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ABSTRACT

Long INterspersed Element 1 (LINE-1 or L1) acts
as a major remodeling force in genome regula-
tion and evolution. Accumulating evidence shows
that virus infection impacts L1 expression, poten-
tially impacting host antiviral response and diseases.
The underlying regulation mechanism is unclear.
Epstein—Barr virus (EBV), a double-stranded DNA
virus linked to B-cell and epithelial malignancies,
is known to have viral-host genome interaction, re-
sulting in transcriptional rewiring in EBV-associated
gastric cancer (EBVaGC). By analyzing publicly avail-
able datasets from the Gene Expression Omnibus
(GEO), we found that EBVaGC has L1 transcriptional
repression compared with EBV-negative gastric can-
cer (EBVnGC). More specifically, retrotransposition-
associated young and full-length L1s (FL-L1s) were
among the most repressed L1s. Epigenetic alter-
ations, especially increased H3K9me3, were ob-
served on FL-L1s. H3K9me3 deposition was poten-
tially attributed to increased TASOR expression, a
key component of the human silencing hub (HUSH)
complex for H3K9 trimethylation. The 4C- and HiC-
seq data indicated that the viral DNA interacted in
the proximity of the TASOR enhancer, strengthening
the loop formation between the TASOR enhancer and
its promoter. These results indicated that EBV infec-
tion is associated with increased H3K9me3 deposi-
tion, leading to L1 repression. This study uncovers
a regulation mechanism of L1 expression by chro-
matin topology remodeling associated with viral-
host genome interaction in EBVaGC.

INTRODUCTION

Long INterspersed Element 1 (LINE-1), also known as L1,
is a group of non-long terminal repeat (LTR) retrotrans-
posons that are widespread in the genome of many eu-
karyotes (1-3). The human genome contains >500 000 L1s
that occupy ~17% of the genome (1-3), constituting the
greatest remodeling force for shaping the genome structure
and function (2-5). The retrotransposition-competent hu-
man L1 carries two open reading frames (ORFs), ORF1
and ORF2, coding for an RNA-binding protein and a
reverse transcriptase-endonuclease, together with the 5'-
untranslated region (UTR) and 3’-UTR necessary for tran-
scription and transposition. As the only autonomous trans-
poson in the human genome, transposition of L1s impacts
the genome by generating genetic variations and muta-
tions as well as regulating the expression of various genes
(4,6-8). In addition, the L1-encoded proteins (ORF1p and
ORF2p) can mobilize non-autonomous retrotransposons,
other non-coding RNAs and mRNAs, leading to the gener-
ation of processed pseudogenes (2,3). Multiple mechanisms
restrict the transcriptional activity of this potential muta-
gen to protect genome integrity (9). Specifically, epigenetic
regulation, such as DNA methylation (10,11) and histone
methylation (12-14), plays an important role in guarding
against L1 activation. Alterations of epigenetic modifica-
tion would lead to L1 dysregulation, causing genome insta-
bility (11) and in some cases diseases (9,15,16).
Accumulating evidence shows that virus infection im-
pacts L1 expression and retrotransposition activity (7,17—
21). Epstein—Barr virus (EBV), a member of the Herpesviri-
dae, is among the most common human pathogens, with
>90% of adults testing seropositive (22,23). EBV is an onco-
genic virus that has been linked to Burkitt lymphoma, na-
sopharyngeal carcinoma and gastric cancer (22,24). EBV-
associated gastric cancer (EBVaGC) is among the most
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common EBV-related tumors and is also a major type of
gastric cancer (23,25,26). In EBV-infected cells, the viral
DNA does not integrate into the host chromosomes. In-
stead, the EBV genome exists episomally (22,23,27). To en-
sure persistence of the infection, the viral episomal DNA
tethers to host chromosomes to faithfully partition to the
nuclei of daughter cells during mitosis (22,28). The tether-
ing remodels chromatin topology, and hence alters the pat-
terns of gene expression (27,29,30).

We set out to determine whether EBV infection im-
pacts L1 expression in EBVaGC by integrating publicly
available datasets. We found that the overall expression
level of Lls was repressed in EBV-infected gastric can-
cer cells, with a subset of full-length L1s (FL-LI1s) as
the most impacted. The underlying mechanism by which
viral-host genome interaction regulates L1 expression was
explored.

MATERIALS AND METHODS
Public data resource

Gene expression data of clinical samples and full clin-
ical annotation empolyed in this study were retrieved
from the Cancer Genome Atlas (TCGA) database and the
Asian Cancer Research Group (ACRG). Two previously
deposited GC cohort data repositories, GSE62254/ACRG
and TCGA-STAD (The Cancer Genome Atlas-Stomach
Adenocarcinoma), were utilized. As previously described
(31), EBV-negative gastric cancer (EBVnGC) samples that
have the clinical variables most similar to the EBV-infected
GC samples were selected to correct confounding effects
(Supplementary Table S1).

