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Abstract
Background and aims Epstein–Barr virus (EBV)-associated gastric carcinoma (EBVaGC) is the most common EBV-asso-
ciated cancer and accounts for ~ 10% of all gastric cancers (GC). Epstein–Barr virus nuclear antigen 1 (EBNA1), which is 
critical for the replication and maintenance of the EBV latent genome, is consistently expressed in all EBVaGC tumors. We 
previously developed small molecule inhibitors of EBNA1. In this study, we investigated the efficacy and selectivity of an 
EBNA1 inhibitor in cell-based and animal xenograft models of EBV-positive and EBV-negative gastric carcinoma.
Methods We tested the potency of an EBNA1 inhibitor, VK-1727, in vitro and in xenograft studies, using EBV-positive 
(SNU719 and YCCEL1) and EBV-negative (AGS and MKN74) GC cell lines. After treatment, we analyzed cell viability, 
proliferation, and RNA expression of EBV genes by RT-qPCR.
Results Treatment with VK-1727 selectively inhibits cell cycle progression and proliferation in vitro. In animal studies, 
treatment with an EBNA1 inhibitor resulted in a significant dose-dependent decrease in tumor growth in EBVaGC xenograft 
models, but not in EBV-negative GC xenograft studies. Gene expression analysis revealed that short term treatment in cell 
culture tended towards viral gene activation, while long-term treatment in animal xenografts showed a significant decrease 
in viral gene expression.
Conclusions EBNA1 inhibitors are potent and selective inhibitors of cell growth in tissue culture and animal models of 
EBV-positive GC. Long-term treatment with EBNA1 inhibitors may lead to loss of EBV in mouse xenografts. These results 
suggest that pharmacological targeting of EBNA1 may be an effective strategy to treat patients with EBVaGC.
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Introduction

Gastric cancer (GC) is an aggressive and heterogenous 
disease and is a leading cause of cancer mortality in the 
world. In the United States, GC makes up 6.8% of total 
cancer cases and 8.8% of total cancer-associated deaths 
[1]. There are four types of GC diagnosed based on the 

appearance of cancerous cells in different cell types and 
layers of the stomach with adenocarcinomas accounting 
for 90% of GC; adenocarcinomas are further divided into 
cardia (the top part of the stomach) and noncardia (the 
lower part of the stomach) cancers. Several environmental 
risk factors, including the infectious agents Helicobacter 
pylori and Epstein–Barr virus (EBV) are highly associated 
with subtypes of GC. It is estimated that EBV-associated 
gastric carcinomas (EBVaGC) comprise approximately 
10% (11% of males and 6% of females) of all gastric can-
cers and represent the most common malignancy caused 
by EBV infection [2]. The majority of EBVaGCs are 
lymphoepithelial-like carcinomas with a distinct molecu-
lar and clinical profile compared to EBV negative GCs. 
Moreover, EBVaGCs respond differently to anti-neoplas-
tic therapy than to non-EBV GC and have different mean 
survival times, indicating EBVaGC is a distinct subtype 
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that requires specific therapeutic strategies [3]. Many 
EBVaGCs acquire resistance to standard of care chemo-
therapeutic agents and there are currently no EBV specific 
therapeutics available for treating EBVaGC.

EBV is a ubiquitous human γ-herpesvirus virus that is 
associated with diverse lymphoid and epithelial malignan-
cies [4]. EBV typically infects and establishes long-term 
latent infection in B lymphocytes, but also replicates in epi-
thelial cells in the oropharynx. EBV epithelial malignancies 
include endemic forms of nasopharyngeal carcinoma (NPC) 
and more recently discovered in subtypes of gastric carci-
nomas. Viral DNA structural analysis indicates that EBV 
positive cells in NPC and EBVaGC are monoclonal indicat-
ing that EBV infection precedes the clonal expansion of the 
carcinoma [5, 6]. EBV maintains a stable latent infection in 
EBVaGC with viral gene expression limited to Epstein–Barr 
nuclear antigen 1 (EBNA1), BamHI fragment A rightward 
transcript (BART), and Epstein–Barr virus-encoded small 
RNAs (EBER). However, in about 40% of cases, latent 
membrane protein 2A (LMP2A) is also expressed [5]. With 
respect to histopathology, lymphoepithelioma (LE)-like GC 
has been characterized as an undifferentiated carcinoma 
with high lymphocytic infiltration. It is also worth noting 
that LEGC resembles NPC histologically and shares some 
common genetic and epigenetic alterations, including DNA 
hypermethylation [7, 8].

