene pro-
moter region remain unaffected and unchanged (Figure 3).
Notably, the YCCEL1 cell line is more profoundly affected
by PARP1 inhibition, displaying a significant decrease in the
length of interactions and a shift in the origin of long-range
loops, that now originate from the CTCF peak at the LMP
gene promoter instead of the LMP2A/B gene region (Figure
3A).

Opverall, the results indicate that the inhibition of PARP1
has a significant impact on CTCF and Cohesin binding not
only in B cells but also in EBV + gastric cancer cells. This
disruption in the binding of these architectural proteins leads
to alterations in the 3D structure of the viral genome. The
changes observed in the interactions and loops within the vi-
ral episomes are likely to play a crucial role in regulating viral
gene expression and may have implications for the develop-
ment and progression of gastric cancer associated with EBV
infection. These findings highlight the importance of PARP1
activity in maintaining the proper architecture and function
of the EBV genome in different cell types and latency types.

PARPi affects viral gene expression

To determine whether the variations in CTCF and Cohesin
binding observed after PARP1 inhibition were generalized
throughout the host genome or specific to EBV episome, we
performed subcellular fractionation and analyzed by west-
ern blot Cohesin subunits, CTCF and PARP1 for their pres-
ence in the chromatin-associated protein fraction (Figure 4A)
in both cell lines. We observed that after PARP1 inhibi-
tion the YCCEL1 cells exhibit a noticeable increase in the
chromatin-associated fraction of Cohesin subunits SMC3,
SMC1A, and RAD21 (Figure 4A), with statistical significance
observed for SMC1A and RAD21 (Figure 4B). However, the
fractions of CTCF and PARP1 in YCCELI1 cells remain un-
changed. Conversely, the SNU719 cell line displays consistent
levels of chromatin-bound proteins without any notable vari-
ation (Figures 4A and B). To determine whether the differ-
ences observed in subcellular fractionation were linked to a
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Figure 2. PARP1 inhibition alters CTCF/Cohesin binding. (A) CTCF ChIP-gPCR in SNU719 cell line following PARP1 inhibition with 5uM Olaparib
treatment for the main CTCF binding sites. (B) ChIP-gPCR in SNU719 cell line following PARP1 inhibition for SMC1 Cohesin subunit in all three replicates

for the same CTCF binding sites. (C) CTCF ChIP-gPCR in YCCELT1 cell line following PARP1 inhibition with 5uM Olaparib treatment for the main CTCF

22

binding sites. (D) ChIP-gPCR in YCCEL1 cell line following PARP1 inhibition for SMC1 Cohesin subunit in all three replicates for the same CTCF binding
sites. Data are presented as %input. N = 3, Mean + SD. The t test P values for the Olaparib/Ctrl comparison are indicated as asterisks (**** P <

0.0001, *** P<0.001, ** P<0.01, * P < 0.05).
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Figure 3. Viral chromatin looping is altered by PARP1 inhibition. (A) Circular visualization of the interactions derived from HiC matrices in YCCEL1 cell
line. The arches represent the DNA-DNA interactions at 1 kb scale. The blue arches represent the interactions found more frequently in the control
samples, while the red ones represent those found more frequently in the Olaparib treated samples (FDR < 5%). (B) Circular visualization (as described
in A) of the interactions derived from HiC matrices in SNU719 cell line. In all plots CTCF ChlIP-seq track is represented in yellow on top of the arches.
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Figure 4. PARP1 inhibition alters viral gene expression. (A) Western Blot of chromatin-bound fraction of Cohesin subunits, CTCF and PARP1 proteins

extracted from YCCEL1 and SNU719 cell lines following PARP1 inhibition (N = 3). Molecular weights are indicated on the side. (B) Densitometry analysis
of the western blot described in (A). Data are normalized on the H3 histone density. The t test P values for the Olaparib/Ctrl comparison are indicated as
asterisks (* P < 0.05). (C) RT-gPCR of EBNA1, BMRF1 and LMP2B viral genes following Olaparib treatment. Bar graph represents the average expression
of three biological replicates per treatment, each normalized to 18S expression, respectively (N=3, mean 4 SD). Paired Student's t test assuming equal

variance (two-tailed) was used to compare the experiments (* P<0.05).

widespread increase in the expression of genes encoding Co-
hesin subunits, we performed Reverse Transcription quantita-
tive Real-Time PCR (RT-qPCR). However, in both cell lines,
we did not find any significant increase in the expression of
Cohesin subunits and CTCE as illustrated in Supplemental
Figure 1A.