Raw FASTQ files of four types of datasets, i.e. RNA-seq,
ChIP-seq, 4C-seq and HiC-seq, from all cell lines utilized
in this study were retrieved from the Gene Expression
Omnibus (GEO) database (Supplementary Table S1).
RNA-seq datasets of MKN7, MKN7_EBVi, SNU-719,
NCC24 and YCCI10 were from GSE84897, GSE85465,
GSE141352, GSE141385 and GSE147152, respectively.
ChIP-seq datasets of MKN7, MKN7_EBVi, SNU-
719, NCC24, YCC10, MKN7_vector, MKN7_EBNAI,
MKN7_EBVi_vector and MKN7_EBVi_.dnEBNAI1 cell
lines were from GSE97837, GSE97838 and GSE135175,
respectively. 4C-seq data of MKN7_EBViand HiC-seq data
of both MKN7 and MKN7_EBVi were from GSE135174
and GSE135941.

Ethical review, experimental and methodological details
relating to study design and data acquisition can be found
in the original reports.

RNA-seq data analysis

Raw Sequence Read Archive (SRA) files were down-
loaded from the GEO and transferred to FASTQ file by
the SRA Toolkit (version 2.11.1). Read trimming pro-
cedures with additional quality trimming (>20) and se-
quence length filtering (>20 nt) were applied to remove
adapter sequences and low sequencing quality bases us-
ing Trim Galore (version 0.6.6). FastQC (version 0.11.9)
was used to assess read quality and adapter contamina-
tion. Trimmed RNA-seq reads were aligned to the hu-

man genome (GRCh37/hgl9) using STAR (version 2.7.9a)
(32) with parameters of —outFilterMultimapNmax 100 and
—winAnchorMultimapNmax 100 to obtain multi-mapped
reads. STAR with —outFilterMultimapNmax 1 option was
utilized to quantify uniquely aligned reads on L1 annota-
tion and coding gene annotation.

TEtranscripts from the TEToolkit (version 4.11) (33)
with multi-mode option was applied to analyze the tran-
scription level of L1 subfamilies and coding genes based
on multi-mapped reads. FeatureCounts from the Subread
package was used to quantify the expression level of L1
copies with unique alignments to annotated L1s in the hu-
man genome assembly (hgl19) downloaded from the Univer-
sity of California Santa Cruz (UCSC) table browser. After
quantification, we used R sva (version 3.40.0) (34) to search
for and to correct hidden batch effects. After the removal
of unexpressed transposable element (TE) copies (<1 reads
in total across all samples), differential expression of L1
subfamilies, individual L1 copies and protein-coding genes
were identified using R DESeq?2 (version 1.32.0) (35) with
the significance criteria of llogyFCl >1 and P <0.05. The R
ggplot2 (version 3.3.5) package was used for data visualiz-
ing.

Gene set enrichment analysis was performed using GSEA
(version 4.1.0) with default parameters. The gene set of
HUSH-bound Ll1s was retrieved from published data

(6).

ChIP-seq data analysis

Sequencing reads were trimmed using Trim Galore (—q 20
-3 10) and read quality was assessed by FastQC. Trimmed
reads were then mapped to the UCSC human genome as-
sembly (hgl9) using Bowtie2 (version 2.2.5) (36) with de-
fault parameter settings. MarkDuplicates function from
Picard tools (version 2.25.6) was used to remove dupli-
cated reads. Peak calling and peak annotations were de-
termined using HOMER with default settings. bedtools
(version 2.30.0) (37) was applied to quantitatively ana-
lyze the L1 histone modifications. LINE-1_annotation.bed
was converted from the LINE-1 annotation file imported
from HOMER using a custom R script. H3K9me3- and
H3K27me3-modified L1 elements were identified by per-
forming bedtools by intersecting bed files of these two mod-
ification signals with LINE-1_annotation.bed.

For visualization, bigWig coverage files normalized to
FPKM (fragments per kilobase of exon per million mapped
fragments) were generated with deepTools (version 3.5.1)
(38) with the default configurations. Heatmap and plots
map were made by using the plotHeatmap function of deep-
Tools. The .bigWig files were subsequently loaded into IGV
(version 2.8.069) (39) for peak visualization.

HiC-seq data analysis

The HiC-Pro (40) pipeline was used to align sequence reads
to the UCSC hgl9. Juicer (version 1.22.01) (41) was utilized
to convert allvalidpairs files to .hic files. Chromatin loops
were called using the CPU version of HICCUPS with Juicer
Tools and visualized by IGV software.