EBNA1 is the only virally encoded protein consistently 
expressed in all EBV-positive cancers [9, 10]. Experiments 
with siRNA knockdown of EBNA1 demonstrate that it is 
required for persistence of the EBV genome and continued 
proliferation of EBV-positive cells both in vitro and in vivo 
[11–13]. EBNA1 binds to the viral origin of replication 
(OriP) and recruits cellular replication machinery to promote 
viral genome replication and episomal maintenance [10, 14]. 
EBNA1 promotes immortalization and host cell survival by 
manipulating several cellular processes including p53 sta-
bilization and pro-apoptotic pathways [15, 16]. In addition 
to regulating the transcription of several viral latency genes, 
EBNA1 also binds directly to promoter regions and regulates 
the expression of several cellular genes, including the GC-
specific tumor suppressor genes gastrokine 1 and 2 [17].

We previously reported the discovery of a series of small 
molecule inhibitors that block EBNA1-DNA binding [18, 
19]. EBNA1 inhibitors show activity in several biochemi-
cal and cell-based assays, including chromatin immunopre-
cipitation (ChIP) and DNA replication assays. In addition, 
EBNA1 inhibitors suppress tumor growth in several EBV-
dependent xenograft models, including patient-derived xen-
ografts for NPC. In this paper, we extend previous studies 
to investigate the efficacy and selectivity of EBNA1 inhibi-
tors in tissue culture and mouse xenograft models of EBV-
positive and negative GC. We observe significant tumor 
growth inhibition in EBV-positive GC xenografts, but not 

in EBV-negative xenografts. We also characterize viral gene 
expression after treatment.

Materials and methods

Cell lines and reagents

The identity of EBV-positive and negative cell lines 
[LCL352 (B cell/LCL,  EBV+), BJAB (B cell,  EBV−), 
C666-1 (NPC,  EBV+), HK-1 (NPC,  EBV−), YCCEL1 
(GC,  EBV+), SNU719 (GC,  EBV+), AGS (GS,  EBV−), and 
MKN74  EBV−)] were confirmed by short tandem repeat 
microsatellite testing. Cell lines were grown in RPMI-1640 
medium (Gibco, BRL) containing 10% fetal bovine serum 
(FBS; Gibco, Gaithersburg, MD, USA) penicillin and strep-
tomycin (50 U/ml), and l-glutamine. All cells were incu-
bated at 37 °C under a 5%  CO2 humidified atmosphere. For 
bioimaging studies, the cell lines were transduced with a 
lentivirus constitutively expressing green fluorescent pro-
tein (GFP)-Internal Ribosome Entry Site (IRES)-luciferase 
transgene.

Resazurin cell respiration assay

Cells were plated at 8 ×  103 cells (in 100 μl) per well in 
a 96-well plate. Inhibitors were added 24 h later over a 
10-point concentration range with two-fold dilutions (0.1953 
to 100 μM) in quadruplicate wells. As positive and negative 
controls, DMSO alone (0.4%) and puromycin (20 μg/ml) 
treated wells, respectively, were also plated in quadruplicate 
wells. After 72 h, resazurin (20 μl, final 50 μM) was added 
to each well. After 6 h, plates were read on a PerkinElmer 
EnVision XCite multilabel plate reader (excitation, 560 nm; 
emission, 590 nm).