We recently have shown that alterations in CTCF and Co-
hesin binding, along with changes in the 3D architecture of
the EBV genome, have significant effects on viral gene ex-
pression in B cells (3). These observations suggest a potential

link between chromatin organization and viral gene regula-
tion in infected cells. To gain further insights into the connec-
tion between chromatin organization and the regulation of
viral genes within epithelial infected cells, we conducted RT-
qPCR analysis focusing on specific latent genes expressed in
Type II latency, including EBNA1 and LMP2, along with the
viral DNA polymerase processivity factor BMRF1. By exam-
ining the expression levels of these genes, we aimed to gain a
comprehensive understanding of the impact of chromatin or-
ganization on the transcriptional regulation of key EBV genes
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during Type II latency. Our analysis revealed intriguing find-
ings regarding the YCCEL1 and SNU719 cell lines in response
to Olaparib treatment. In the YCCEL1 cell line, we observed
a significant increase in the expression of the BMRF1 gene,
while the expression of the two analyzed latent genes, EBNA1
and LMP2, remained unchanged. In the SNU719 cell line,
there was a non-significant change in the expression of the
three genes analyzed. Moreover, the small differences observed
in gene expression could be attributable to different activity
of PARP1 between latency types (Supplementary Figure 3A).
Remarkably, despite the increased expression of BMRF1 in
YCCELI cell line, the overall copy number of EBV within the
cells treated with Olaparib remained unaltered, as shown in
Supplemental Figure 1D. This suggests that Olaparib treat-
ment led to the destabilization of the viral genome, leading
to unrestricted expression of viral latent and lytic genes with-
out causing an increase in the viral copy number. These find-
ings provide valuable insights into the mechanisms underlying
Olaparib impact on EBV-infected cells, shedding light on the
complex interplay between chromatin organization, viral gene
expression, and viral genome stability.

CTCF occupies viral regions with an enhancer
epigenetic signature
In our recent study, we have delved into the three-dimensional
structure of the viral genome in two different latency types
of EBV and presented experimental evidence that underscores
the strong correlation between the architecture of episomes
and viral gene expression (3). Moreover, recent research (41),
has indicated the presence of viral genomic regions enriched
with histone marks typical of enhancers, such as H3K4mel
and H3K27ac. To further understand the functional implica-
tions of the observed genomic architecture of EBV in these
two cell lines, we conducted a ChIP-seq (Chromatin Immuno-
precipitation followed by sequencing) experiment using an-
tibodies targeting H3K4mel and H3K27ac. These histone
marks are known to respectively indicate poised and active en-
hancers. Our analysis revealed a notable enrichment of these
two histone marks at specific regions of the viral genome, par-
ticularly at the origins of replication OriP and OriLyt, as well
as the promoters Qp, Zp, BILF2 and LMP genes (Figure 5A).
These findings provide compelling evidence that the ge-
nomic organization of EBV in these cell lines indeed serves
a functional purpose, specifically in regulating viral gene ex-
pression through enhancer activity. Based on the location of
the peaks for both histone modifications, we conducted a tran-
scription factor binding motif analysis (Figure 5B). In both GC
cell lines, the peaks of H3K4mel were consistently associated
with CTCF binding motifs. This suggests that CTCF may play
a significant role in the regulatory activity of these enhancers
in both cell lines. However, the peaks of H3K27ac exhibited
greater variability between the two cell lines. In the SNU719
cell line, the most frequent binding motifs were identified as
ZBT17 and ZEB1. This indicates that these transcription fac-
tors might be crucial for the enhancer activity and gene regula-
tion specific to this cell line. In contrast, the YCCEL1 cell line
showed predominant binding motifs for CTCF and EGR1 at
the peaks of H3K27ac. This suggests a different transcription
factor landscape in this cell line, possibly contributing to dis-
tinct enhancer activities and gene expression patterns. These
findings indicate that the regulatory landscape of enhancers,
marked by H3K4me1l and H3K27ac, varies between the two
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cell lines, and specific transcription factors may be pivotal in
mediating the enhancer activity and subsequent gene expres-
sion profiles.