4C-seq data analysis

The w4Cseq (42) pipeline was used to map reads to UCSC
hgl9 for detecting statistically significant interacting re-
gions. We used IGV software to visualize significant inter-
actions and identified genes associated with captured frag-
ments.

siRNA-mediated knockdown in SNU-719 cells

SNU-719 cells were from the Korean Cell Line Bank.
Cells were cultured in RPMI-1640 medium supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin—
streptomycin within a humidified 5% CO, atmosphere at
37°C. The oligos of small interfering RNA (siRNA) tar-
geting human TASOR, PPHLN1 and MPPS§ (Supplemen-
tary Table S2) were synthesized by GenePharma (Shang-
hai, China). Transfections of siRNAs were performed using
Lipofectamine 2000 following the manufacturer’s instruc-
tions. In brief, cells were plated in 6- or 24-well plates (Corn-
ing) 24 h before transfection. Non-targeting control siRNA
was used as negative control. Cells were harvested 72 h af-
ter transfection and subjected to RNA extraction or western
blots.

RINA extraction and real-time polymerase chain reaction
(RT-PCR) assay

Total RNA was extracted from transfected cells using
TRIzol reagent (15596026, Life Technologies) following
the manufacturer’s instructions. A 1 pg aliquot of RNA
was reverse transcribed into cDNA using HiScript 111 RT
SuperMix (R323-01, Vazyme, Nanjing, China). Quanti-
tative RT-PCR was performed using SYBR Green PCR
Master Mix (Q711-02-AA, Vazyme, Nanjing, China) on
an Applied Biosystems 7300 real-time PCR system. Data
were analyzed using the 2722CT method to obtain rel-
ative abundance. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) was used for normalization. Primers used
in the detection are listed in Supplementary Table S3.

Western blot

Live cells were lysed in protein extraction buffer [S0 mM
Tris pH 7.4, 150 mM NacCl, 1% Triton X-100, 1% sodium
deoxycholate, 0.1% sodium dodecylsulfate (SDS), 10 puM
EDTA] with protease inhibitors for 30 min at 4°C. After
a brief centrifugation, the supernatant of the cell lysate
was collected and separated by 8% SDS-polyacrylamide
gel electrophoresis (PAGE). Proteins were transferred to
polyvinylidene difluoride (PVDF) membranes. Membranes
were blocked with 2% non-fat milk in TBST (Tris-buffered
saline; 100mM Tris—HCI, pH 7.4, 150 mM NacCl, 0.1%
Tween-20) followed by incubation with rabbit anti-LINE-
1 ORFlp antibody (ab230966, Abcam) or rabbit anti-
FAM208 (TASOR) antibody (ab224393, Abcam) at 4°C
overnight. Membranes were washed three times with TBST
and then incubated with a horseradish peroxidase (HRP)-
conjugated mouse anti-rabbit secondary antibody (31464,
Thermofisher Scientific) for 30 min at room temperature.
After washing three times with TBST, proteins on the
PVDF membrane were detected using an ECL reagent kit
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(POO18FS, Beyotime, Shanghai, China) and the ChemiS-
cope 6000 Touch imaging system (Clinx, China). GAPDH
was used as a loading control which was detected with
mouse anti-GAPDH antibody (AF2819, Beyotime) fol-
lowed by an HRP-conjugated rabbit anti-mouse secondary
antibody (61-6520, Thermofisher Scientific).

Statistical analysis

All data were expressed as the mean =+ standard error of the
mean (SEM). Sample sizes were determined by the avail-
able dataset numbers deposited in the GEO. Assessment
of differences between groups was performed using Welch’s
t-tests for comparing two unpaired datasets. Pearson cor-
relation analysis were performed by the R ggpmisc (ver-
sion 0.4.0) package. Continuous variables were analyzed
by Kolmogorov—Smirnov test using the R stats package.
We describe statistically significant differences as *P <0.05,
*¥*P <0.01, ***P <0.001 or ****P <0.0001.

RESULTS

Identification of differentially expressed L1s in EBV-infected
GC cells

To explore the impact of EBV on L1 expression in
EBVaGC, genome-wide L1 transcription was analyzed in
GC cell lines with or without the presence of the EBV
genome. We retrieved all currently available RNA-seq
datasets of the GC cell MKN7 and EBV-infected MKN7
cell line (MKN7_EBVi) from the GEO database to perform
a comprehensive analysis of genome-wide L1 transcription
(27,43-46). After using the sva package to correct the batch
effect and trimming L1 copies counted 0 in all samples,
cell types were found to be well clustered (Supplementary
Figure S1A). We noticed that the overall expression levels
of L1s were significantly decreased in MKN7_EBVi com-
pared with those in MKN7 (Figure 1A). Using the same
approach, we also analyzed L1 expression in three naturally
EBV-infected GC cells (SNU-719, NCC24 and YCC10), all
of which are known to carry latent EBV in the cell. In the ab-
sence of representative EBV-negative controls for these cell
types, we used MKN?7 for comparison. We found that L1
expression in YCC10 was also down-regulated (P <0.05),
similar to that observed in MKN7_EBVi (Figure 1A).