BrdU proliferation assay

Cells were plated at 5 ×  104 per well (in 200 μl) in a 96-well 
plate and treated with DMSO alone (0.4%) or VK-1727 
(0.25 or 2.5 μM). At 24 and 48 h after treatment, the plates 
were centrifuged at 1000 rpm for 5 min, and the medium 
was carefully aspirated and replaced with fresh medium 
containing DMSO alone or EBNA1 inhibitor at the appro-
priate concentration. After 72 h, a BrdU cell prolifera-
tion assay was performed according to the manufacturer’s 
instructions (CytoSelect BrdU Cell Proliferation ELISA Kit, 
Cell Biolabs, Inc.). Briefly, 10 μl of a 10 × BrdU solution 
(100 μM BrdU) was added to each well, and plates were 
incubated at 37 °C. Three hours later, cells were centrifuged 
at 1000 rpm for 5 min, washed three times with 100 ul of 
phosphate-buffered saline (PBS), and treated with fix/dena-
ture solution. Thereafter, cells were incubated with 100 μl of 
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anti-BrdU antibody for 1 h. Cells were washed three times 
with 1 × wash buffer, and after incubation with a secondary 
HRP-conjugated antibody, a substrate solution was applied. 
Plates were read on a PerkinElmer EnVision XCite mul-
tilabel plate reader (absorbance, 450 nm). Data are repre-
sented as a percentage decrease in BrdU compared to DMSO 
treated control.

Analysis of cell cycle kinetics

LCL352 (B cell/LCL,  EBV+), BJAB (B-cell,  EBV−), C666-1 
(NPC,  EBV+), HK-1 (NPC,  EBV−), YCCEL1 (GC,  EBV+), 
SNU719 (GC,  EBV+), AGS (GS,  EBV−), and MKN74 
 EBV−), cells were seeded at 2.4 ×  105 cells/well in 6-well 
plates and exposed to VK-1727 (10 μM and 25 μM) in bio-
logical triplicates per each condition. After 72 h, cells were 
permeabilized with cold, 70% ethanol and resuspended 
in PBS containing PI (10 mg/mL) and RNAse A solution 
(100 μg/mL). Flow cytometry was performed on a BD-LSR 
II (BD Biosciences; Bedford, MA) and data were analyzed 
using FloJo software (Ashland, OR).

Cell growth assay

Each cell line was seeded at 2.4 ×  105 cells/well overnight in 
a 6-well plate and treated the next day with EBNA1 inhibitor 
(VK-1727) alone or in combination with ganciclovir (GCV). 
72 h later, cells were stained with trypan blue and cell counts 
were obtained using the Countess II cell counter.

Animals

All institutional and national guidelines for the care and use 
of laboratory animals were followed. All procedures were 
approved by The Wistar Institute Institutional Animal Care 
and Use Committee (IACUC) in accordance with the Ani-
mal Welfare Act (AWA) and PHS Policy on Humane Care 
and Use of Laboratory Animals. All mice in this study were 
managed in accordance with the NIH Office of Laboratory 
Animal Welfare: “PHS Policy on the Humane Care and Use 
of Research Animals”; the recommendations of the Ameri-
can Association for Accreditation of Laboratory Animal 
Care (AAALAC).

Xenograft studies were performed in NSG mice (NOD.
Cg-Prkdcscid Il2rgtm1Wjl/ScJ) bred in-house at The Wistar 
Institute under protocol number 112092. There is a prepon-
derance of GC in males (2:1; male vs female) and in the 
developing world, especially in Eastern Asia [1]. Therefore, 
both male and female mice were used in this study. All mice 
were enrolled in their respective studies at 8 weeks of age 
and housed in micro-isolator cages in a designated, specific 
pathogen-free facility at The Wistar Institute (Philadelphia, 
PA), where they were fed sterile food and water ad libitum. 

Mice were euthanized via  CO2 administration according to 
the American Association for Accreditation of Laboratory 
Animal Care (AAALAC) euthanasia guidelines.

Tumor implantation, grouping, and equalization

Mice were anesthetized using isoflurane and engrafted with 
a cell suspension (> 98% viability) of 5 ×  106 cells resus-
pended in 1 × PBS (pH 7.4) and mixed with 20% of cold 
Matrigel (Corning Life Sciences) and maintained on ice. 
Cells were injected subcutaneously into the flank of each ani-
mal. Animals were weighed three-times per week and moni-
tored daily. All tumors were measured by caliper, and tumor 
volume was calculated as follows: tumor volume = [length 
(L) × width (W)2]/2. After the average tumor volume reached 
100  mm3, mice were grouped (n = 8 per group; 4 male and 4 
female); between 28 and 45 days post engraftment depend-
ing on the cell line. Groups were normalized by biolumines-
cent imaging using the spectrum IVIS CT bioluminescent 
imaging system (Perkin-Elmer; Waltham, MA) to ensure the 
average flux (photons/sec) was equivalent across groups and 
to monitor cell growth throughout the study.