Next, we conducted an overlap analysis between CTCF
peaks and the peaks associated with the enhancer chromatin
signature. Analysis of CTCF, H3K4me1, and H3K27ac peaks
(Figure 5C) revealed substantial overlap, with 8 peaks in
SNU719 and 7 in YCCEL1, while the number of unique CTCF
peaks was notably higher in YCCEL1, being twice that of
SNU719. Notably, a shared region at the BMRF1 promoter
in both cell lines exhibited only CTCF and H3K4me1, indi-
cating a poised enhancer region. Comparing H3K4me1l and
H3K27ac peaks between LCL and GC cell lines (Figure 5D),
both histone marks showed fewer peaks in LCL compared to
GC cells. These modifications were prominently enriched at
the Cp promoter but completely absent at the Qp promoter,
aligning with the distinct activities of these promoters in dif-
ferent latency types. These findings suggest functional rele-
vance of the 3D structure of the EBV genome, bringing ac-
tive enhancers into close proximity. CTCE, along with other
transcription factors, likely plays a crucial role in mediating
these processes across the EBV genome. This highlights the
importance of chromatin organization and histone modifica-
tions in controlling EBV gene expression and may offer valu-
able insights into the mechanisms underlying EBV-associated
diseases.

HiChIP analysis reveals distinct three-dimensional
structures and enhancer interactions in SNU719
and YCCEL1 cell lines

To further strengthen the correlation between the three-
dimensional structure and regions characterized by enhancer
marks across the EBV genome, we conducted a HiChIP ex-
periment for the H3K27ac histone modification. The Princi-
pal Component Analysis (Supplemental Figure 1C), indicates
distinct clustering of the two cell lines, suggesting that the
interactions between regions enriched for the H3K27ac his-
tone mark vary between them. Building on this observation,
we conducted a differential analysis of interactions occurring
between different regions of the viral genome to explore how
H3K27ac-enriched chromatin loop vary between the two cell
lines. We observed that the SNU719 cell line exhibits a higher
number of interactions that occur more frequently compared
to the YCCELT cell line (Figure 6A). Conversely, the YCCEL1
cell line presents only three frequent interactions, specifically
between the promoter regions of the LMP2A/B genes and
the promoter of LMP1, as well as interactions involving the
BILF2 region, and between the promoters of LMP1 and Zp
(Figure 6A). However, both cell lines share a common interac-
tion between the LMP promoter and a region enriched with
H3K27ac, located approximately 20 kb upstream the pro-
moter (Figure 6A). This interaction appears to be conserved
between the two cell lines despite their distinct characteris-
tics, further supporting the significance of this interaction in
the regulation of viral gene expression.

EBV enhancer regions are tethered to specific loci
across the host genome

In previous studies utilizing HiC or 4C assays, it was revealed
that the EBV genome is connected to the host genome, sug-
gesting a potential role in regulating host gene expression in
infected cells (22,42). To further investigate this phenomenon,
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we delved into the possibility of specific physical connections
between the identified viral enhancer regions and particular
loci within the host genome. To achieve this, we analyzed
H3K27ac HiChIP datasets for chromatin loops formed be-
tween viral and host genomic regions.

Through the HiChIP experiment, we were able to detect
around 70 interactions taking place between the EBV genome
and the human genome across both cell lines. To focus specifi-
cally on robust EBV-human interactions, we considered loops
with more than 3 reads and visualized them in circos plots. In
these plots, the EBV genome was represented in red and posi-
tioned at the top (see Figure 7A, B). This visualization allowed
us to highlight the significant interactions between EBV and
the human genome for further analysis and interpretation.

An important observation we made was that, in contrast to
recent studies conducted by Japanese researchers (22), most
of the interactions we identified did not originate from the
OriP region of the EBV genome (Supplemental Figure 2B). In-
stead, they predominantly arose from the BILF2 and LMP re-
gions. This finding suggests that these two regions likely act
as strong enhancers, a characteristic that had been previously
highlighted by other research groups, particularly concerning
Type II latency in B cells (41).