We then compared the expression of each individual L1
locus in MKN7 and in EBV-infected GC cell lines. Af-
ter having excluded L1 copies counted 0 in both samples,
a total number of 8037 L1s were retained for the analy-
sis. Among them, 1274 L1s were found to be differentially
expressed (DE-Lls; llog;FCl >1 and P <0.05) which in-
cluded 793 down-regulated L1s and 481 up-regulated L1s in
MKN7_EBVi compared with those in MKN7 (Figure 1B).

We then investigated whether the alteration pattern in L1
expression was shared among EBV-infected cells. We found
that 611 out of the 793 (77.0%) down-regulated L1s identi-
fied in MKN7_EBVi cells are also down-regulated in three
naturally EBV-infected GC cells, whereas only 220 out of
481 (45.7%) up-regulated Lls identified in MKN7_EBVi
cells remain up-regulated in those three cell lines (Figure
1C). These results indicated that repressed L1s were more
likely to be shared in EBV-infected GC cells.
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Figure 1. L1 expression was repressed in EBV-infected gastric cancer cells. (A) Overall L1 expression level in MKN7, MKN7_EBVi, SNU-719, NCC24 and
YCCI10 cells shown in a box plot. Boxes represent: central lines, median; limits of the boxes, interquartile range of values; yellow dots, mean value of
L1 expression level for individual samples. The asterisks represent the statistical P-value (*P <0.05, **P <0.01, ***P <0.001, ****P <(0.0001, Mann—
Whitney U-tests). (B) Scatter plots showing significantly repressed L1s (blue dots), significantly up-regulated L1s (red dots) and all other L1s (gray dots)
in MKN7_EBVi cells compared with MKN7 cells. Average expression for each L1 locus across all samples of the same cell type was used for calculation
for the fold change in MKN7_EBVi cells compared with MKN?7 cells. Differentially expressed copies of L1 were defined as those with >2-fold change
and P-value <0.05 using DESeq?2. (C) Cluster heatmap showing the expression level of differentially expressed L1s identified in MKN7_EBVi, SNU-719,
NCC24 and YCC10 compared with MKN7. Red represents high expression of L1s and blue represents low expression.



Young and full-length L1s are repressed in EBVaGC

L1 has integrant evolutionary age which represents ac-
tive dominant L1 subpopulations in different waves dur-
ing evolution (47,48). We found that L1 subfamilies in gen-
eral were significantly repressed in MKN7_EBVi compared
with MKN7, while young L1 subfamilies, such as L1HS
(L1PA1), LIPA2 and other primary L1 subfamilies such as
L1PA3 and L1PA10 had a markedly higher degree of de-
crease in expression (Figure 2A). We further examined the
evolutionary track of the up-regulated and down-regulated
L1s and found that suppressed L1 copies primarily be-
longed to lineages younger than 40 million years, in par-
ticular L1HS, L1PA2 and L1PA3 (Figure 2B). Notably, up-
regulated L1s were largely attributed to older L1M subfam-
ilies (Figure 2B). We then analyzed L1 length distribution.
In the human genome, the majority of L1s are of <1 kbp in
length due to truncations (6). Likewise, we found that most
of the L1s fell into this category (Figure 2C). The median
length of repressed L1s is 654 bp which is slightly longer
than that of up-regulated L1s (640 bp). Nevertheless, we
found that both the repressed and up-regulated L1s were en-
riched in FL-L1 populations, indicating that the expression
of FL-L1s is prone to be affected (Figure 2C). In particu-
lar, the repressed L1s had a higher level of enrichment for
FL-L1s compared with the up-regulated L1s (Figure 2C),
suggesting the specific enrichment of repressed L1s on FL-
Lls.

An additional analysis was performed by combining the
age and length of DE-L1s. We found that the <1.5 kb
group was enriched with L1 subfamilies of 40 million years
old for down-regulated L1s and 80 million years old for
up-regulated L1s. The enrichment of DE-L1s belonging to
the 1.5-5.5 kb group was slightly shifted to subfamilies of
younger ages. Interestingly, the >5.5 kb group of DE-L1s
was enriched with young L1 subfamlies, such as LIPA2 and
L1PA3. Within this group, down-regulated LIs distinctly
outcompeted the up-regulated L1s from the aspect of both
fraction and number (Figure 2D). We further compared the
expression of FL-L1s and non-FL-L1s, and found that FL-
L1s were significantly repressed in MKN7_EBVi (Figure
2E). We looked specifically into the evolutionarily young L1
subfamilies and observed a universally down-regulated pat-
tern for both FL-L1s and non-FL-L1s, whereas FL-L1s in
general exhibited a larger degree of decline compared with
non-FL-L1s for most L1 subfamilies (Figure 2F). We finally
looked at the age distribution of the FL-L1s and unsurpris-
ingly found that 7038 out of 7321 FL-L1s (96.1%) belong to
the L1P family. This is consistent with the notion that older
subfamilies typically have fewer full-length loci (49). These
results together revealed that young and FL-L1s with au-
tonomous transposition potential were selectively repressed
in EBVaGC.