After randomization, treatment (vehicle or 10 mg/kg 
VK-1727) was administered by intraperitoneal injection 
twice a day (bis in die, b.i.d.) in a dose volume of 10 ml/kg 
body weight. Tumors growth was measured by IVIS biolu-
minescent imaging.

Visualization and quantitation of tumor growth 
using the xenogen IVIS bioluminescent imaging 
system

For imaging studies, mice were injected with d-luciferin 
(Gold Biotechnology), i.p. at a dose of 7.5 mg/kg in a dose 
volume of 10 ml/kg body weight 15 min prior to imaging; 
this was the optimal interval between luciferin injection and 
bioluminescent imaging as determined by an initial kinetic 
curve for these cell lines in mice. Mice were anesthetized 
using isoflurane prior to and during imaging.

Ki67 analysis by flow cytometry

Tumor sections were homogenized and filtered through a 
45 μM filter, followed by filtration through a 35 μM filter. 
Cells were washed twice with PBS and then fixed with 
70% cold ethanol for one hour at – 20 °C. Cells were then 
washed three times with cell staining buffer (PBS with 5% 
fetal bovine serum and 0.09% sodium azide). After decant-
ing cell staining buffer 100 μl of cell suspension was mixed 
with an antibody to Ki67 conjugated with Alexa 594 (Bio-
legend, San Diego, CA) and incubated at room temperature 
for 30 min. Cells were washed three times with cell staining 
buffer and flow cytometry was performed on a BD-LSR II 
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(BD Biosciences; Bedford, MA). Data were analyzed using 
FloJo software (Ashland, OR).

Compound formulation and treatment schedules

For cell-based assays, compounds were weighed and resus-
pended in DMSO at a concentration of 50 mM, prior to 
dilution to desired concentration while maintaining a final 
concentration of DMSO at 0.4%. For animal studies, com-
pounds were weighed and transferred to graduated tubes, 
and formulation reagents were added slowly dropwise in the 
following order: 1.0% Tween 80 (Sigma), 5% dimethylaceta-
mide (Sigma), 15% PEG400 (polyethylene glycol, molecu-
lar weight 400) (Sigma), 10% propylene glycol, 30% PBS, 
and 39% water; 0.01% of 1 N NaOH was added to clarify 
the final solution. The vehicle control contained formulation 
reagents without the compounds.

Gene expression analysis

Tumor sections were flash-frozen, and later, RNA was iso-
lated using the RNeasy Mini Kit (Qiagen) and treated with 
deoxyribonuclease (Qiagen). Reverse transcription followed 
by real-time (or quantitative) PCR (RT-qPCR) was used to 
measure gene expression levels of EBV genes. Primers used 
for qPCR of EBV genes include: EBNA1 F (5′-GGT CGT 
GGA CGT GGA GAA AA-3′), EBNA1 R (5′-GGT GGA GAC 
CCG GAT GAT G-3′); EBER2 F (5′-TTG CCC TAG TGG TTT 
CGG ACACA-3′), EBER1 F (5′-TTT GCT AGG GAG GAG 
ACG TGTGT-3′), EBER1 R (5′-AAG CAG AGT CTG GGA 
AGA CAA CCA -3′); EBER2 R (5′-ACT TGC AAA TGC TCT 
AGG CGG GAA -3′); ZTA F (5′-TCT GAA CTA GAA ATA 
AAG CGA TAC AAGAA-3′), ZTA R (5′-TTG GGC ACA 
TCT GCT TCA AC-3′); LMP1 F (5′-TCC AGA ATT GAC 
GGA AGA GGTT-3′), LMP1 R (5′-GCC ACC GTC TGT CAT 
CGA A-3′); BARF0 F(5′-GGT ACG CTG TAG AAG CTG TTG 
AAG -3′), BARF0 R (5′-TGA TAT GGC CAG GCA TCG A-3′); 
BART miRNA exon 1 F (5′-GTA GGC ACT AGC CTC TTC 
ATG TGA -3′), BART miRNA exon 2 R (5′-GGT AAG GGC 
TAC GTC CGA GTCT-3′); BART miRNA exon 5 F (5′-GCT 
TGA TGA CGA TGC CAC AT-3′), and BART miRNA exon 
5 R (5′-AAT GCG CCG TCA TTC CAT -3′). GUSB was used 
as a cellular control: GUSB F (5′-CGC CCT GCC TAT CTG 
TAT TC-3′) and GUSB R (5′-TCC CCA CAG GGA GTG TGT 
AG-3′).