Furthermore, despite the involvement of the same regions
of the EBV genome in the chromatin loops, the corresponding
regions of the human genome differed between the two GC
cell lines (SNU719 and YCCEL1). Notably, in the SNU719
cell line, chromosomes 2, 4, 13 and 21 exhibited the highest
number of interactions with the EBV genome. In contrast, the
YCCELI cell line displayed the highest number of interactions
with chromosomes 2, 4, 5, 7 and 13 (Figure 7C). Moreover,
there are differences in the number of interactions originat-
ing from the three EBV enhancer regions. By comparing the
loops occurring between EBV and the Human chromosomes
2 and 13, which are common between the two cell lines, we
observed that the SNU719 cell line exhibits more frequent in-
teractions originating from BILF2 and LMP enhancer regions
respect to the YCCELT1 cell line. On the other end YCCEL1 cell
line shows more frequent interactions between BILF2, LMP
and oriP and chromosome 4 (Supplemental Figure 2A).

Furthermore, we analyzed the transcription factor binding
motifs present at this EBV docking sites (Figure 7D). Interest-
ingly, the top 5 motifs identified were similar between the two
cell lines, suggesting a possible key role for these transcription
factor in the maintenance of these EBV-human interactions.

These distinctions in the human genome regions involved
in interactions suggest cell line-specific differences in the reg-
ulatory mechanisms and potential implications for EBV-host
interactions in the context of these two cell lines.

Indeed, the data obtained from the HiChIP experiment
strongly indicate that the two cell lines (SNU719 and
YCCELI1) not only exhibit differences in the 3D structure of
the EBV genome but also in the specific interactions that take
place between the EBV episomes and the Human genome. By
forming such interactions, EBV enhancers can exert their reg-
ulatory effects on host genes, modulating their expression and
influencing various cellular processes.

Functional role of EBV-human interactions: gene
expression analysis reveals strong viral enhancers
associated with gastric cancers

To determine if the interactions between EBV enhancer and
the Human genome had functional significance, we evalu-
ated the expression of cellular genes in proximity to the viral
interaction sites. To achieve this, we focused on H3K27ac-
mediated loops which were filtered based on the approxi-
mately 70 viral-human looping sites previously identified, and
examined only the genes whose Transcription Start Site (TSS)
fell within a 1 kb region from the H3K27ac peak consid-
ered. This approach allowed us to pinpoint genes that were
in close proximity to the regions of active chromatin marked
by H3K27ac and that might potentially be influenced by the
EBV enhancers.

In the YCCELI1 cell line, approximately 300 genes were
identified near the EBV-human interaction sites, while in
SNU719, around 200 genes were identified (as shown in Sup-
plemental Figure 2C). Interestingly, only 53 of these genes
were found to be common between the two cell lines, indicat-
ing a considerable degree of cell line-specificity in the genes
influenced by the EBV enhancers. To further investigate the
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functional impact of these interactions, we analyzed the ex-
pression levels of these identified genes using RNA sequenc-
ing (RNAseq) data obtained from the SNU719 cell line (as
depicted in Figure 8A). Comparing the expression levels of
these genes to two sets of randomly selected genes, we ob-
served that the genes located near the EBV interaction sites dis-
played significantly higher expression levels. This difference in
expression between the genes near EBV interaction sites and
the randomly selected genes was found to be statistically sig-
nificant, underscoring the potential regulatory role of the EBV
enhancers in influencing the expression of nearby host genes.

To investigate whether similar gene expression patterns
were present in patients with EBV-positive gastric tumors, we
examined the expression of the two sets of genes identified
in the cell lines, along with three sets of random genes, using
The Cancer Genome Atlas (TCGA) database. Once again, we
observed that all the genes located near the EBV-human in-
teractions exhibited significantly higher expression levels (as
depicted in Figure 8B, C).