FL-L1s have aberrant histone modifications in EBVaGC

To explore the underlying mechanism for the repression of
FL-L1sin EBVaGC cell lines, we asked whether EBV infec-
tion would alter the histone modification of L1s since his-
tone modification is important for regulation of L1s (2,3,6).
For this, we analyzed ChIP-seq datasets of MKN7 and
MKN7_EBVi retrieved from the GEO (50). We compared
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the signals of H3K9me3 and H3K27me3, two suppressive
histone modification markers, on FL-L1s, the subset which
exhibited the most impacted expression alteration upon
EBV infection. A noticeably increased H3K9me3 signal was
detected at the 5’ end of FL-L1s but not of the non-FL-
L1s in MNK7_EBVi compared with those in MKN7 (Fig-
ure 3A). H3K27me3 signal was significantly decreased for
both FL-L1s and non-FL-L1s in MNK7_EBVi compared
with those in MKN7, which indicated that H3K27me3 is
unlikely to be the contributor (Figure 3A). Interestingly,
FL-L1s are highly enriched with H3K4me3 and H3K27Ac
in MKN7 cells (Supplementary Figure S2A), implying that
these repressed L1s probably have transcriptional poten-
tial in the original MKN7 cells without EBV infection
(51). Nevertheless, H3K27ac, H3K4mel and H3K4me3
signals were distinctly decreased in the FL-L1 population
in MNK7_EBVi (Figure 3B). This is consistent with the
notion that suppressive and active histone marks antag-
onize each other. The observation was confirmed by an-
alyzing H3K9me3 modification using three representative
L1s displayed in Figure 3C. The MKN7_EBVi cell line had
a significant accumulation of H3K9me3 modification on
two L1HS copies and one L1PA4 copy which are located on
chromosomes 22, 9 and 3, respectively. The 5" end of these
L1s exhibit the most alteration. These results indicated that
repressed FL-L1 expression was likely to be attributed to
the elevated H3K9me3 modification level which occurred
at the promoter region of FL-L1s.

To further address the impact of EBV on FL-L1
H3K9me3 modification, we analyzed a H3K9me3 ChIP-
seq dataset from MKN7_EBVi cells but with the EBV
genome removed by the dominant negative EBNAI
(dnEBNAI1) inhibitor (27). The H3K9me3 modification
levels at L1 regions noticeably decreased after elimina-
tion of the EBV genome (Supplementary Figure S2B).
For comparison, MKN7 cells or MKN7_EBVi cells that
had the EBV genome removed had significantly fewer
H3K9me3 marks. This result implicated EBV in the aber-
rant H3K9me3 modification at FL-L1s.

In addition, we examined the correlation between
H3K9me3 modification and expression on these FL-LlIs,
and found higher levels of H3K9me3 signal correlated to
a lower expression of FL-L1s in MKN7_EBVi (Figure 3D,
left panel). Specifically, expression of down-regulated L1
subgroups significantly negatively correlated to H3K9me3
modification (P = 0.007) (Figure 3D, right panel). These
results suggested that increased H3K9me3 levels on FL-
L1s probably contributes to suppression of FL-L1sin EBV-
infected cells.

H3K9me3 enrichment in TASOR-bound L1s in EBVaGC

The majority of human L1s are located in non-coding re-
gions, including intergenic regions and introns (6,7). We an-
notated the DE-L1s in EBV-infected cells and observed that
these L1s were enriched within the introns, especially the re-
pressed L1s (Figure 4A). The human silencing hub (HUSH)
is responsible for H3K9me3 deposition on intronic L1s (6).
We thus addressed whether the HUSH complex had a role
in L1 repression in EBV-infected cells. The HUSH complex
is composed of the scaffold protein TASOR, MPP8 and
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PPHLNI1, and recruits MORC2 and SETDBI for its func-
tion (6,52). We observed that both TASOR and PPHLNI
are transcriptionally up-regulated in most EB V-infected cell
lines (P <0.01) (Figure 4B). This observation was further
investigated using expression datasets retrieved from the
TCGA and the ACRG database. Consistent with the results
from EBV-infected cells, higher expression levels of both
TASOR and PPHLNI were correlated to EBVaGC com-
pared with that from EBVnGC in TCGA datasets (Figure
4C). In addition, we also observed a correlation of slight
SETDBI up-regulation to EBVaGC (Figure 4C). More-
over, a similar pattern was observed in the ACRG dataset
with a correlation of an increase of TASOR expression to
EBVaGC (Figure 4D).