The average cycle threshold (CT) was determined by 
three independent samples. Template-negative (quantita-
tive PCR reaction mixtures without cDNA) and RT-negative 
(RNA after genomic DNA elimination) conditions were used 
as controls. All data were normalized to the housekeeping 
gene GUSB and quantitative PCR data for the relative quan-
tification were calculated with the ΔΔCt method. The level 

of EBNA1 transcript in cells treated with vehicle control 
(DMSO; 0.4%, vol/vol) was set as 1.

EBV viral load

Tumor sections were flash-frozen, and later, homogenized 
by tissuelyser and DNA was isolated DNeasy Blood and 
Tissue kit (Qiagen, Hilden, Germany). PCR was used to 
quantify EBV viral load using a standard curve generated 
with Namalwa cells (two copies per cell). Primers used 
include: EBNA1 F (5′- TCA TCA TCA TCC GGG TCT 
CC-3′); EBNA1 R (5′- CCT ACA GGG TGG AAA AAT 
GGC -3′); β-actin F (5′- GCC ATG GTT GTG CCA TTA 
CA-3′); β-actin R (5′- GGC CAG GTT CTC TTT TTA TTT 
CTG-3’).

Dot blot for DNA methylation

YCCEL1 and SNU719 were plated on 150 mm plates at a 
seeding density of 3 ×  106 cells per plate. Twenty-four hours 
later, EBNA1 inhibitor (VK-1727) was added at a concen-
tration of 0, 10, or 20 μM to duplicate plates. The DNA-
demethylating agent decitabine (5-Aza-2′deoxycytadine; 
Sigma, St. Louis, MO) was used at 7.5 μM as a positive 
control. All plates had a final DMSO concentration of 0.4%. 
Medium was refreshed with EBNA1 inhibitor, DMSO alone, 
or decitabine 3 days later. At day 7, cells were harvested, 
and genomic DNA was extracted from the cells using the 
DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany). 
One μg of genomic DNA was denatured in 0.1 M NaOH for 
10 min at 95 °C, neutralized with 1 M ammonium acetate 
and diluted by two-fold. Four μl of serial diluted genomic 
DNA was spotted onto a Hybond-N + membrane (Perki-
nElmer, MA, USA). Air-dried membranes were subjected 
to DNA crosslinking, using a UV crosslinker (Spectronics 
Corporation, NY, USA). After blocking in 5% BSA in TBST 
for 1 h, membranes were incubated with 1:1000 diluted anti-
5-methylcytosine (5-mC) monoclonal antibody (Abcam, 
Cambridge, UK, ab10805) at 4 °C overnight, washed and 
then probed with secondary antibody for 1 h at room tem-
perature. After washing, dot blots were developed by incuba-
tion with ECL chemiluminescence for 1 min. Images were 
captured and analyzed by Li-Cor Fc platform.

Results

EBNA1 inhibitor decrease the proliferation 
of EBV‑positive, but not EBV‑negative, GC cells

To determine the effect of the EBNA1 inhibitor VK-1727 
(Fig. 1a) treatment on GC cell line proliferation, SNU719 
(GC,  EBV+) YCCEL1 cells (GC,  EBV+) AGS (GC,  EBV−) 
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MKN74 (GC,  EBV−) were treated with vehicle control 
(0.4% DMSO) or EBNA1 inhibitor VK-1727 with a dose 
of 0.25 μM or 2.5 μM. We performed a cell proliferation 
assay to measure 5-bromo-2′-deoxyuridine (BrdU) incorpo-
ration at 3 concentrations, 0, 0.25 and 2.5 μM. We found that 
EBNA1 inhibitor selectively inhibits proliferation of EBV-
positive SNU719 and YCCEL1 cells, but not similarly grow-
ing EBV-negative AGS and MKN74 cells (Fig. 1b). These 
results are similar to results obtained using other EBV posi-
tive and negative cell lines, including LCL352 (LCL/B-cell, 
 EBV+), BJAB (B-cell,  EBV−), C666-1 (NPC,  EBV+), and 
HK1 (NPC,  EBV−). These results suggest that VK-1727 is 