To further assess if the overexpression of these genes was
correlated to the presence of EBV episomes in proximity to
those regions we conducted a bioinformatic analysis on pub-
licly available RNA-seq datasets from Okabe et al. (22). In
particular, we reanalyzed the RNA-seq experiments conducted
on normal gastric epithelial cells (GES) before and after EBV
infection. Similarly to what we observed in SNU719, the genes
near EBV tethering regions appeared significantly upregu-
lated upon EBV infection respect to the uninfected condition
(Supplementary Figure 3B).

Subsequently, to explore the potential role of these genes
in the neoplastic transformation of EBV-infected cells, we per-
formed an Ingenuity Pathway Analysis (IPA) focusing on the
genes located near the viral genome in both cell line (Figure
8D, E). The analysis of disease and functions associated with
these genes revealed prominent associations with ‘Cancer’ and
‘Gastrointestinal Disease’, implying that these genes may serve
as crucial markers of gastric cancers.

Collectively, these findings strongly suggest that the pres-
ence of strong viral enhancers in proximity to specific genes
leads to their overexpression (as depicted in Figure 8F). This,
in turn, may play a critical role in the neoplastic transforma-
tion of the cells. The data provide valuable insights into the
molecular mechanisms by which EBV enhancers can influence
the host gene expression and potentially contribute to the de-
velopment of gastric cancers in EBV-infected individuals.

Discussion

In recent years, a growing body of research, including a re-
cent study conducted by our group, has highlighted the signif-
icance of the three-dimensional structure of the EBV genome
in governing viral gene expression (2,3,43). However, most of
these earlier studies have primarily focused on characterizing
the viral genome architecture within B cells, where EBV ex-
presses either the highly restricted latency I program or the
more permissive latency III program. Consequently, remains
a considerable knowledge gap concerning the essential role, if
any, played by the 3D EBV structure in epithelial cells, such as
EBV + gastric cancer cells, wherein the virus adopts a type II
latency program. To address this gap, our present study aimed
to explore the extent of this dependence in epithelial infected
cells that exhibit a type II latency program. Through our stud-
ies, we aimed to shed light on the significance of the three-
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dimensional EBV genome structure in this particular cellular
context.

Our findings reveal the crucial role of the 3D structure of
the viral episome in EBV latency, with each EBV latency pro-
gram characterized by a distinct three-dimensional conforma-
tion of the viral episome. Moreover, the 3D structure changes
according to the type of infected cell and to the type of gastric
cancer considered as showed by Principal Component Anal-
ysis of the HiC assay. The YCCELT1 cell line, in fact, presents
a structure markedly different from B cells, but not entirely
identical to that of SNU719, which, on the contrary, presents
a structure more similar to that found in EBV + B cells. An
intriguing observation we report is the correlation between
the network of long-distance chromatin interactions occurring
throughout the viral genome and the expression levels of vi-
ral latent genes. This suggests an intimate link between the
3D viral chromatin structure and the transcriptional state of
underlying viral loci engaged in chromatin loops. These ob-
servations align with recent studies by Zhang et al. and Bar-
shad et al., which demonstrate how RNA Pol II activity and
transcription levels can influence the formation of chromatin
loops (44,45). According to these studies, RNA Pol II paus-
ing can facilitate Cohesin loading and blocking, thereby pro-
moting the formation of enhancer-promoter loops. Notably,
research from Dr West’s group (46) has shown that RNA Pol
II stalling occurs at the Cp promoter, and this stalling is essen-
tial for Cp activation and B cell immortalization. Considering
these findings, it is tempting to speculate that differences in
transcriptional activation and RNA Pol II activity across the
EBV genome, coupled with Cohesin complex and CTCF bind-
ing at viral loci, may enable viral enhancer regions to actively
scan neighboring chromatin regions for functional elements
and generate different sets of chromatin loops. Such interplay
between the 3D viral chromatin structure and transcriptional
regulation could play a pivotal role in EBV’s ability to main-
tain latency and influence its pathogenicity.