To address the role of the HUSH complex in L1 regu-
lation in EBVaGC cells, we examined H3K9me3 modifica-
tion for the L1s captured by TASOR ChIP-seq (6) in EBV-
infected GC cell lines. We observed an increased H3K9me3
signal at TASOR-bound L1s (Figure 4E). We further per-
formed GSEA and found a significant enrichment of down-
regulated L1s in HUSH-bound L1s. This implies a corre-
lation between HUSH binding and L1 down-regulation in
EBV-infected cells (Figure 4F).

To confirm that the HUSH complex may play a role in
the down-regulation of FL-L1s in EBVaGC, we performed
HUSH complex knockdown in SNU-719 cells, a naturally
EBV-infected GC cell line, using RNA interference. siTA-
SOR, siMPP8 or siPPHLNI resulted in a decreased expres-
sion of target genes, which was accompanied by a signifi-
cantly increased expression of L1-orflp (Figure 4G).

Altogether, these data suggested that the increased
H3K9me3 level on L1s was probably related to TASOR up-
regulation in EBVaGC.

The EBV genome tethers in the proximity to the T4SOR en-
hancer and leads to loop formation between the TASOR en-
hancer and promoter

To explore the mechanism of TASOR up-regulation
in EBV-infected cells, we first investigated the histone
modification on the TASOR promoter in MKN7 and
MKN7_EBVi cells. ChIP-seq data revealed an overall
low suppressive histone modification at this genomic lo-
cus (Figure 5A). We observed a 1.7-fold increase of
H3K27ac signal and a 1.3-fold increase of H3K4me3 sig-
nal on the TASOR promoter in MKN7_EBVi cells com-
pared with MKN?7 cells, which is consistent with up-
regulated TASOR transcription. We also observed contin-
uous H3K4mel /H3K27ac signal peaks while there was a
lack of H3K4me3 signal located upstream of the TASOR
promoter. This histone modification pattern suggested that
this region carries multiple active enhancers. Active en-
hancers could promote gene transcription by interacting
with their target genes through the formation of chromatin
loops (53). Therefore, we hypothesized that the formation of
a chromatin loop between the TASOR promoter and the ac-
tive enhancer increased TASOR expression in EBV-infected
GC cells.

To test this hypothesis, we analyzed high-throughput
sequencing (Hi-C) data to map cis-regulated interaction
in MKN7 and MKN7_EBVi. We identified an enhancer
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with H3K27ac+/H3K4mel+/H3K4me3- located 325 kb
upstream of the TASOR coding region which interacted
with the TASOR promoter as well as the APPL1 promoter
in MKN7 cells (Figure 5A). The interaction between the
enhancer and TASOR promoter was significantly strength-
ened by ~3-fold in MKN7_EBVi compared with that in
MKNT7 (Figure 5A), which indicated that the strengthened
interaction between the 74 SOR promoter and the enhancer
might contribute to TASOR up-regulation.

Intriguingly, the H3K27ac and H3K4mel signal was
significantly decreased at a certain region of this multi-
enhancer, especially at the ARHGEF3 gene coding region
which is located between the TASOR promoter and en-
hancer. The EBV genome is known to exist as an episo-
mal chromosome tethered to human chromosomes via vi-
ral oriP loci by EBNAI protein. The viral-host genome
interaction could induce chromatin topology remodeling
that impacts histone modification (22,23). We hypothesized
that the alteration of histone modification and loop confor-
mation was related to EBV genome tethering. To test this
hypothesis, we explored a 4C-seq dataset of MNK7_EBVi
which used the regions both upstream and downstream of
oriP proximal DNA of the EBV genome as baits. Regions
with overlapped reads using either bait were defined as po-
tential viral genome-tethering sites, named EBV genome in-
teraction regions (EBVIRs). We observed ~50 EBVIRs on
this chromosome in MKN7_EBVi cells which included the
ARHGEF3 coding gene body (Figure 5A). This specific
EBVIR covered the entire ARHGEF3 coding gene body
which coincided with decreased H3K27ac and H3K4mel
modification. We thus proposed that viral genome tether-
ing is a possible contributor to the histone modification and
chromatin conformation alteration which occurred at the
TASOR promoter/enhancer region.

Similarly, we investigated the impact of EBV-host inter-
action on MPPS8 and PPHLNI. We detected EBVIRs at
genomic loci of PPHLNI and MPPS8 using the same ap-
proach. We found increased H3K27ac modification at the
PPHLNI promoter and unchanged epigenetic modifica-
tion of MPP8 promoters in MKN7_EBVi cells (Figure 5B,
C), which was in agreement with the increased PPHLNI
and unchanged MPPS transcription level. No enhancer—
promoter interaction as observed at the TASOR locus was
detected using Hi-C data. Interestingly, we found an inter-
action between PPHLNI and GXYLT! promoters (Figure
5B), which probably belonged to promoter-anchored chro-
matin interactions (PAIs) (54) and might be related to co-
expression of these two genes.