a potent and selective inhibitor of cell proliferation of EBV-
positive GC cells compared with EBV-negative GC cells. 
In addition, the inhibition of proliferation in EBV-positive 
B-cells and NPC cells confirms that VK-1727 inhibits 
growth of EBV positive cells, regardless of their cell line-
age or latency type.

As an additional measure of the effect of the EBNA1 
inhibitor on cell viability, we used a resazurin assay to 
measure changes in metabolic activity of cells treated with 
VK-1727 (Fig. 1c and S1). To determine the selectivity of 
EBNA1 inhibitor, the EBV-positive and negative cell lines 
were treated with VK-1727 and  EC50 values calculated 

a c

b

Fig. 1  Selective inhibition of EBV-positive cell lines by EBNA1 
inhibitor VK-1727. a Structure of EBNA1 inhibitor VK-1727. b 
Selective inhibition of cell proliferation as measured by significant 
decreases (student t test; **p < 0.0001) in BrdU compared to DMSO 
control in EBV-positive (red), but not EBV-negative (blue) cell lines 
at 0.25 and 2.5 μM. c Resazurin-based cell metabolism assay using 

EBV-positive lymphoid cells LCL  (EBV+) vs BJAB  (EBV−) (top 
panels); NPC cells C666-1  (EBV+) vs HK-1  (EBV−) (middle panels); 
and gastric carcinoma cells SNU719  (EBV+) vs AGS  (EBV−) (bot-
tom panels) in a resazurin based cell viability assay, 72 h after treat-
ment
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(Fig. 1b). VK-1727 decreased the proliferation of most 
EBV-positive cells in a dose -dependent manner (Fig. 1b). 
The  EC50 value for the EBV-positive cell lines LCL352, 
C666-1, and SNU719 cells were 7.9 μM, 6.3 μM, and 
10 μM, respectively), compared to the EBV-negative cell 
lines BJAB, HK1, and AGS, which were all had  EC50s 
greater than 100 μM. Similar results were observed after 
96 h of incubation (Fig S1). Cell viability as measured by 
resazurin did not reach the 50% level at even the highest 
concentration of compound for the EBV-negative cell lines 
BJAB (B cell), HK1 (NPC), and AGS (GC). The selective 
inhibition was consistent for all cells except for YCCEL1 
(GC,  EBV+) and MKN74 (GC,  EBV−), where the EC50 
for YCCEL1 was greater than 100 μM, in spite of the anti-
proliferative effect of VK-1727 measured by other assays 
(Fig. 1b and Fig. 3b) and the decrease in cell number and 
cellular adherence observed in YCCEL1 treated with 

10 μM or 25 μM VK-1727 by microscopy (Fig. 2a and 
Figure S2).

EBNA1 inhibitor treatment perturbs the cell cycle 
in EBV‑positive GC and other EBV‑positive cells

To begin to understand the mechanism of action of VK-1727 
in inhibiting cell proliferation, we first analyzed the cell 
cycle profiles for the EBV-positive GC line SNU719 and 
the EBV-negative GC line AGS using either 10 μM or 
25 μM VK-1727 or DMSO as control for 72 h (Fig. 2b). 
Although cell cycle populations for AGS remained consist-
ent during treatment with VK-1727, the cell cycle profile of 
EBV-positive SNU719 was clearly perturbed by VK-1727 
treatment and a flattening of the G2 peak and increase in 
the G1 population was observed (Fig. 2b). We followed this 
initial experiment to include two EBV-positive GC lines 

a b

c

Fig. 2  EBNA1 inhibitor VK-1727 inhibits cell cycle progression. 
a Images of MKN74   (EBV−) and YCCEL1  (EBV+) GC cells with 
4 × objective using the Nikon TIE inverted microscope 72  h after 
treatment with DMSO or VK-1727 (10 μM or 25 μM). Bar = 100 μm) 
b Cell cycle profiles of AGS  (EBV−) and YCCEL1  (EBV+) cells 
treated with DMSO and 10 or 25  μM VK-1727 measured by flow 
cytometry analysis of propidium iodide staining. Cell cycle changes, 
including a decrease in G2 (box) and an increase in G1, are observed 