Chromatin loops connect functional genomic regions.
Thus, our study further delved into the presence of functional
elements across the EBV genome in epithelial cells, leading to
the identification of novel potential viral enhancers. In both
EBV + gastric cancer cell lines, we observed an enrichment of
histone modifications typical of enhancers, namely H3K4mel
and H3K27ac, at specific loci of the viral genome. An intrigu-
ing finding emerged from our analysis, as we not only iden-
tified enhancer signatures at well-known EBV functional re-
gions like OriP, Cp and Qp but also uncovered a chromatin
enhancer signature at viral loci that are usually inactive during
latency, such as Zp, OriLyt and the LMP promoter adjacent
to the TR regions. The use of HiChIP assay, which allowed us
to assess chromatin loops mediated by H3K27ac, indicative
of enhancer-promoter interactions, revealed that these puta-
tive novel viral enhancers are indeed engaged in chromatin
loops that connect with viral promoters and are associated
with CTCF occupancy. Specifically, we detected strong en-
hancer regions at the BILF2 gene promoter and the Qp pro-
moter, both active in Type I and II latency programs. However,
one surprising result was the observed differences in enhancer-
promoter loops between the YCCEL1 and SNU719 cell lines,
as evidenced by PCA analysis. The SNU719 cell line displayed
multiple interactions, whereas the YCCELT1 cell line only ex-
hibited three frequent interactions. These discrepancies might
be attributed to differences in the origin of the cells (i.e. pri-
mary tumor versus metastatic lesion). Nevertheless, these find-
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ings indicate that 3D chromatin studies unveil novel and un-
explored functional regions across the viral genome in epithe-
lial cells. Our results align with the recent work of Dr Zhao
group, who conducted a similar HiChIP analysis in EBV + B
cells and identified novel potential enhancer-promoter loops
involving similar regions (41). Collectively, these findings en-
hance our understanding of the dynamic interplay between
chromatin architecture and viral gene regulation in different
cellular contexts, providing valuable insights into EBV patho-
genesis in epithelial cells. However, how different enhancer-
promoter chromatin loops are established and maintained be-
tween different EBV latency type and EBV-infected cells of dif-
ferent cellular origin is still unknow and we plan to investigate
it in the future.

Regarding the mechanisms controlling EBV chromatin, this
study reaffirms the crucial role of PARP1 activity in the reg-
ulation of EBV chromatin architecture. Notably, our find-
ings demonstrate that inhibiting PARP1 in both epithelial
EBV + cell lines resulted in the destabilization of CTCF bind-
ing across the viral genome, leading to significant alterations
in the 3D chromatin structure of the EBV episome. These ob-
servations are consistent with our previous work on EBV + B
cells, where PARP1 inhibition was shown to epigenetically
destabilize type III latency (3,10,11). However, some diver-
gences were observed between EBV + B cells and EBV + ep-
ithelial cells. In EBV + gastric cancer cells, we noticed that
Cohesin binding seemed to be randomly deregulated, suggest-
ing a direct dependence between PARP1 activity and Cohesin
binding. Unlike Type I and III latencies observed in B cells, in
EBV + GC cells, we observed an overall increase in short-range
interactions in both cell lines, with a particularly prominent
effect in the YCCEL1 cell line compared to SNU719 which
could potentially be explained by their distinct origins (47,48).
Similar to our observations in EBV + B cells, the changes in 3D
viral chromatin structure resulting from PARP1 inhibition in
EBV + epithelial cells also led to the repression of latent viral
gene expression. Notably, these changes did not induce lytic
reactivation, indicating that alterations in the 3D chromatin
viral architecture are necessary but not sufficient to trigger
EBV lytic replication (49,50). Further research is necessary to
unravel the intricate relationship between epigenetic modifi-
cations and chromatin loop formation, and their role in regu-
lating the lytic reactivation of EBV.