Together, these results suggest that viral-host genome
interaction by EBV genome tethering possibly induced a
chromatin topology remodeling at the TASOR locus, which
enhances the interaction between the TASOR promoter and
enhancer for increased HUSH function.

DISCUSSION

L1-mediated retrotranspositions are closely related to de-
velopment, aging and diseases. In addition to genetic muta-
tions caused by L1 transposition events, changes in transpo-
son expression are often associated with diseases including
autoimmune disorders, neural diseases and cancers (3.4,55).
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Figure 5. The EBV genome tethered in proximity to 74SOR and strengthened loop formation between the 74 SOR enhancer and promoter. Histone ChIP-
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In this study, we investigated the effect of EBV infection
on L1 expression and found that L1s were repressed in
EBV-infected GC cells. Importantly, we found that young
and FL-LIs, a subset of L1s possessing retrotransposition
potential, were among those which were significantly re-
pressed. These findings suggested that EBV infection in-
duced a cellular response by selectively repressing the young
and FL-L1s, a group of L1s likely to be a threat to genome
integrity.

Despite their high abundance in the genome, the activity
of L1s is strictly controlled primarily via epigenetic regula-
tion to ensure genome stability. Cells have developed silenc-
ing mechanisms to prevent remobilization of transposons.
These include RNAi-triggered silencing (56), DNA methy-
lation (7,10) and histone modifications (12-14). EBV in-
duces host genome aberrant histone modification to pro-
mote the expresssion of oncogenes and suppressed the tran-
scription of tumor suppressor genes (TSGs) in EBVaGC
(27,50,57). Those alternations were primarily attributed to
the modification on protein-coding genes, non-coding RNA
or cis-regulatory elements, such as enhancers and promot-
ers. We found that retrotransposon L1s, widely distributed
repeat elements in the human genome, also underwent sig-
nificant aberrant histone modification in EBV-infected GC
cells. H3K9me3, the most common silencing histone mod-
ification on L1s in the human genome (10,12), was signifi-
cantly increased.

The HUSH complex plays important roles in virus
genome silencing. The HUSH complex was recently found
to transcriptionally repress L1s preferentially targeting at
intronic young and FL-LIs by promoting H3K9me3 de-
position on those Ll1s (6,52). Three components, MPPS,
PPHLNI1 and TASOR, make up the HUSH complex, which
recruits two effectors, MORC2 and SETDBI, to promote
chromatin compaction and H3K9me3 deposition to silence
L1 transcription. TASOR acts as a scaffold protein in the
HUSH complex by interacting with MPP8 and PPHLNI,
a key process of HUSH complex assembly. In our analysis,
we observed an increased expression of TASOR in EBV-
infected GC cells. We also found that the H3K9me3 signal
level was increased in TASOR-bound L1 regions in EBV-
infected GC cells compared with EBVnGC cells, connect-
ing TASOR binding and H3K9me3 enrichment on L1s to
EBVaGC. Given that the HUSH complex plays an essential
role on L1 repression, it is plausible for us to extrapolate
that up-regulated TASOR, the scaffold protein, may pro-
mote the complex assembly which leads to L1 repression.

In EBVaGC, the EBV viral genome tethers to the host
chromosome, resulting in viral-host genome interaction
and causing chromatin topology remodeling (27). We iden-
tified two EBV genome-tethering sites in proximity to the
TASOR enhancer. Interestingly, the interaction between
the TASOR enhancer and promoter was augmented in
MNK7_EBVi cells compared with that in MKN7 cells, ac-
companied by elimination of the interaction between the
enhancer and the competing promoter (Figure 5). It is
worth noting that the EBV genome favors tethering at
H3K9me3-rich regions and release of silenced enhancers
(27). Here the EBV genome tethering sites in proximity to
the TASOR enhancer is due to lack of H3K9me3 modi-
fication. The tethering eliminated an interaction between
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the enhancer and a promoter, which consequently strength-
ened the interaction between the enhancer and the second
promoter. We thus proposed a model for L1 regulation in
EBVaGC cells. The EBV genome is tethered in proximity
to the TASOR enhancer which promoted loop formation
between the enhancer and the TASOR promoter. The up-
regulated TASOR favored HUSH complex assembly, which
promoted the deposition of H3K9me3 on Lls, especially
the young and FL-L1 elements, and silenced their expres-
sion (Figure 6). Taken together, these findings revealed a
mechanism of L1 expression regulation via virus-induced
chromatin topological remodeling at the genomic locus of
the L1 regulator.