in SNU719  (EBV+), but not AGS  (EBV–) gastric carcinoma cells. c 
Cell cycle analysis of EBV-positive and EBV-negative GC, B cells, 
and NPC cells treated with DMSO or VK-1727. G1 populations 
are represented as a percentage as total (student t test; **p < 0.001, 
***p < 0.0001). An increase in G1 as a percentage of the total pop-
ulation is increased in EBV-positive cells of B cell, GC, and  NPC 
origin (LCL, SNU719, YCCEL1, and C666-1), not in EBV-negative 
cells (student t test; **p < 0.001)
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(SNU719 and YCCEL1), two EBV-negative GC lines (AGS 
and MKN74), two B cell lymphomas lines (LCL352,  EBV+ 
and BJAB,  EBV−) and two NPC lines (C666-1,  EBV+ and 
HK1,  EBV−) after treatment with 25 μM VK-1727 (Fig. 2b). 
EBNA1 inhibitor treatment altered the cell cycle profiles of 
all EBV-positive cell lines (SNU719, YCCEL1, LCL352, 
and C666-1) with a significant increase in the percentage of 
the population remaining in G1, while having no detectable 

effects on the cell cycle profiles of the EBV-negative cell 
lines (AGS, MKN74, BJAB, or HK1) (Fig. 2b). These data 
suggest that the VK1727 inhibits cell cycle progression in 
EBV-positive cell types, again, regardless of their cell line-
age or latency state. Notably, we did not see an increase in 
the < G1 population, suggesting that the EBNA1 inhibitor 
VK-1727 is cytostatic, rather than cytotoxic under these 
conditions.

Fig. 3  EBV gene expression patterns in  vitro and inhibition of pro-
liferation in EBV-positive cell lines. a Expression of EBV genes 
EBNA1 and ZTA in EBV-positive cell lines measured by ∆∆CT 
method (student t test; **p < 0.001, ***p < 0.0001). b Cell counts 
are plotted as fold increase in cell number after 72 h treatment. Each 

bar represents mean fold increase ± SD of 3 replicates (EBV-positive 
lines: SNU719, C666-1, YCCEL1, and LCL352; EBV-negative lines: 
AGS, HK-1, MKN74, and BJAB). Cells were treated with DMSO, 
VK-127 (at 10, 25, or 50 μM), and VK-1727 with GCV (5 μg/ml)
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EBNA1 inhibitors increase EBNA1 transcription 
and block cell proliferation of EBVaGC cell lines 
in vitro

EBV gene expression was measured after addition of 
VK-1727 to EBV positive B cells (LCL352), NPC cells 
(C666-1), and EBVaGC cells (SNU719 and YCCEL1) 
(Fig. 3). For these studies, we focused on the EBV latency 
gene EBNA1 and the EBV lytic gene BZLF/ZTA. In LCLs, 
EBNA1 gene expression was significantly reduced 72 h after 
treatment with 25 μM and 50 μM of VK-1727; ZTA expres-
sion was unaffected (Fig. 3a). In contrast, treatment with 
VK-1727 increased EBNA1 expression in both EBVaGC 
cell lines SNU719 and YCCEL1. These data suggest that 
VK-1727 is inhibiting EBNA1 in both LCLs and EBVaGC 
cells and indicates that the short-term effects of this treat-
ment are different in cells of different lineages (B cell com-
pared with GC) and latency types (latency III vs latency I, 
respectively).