Furthermore, our aim was to gain a deeper understand-
ing of the correlation between the presence of EBV and the
transformation process leading to the tumorigenic fate of in-
fected cells (22,42,51). Employing the HiChIP assay, we not
only identified EBV-host genomic interactions mediated by
H3K27ac but also investigated the potential impact of strong
active enhancers of EBV on neighboring oncogenes, possibly
resulting in their overexpression and subsequent cell trans-
formation. In our analysis, we discovered a prominent en-
hancer region near the BILF2 gene, along with the well-known
OriP and LMP regions, as major sites of EBV-host interac-
tions. Notably, genes near these interaction points were found
to be markers of gastric tumors based on Ingenuity Pathway
Analysis (IPA). Comparative assessment with a random set
of control genes revealed significantly higher expression lev-
els of these genes, in the SNU719 RNA-seq data, GES RNA-
seq datasets and in biopsy samples from patients deposited in
The Cancer Genome Atlas (TCGA) (52). These findings in-
dicate a clear association between these tumors and EBV in-
fection, even though similar overexpression of these genes is
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observed in EBV-negative gastric tumors, serving as a charac-
teristic marker of this tumor type. It is plausible to hypothesize
that the etiologic agent responsible for inducing their marked
overexpression differs in these two cases.

This study reinforces the importance of the CTCF/Cohesin
complex in governing the three-dimensional structure of the
viral genome during EBV infection. This observation may
have broader implications beyond EBV biology and could ex-
tend to other herpes viruses. Dr Bloom and Dr Neumann’s
research on HSV-1, along with Dr. Izumiya’s work on KSHYV,
and findings from other groups, suggest that CTCF/Cohesin
plays a role in regulating the 3D viral structure in various
viruses, including HCMYV, HPV, and HTLV-1 (53-68). Under-
standing if CTCF acts similarly across these viruses or if there
are differences presents an intriguing area for further research
particularly in the DNA viruses field.

However, it is important to acknowledge some limitations
in our work. A major constraint of this study is the relatively
small scale at which the CTCF/Cohesin/PARP1 crosstalk is
observed, spanning only approximately 170 kb. This limited
scope may not fully capture the complexities present in the
Human genome at a megabase scale (39,40,69). Additionally,
the Hi-C assay, while providing valuable insights, is performed
on a population of EBV + cells, where each cell contains multi-
ple episomes. This makes it challenging to discern the individ-
ual three-dimensional structures of each individual episome.
Furthermore, our study is complicated by recent findings from
our group (70), which reveal the presence of two populations
of episomes in these EBV + gastric cancer cell lines, each ex-
hibiting distinct methylation patterns. This divergence could
potentially account for the marked dissimilarities we observed
in Cohesin binding and the extensive genome reorganization
following treatment with a PARP1 inhibitor. Given these lim-
itations, future investigations on larger genomic scales and
single-cell level analyses may offer a more comprehensive un-
derstanding of the complex interactions involving CTCE, Co-
hesin, and PARP1 in EBV-infected cells. Moreover, addressing
the impact of distinct episome populations and their methy-
lation patterns could lead to a deeper appreciation of the ob-
served effects in the context of EBV-associated gastric cancer.

In summary, our study underscores the significance of
PARP1 activity in shaping EBV chromatin architecture, pro-
viding valuable insights into the mechanisms underlying vi-
ral latency regulation. Moreover, the differences observed be-
tween EBV + B cells and EBV + epithelial cells emphasize the
complexity of chromatin dynamics and its context-specific na-
ture in different cell types, shedding light on the intricate in-
terplay between PARP1, CTCEF, and Cobhesin in the control
of EBV gene expression. In addition, our research reveals the
intricate interplay between EBV infection, chromatin inter-
actions, and oncogene expression in the context of gastric
tumors. The identification of potential mechanisms underly-
ing the transformation process enhances our understanding
of EBV-associated tumorigenesis and opens new avenues for
further investigation into the role of viral enhancers in pro-
moting oncogene expression and cellular transformation.

Data availability

The data that support this study are available from the cor-
responding author upon reasonable request. The data for the
HiC assay, ChIP-seq assay for H3K27ac, H3K4mel, RNA-
seq for SNU719 and the H3K27ac HiChIP have been de-
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posited in the Gene Expression Omnibus database under the
following accession code GSE239995. ChIP-seq experiments
for CTCF in Mutul, LCL and Gastric Cancer cells were ob-
tained by publicly available sequencing datasets GSE115829,
GSE160973, GSE234603, generated in our previous works.
RNA-seq datasets on GES cells before and after EBV infec-
tion obtained by publicly available work from Okabe et al.
are available on Gene Expression Omnibus under the acces-
sion code GSE147152.
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Supplementary Data are available at NAR Online.
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