It is worth noting that all the analyses in this study were
performed on EBV-negative and -positive cell lines derived
from gastric cancers. These cell lines are critical cell mod-
els for studying gastric cancer, which permit us to carry
out experiments and analyses to answer some fundamen-
tal biological questions related to the disease. Nevertheless,
we cannot disregard the limitation of using cell models for
disease study. On the other hand, the original sequencing
data of EBVaGC cell lines retrieved from the GEO were all
performed using a single-ended sequencing approach. Teis-
sandier and colleagues have shown that TE analysis using
paired-end reads has a higher true positive rate and map-
ping percentage compared with single-end reads (58). Fu-
ture analysis using paired-end reads would be needed to
confirm the alteration of L1 expression observed in this
study.

EBV infection can cause genome hypermethylation
(25,59,60). We could not exclude the possibility that DNA
hypermethylation would play an independent role in L1
down-regulation via DNA methylation beyond HUSH re-
pression. DNA methylation could possibly regulate both in-
tronic and intergenic L1s, and potentially other TEs (61). In
fact, short interspersed element (SINE) DNA transposons
are also down-regulated in EBVaGC (Supplementary Fig-
ure S1B). However, LTR retrotransposons are up-regulated
in EBVaGC (Supplementary Figure S1B), suggesting that
DNA methylation is not sufficient to explain TE down-
regulation. Further study should focus on the contribu-
tion of aberrant DNA methylation to TE expression in
EBVaGC. Besides, although the EBV genome mostly exists
as an extrachromosomal molecule via tethering to the host
chromosome, Peng and colleagues have identified EBV-
host integration sites from extranodal natural killer T-
cell lymphoma tumor biopsies (62). The integration sites
were enriched in the repeat regions of the human genome,
such as SINEs, LINEs and satellites, suggesting that EBV
might have an alternative regulation mechanism on cellular
TEs.

As a potential mutagen, L1s possess the potential to
cause mutations leading to genome instability (11). In par-
ticular, LIHS, the full-length youngest L1 subfamily mem-
bers retaining retrotransposition competence, in particular
are more likely to threaten genome integrity (6,15,52). Here
we found that young L1s (such as LIHS and L1PA2) are the
most repressed L1 family members in EBVaGC cells, which
implies a reduced retrotransposition potential. This might
explain why EBVaGC displayed a significantly lower fre-
quency of copy number variation mutations than EBVnGC
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Figure 6. Schematic representation of L1 expression regulation by the HUSH complex in EBVaGC. In the absence of the EBV genome, the promoters
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enhancer and the TASOR promoter. TASOR protein (orange oval) stimulates the formation of the HUSH complex, which binds to the intronic young and

FL-L1s (blue rectangle) and silences L1.

(23,25). It is also likely that down-regulated L1s can influ-
ence the expression of their neighboring genes. Indeed, we
found a positive correlation of expression between L1s and
neighboring genes (Supplementary Figure S3A, B). By us-
ing KEGG (Kyoto Encyclopedia of Genes and Genomes)
analysis on the neighboring genes around the 793 down-
regulated L1s in MKN7 upon EBV infection, we found that
the neighboring genes which are most affected are classi-
fied as proteoglycans in cancer, extracellular membrane—
receptor interaction, starch and sucrose metabolism, etc.
(Supplementary Figure S3C). These data together indicate
that down-regulated L1s in EBV-infected cells could impact
expression of an L1 neighboring gene which might be re-
lated to tumor progression.

L1s are usually recognized as a causative mutagen for
cancers. About half of all cancers have somatic integrations
of retrotransposons (4). However, the frequency of L1 in-
sertional events varied by cancer types, suggesting that L1
regulation may be altered in different cancer cells. For in-
stance, myeloid malignancies including myeloproliferative
neoplasms (MPNs) and acute myeloid leukemia (AML)
had a low incidence of L1 retrotransposition (4). Derepres-
sion of L1s compellingly inhibited AML development by
inducing DNA damage response and cell cycle exit (52).
Thus, cancer type-specific L1 regulation and its contribu-
tion to cancer development remain largely unknown. Here
we found that L1 expression was repressed in EBVaGC, the
most common EBV-related tumor (23,24,26). It remains un-
clear whether the repressed L1s contribute to tumorigene-

sis in EBVaGC. An interesting observation is that EBVaGC
has an up-regulated p53 protein level with a low mutation
rate (23,25). It was reported that overactivated L1 expres-
sion led to cellular stress and DNA damage in the presence
of functional p53 (63). These observations together imply
that repressed L1s in EBVaGC might be a cellular strategy
to avoid lethal DNA damage. Further studies are needed
to fully elucidate the role of L1 in tumorigenesis in EBV-
related cancers.

Taken together, our data support a model whereby EBV
silences the young and FL-L1 elements through chro-
matin topology remodeling as a consequence of viral-host
genome interaction. This mechanism provides a new aspect
for the regulation of L1 expression upon oncogenic virus
infection, although the detailed mechanisms remain to be
elucidated.
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