It was, therefore, of interest to determine whether EBNA1 
inhibitor treatment induced lytic activation in EBV-positive 
cells, we treated EBV-positive cell lines (LCL, C666-1, 
SNU719 and YCCEL1) with 10–30 μM VK-1727 alone or in 
the presence of the antiviral drug ganciclovir (GCV), a syn-
thetic analogue of 2′-deoxy-guanosine that is activated and 
phosphorylated in cells expressing lytic cycle enzymes of 
EBV. GCV would be expected to further inhibit viability of 
cells expressing EBV lytic enzymes. When we measure cell 
proliferation, here measured as fold increase in cell numbers 
72 h after treatment, we saw significant inhibition of cell 
proliferation in all EBV-positive cell lines (LCL352, C666-1, 
SNU719, and YCCEL1) treated with VK-1727, but not in 
EBV-negative cell lines (BJAB, HK1, AGS, and MKN74), 
with the exception of a decrease in BJAB proliferation at 
the highest concentrations of VK-1727 (Fig. 3b). However, 
there was no additive effect of GCV observed, suggesting 
that VK-1727 does not induce lytic activation of EBVaGC 
or other EBV-positive cell lines.

EBNA1 inhibitors block EBV‑driven tumor growth 
in vivo

To assess the efficacy of EBNA1 inhibitors in vivo, we 
engrafted the EBV-positive GC cell lines SNU714 and 
YCCEL1 into NSG mice and assessed tumor growth by 
bioluminescence (Fig. 4a). After tumors were > 100  mm3, 
mice were assigned to treatment groups to equalize tumor 
sizes by both size and bioluminescence as measured by 
Flux (photons/sec). Eight mice per group (four male and 
four female) were assigned to be treated with vehicle, or 
10 mg/kg VK-1727. Mice were administered compound or 
vehicle twice a day (b.i.d.) intraperitoneally for 24 days. 
We observed a significant decrease in tumor growth in 

EBV-positive tumors (YCCEL1 and SNU719) when treated 
with VK-1727. In the SNU719 and YCCEL1 xenograft stud-
ies, we observe that treatment results in tumor growth inhi-
bition (TGI) of 61.2% and 67%, respectively, at 10 mg/kg 
VK-1727 compared to vehicle control. To assess the selec-
tivity of EBNA1 inhibitors, we performed similar xenograft 
experiments using the AGS and MKN74 cell lines (Fig. 4b). 
A side-by-side comparison of bioluminescence showed that 
no growth inhibition was observed in EBV-negative GC 
tumors (AGS and MKN74) treated with VK-1727 (Fig. 4c). 
Treatment with VK-1727 did not result in any appreciable 
weight loss compared to vehicle control (Fig. 4d).

Treatment with EBNA1 inhibitors significantly 
reduces latent viral gene expression and EBV‑viral 
load in EBV‑positive GC xenografts

To assess the effect of treatment with EBNA1 inhibitors 
on viral gene expression, we isolated RNA from tumors at 
the end of the xenograft studies and performed quantitative 
RT-qPCR experiments for SNU719 (Fig. 5a) and YCCEL1 
(Fig. 5b). We observe a significant (p < 0.001) reduction 
in EBNA1, EBER1 and EBER2 in SNU719 and YCCEL1 
tumors extracted from VK-1727 treated animals compared to 
vehicle. LMP1 mRNA expression was reduced in YCCEL1, 
but not SNU719, while BART miRNA exon 5 (BART Ex5) 
was decreased in VK-1727 treated SNU719 tumors, but to 
a lesser extent in YCCEL1 (Figs. 5a, b). We also observed 
that EBV viral loads were reduced after 24 days of treat-
ment (Fig. 5c). Others have shown that SNU719 cells do not 
express EBNA2 or LMP1 protein [20] and YCCEL1 cells 
have been characterized as expressing a modified latency 
program I [21]. GC cell lines AGS and MKN74 were con-
firmed to be EBV negative by qPCR (Figure S3).

Treatment with EBNA1 inhibitors significantly 
reduces proliferation in EBV‑positive GC xenografts

To determine the effect of the EBNA1 inhibitor VK-1727 
on proliferation in vivo, we measured Ki67 expression in 
tumors extracted from mice treated with VK-1727 (10 mg/
kg) and vehicle by flow cytometry (Fig. 5d). Ki67 was sig-
nificantly reduced in EBV-positive GC tumors (SNU719 
and YCCEL1), but not AGS or MKN74, consistent with 
the observation that VK-1727 decreases the proliferation of 
these cells.

Treatment with EBNA1 inhibitors demethylates DNA in 
EBVaGC cell lines. To determine the effect of EBNA1 inhi-
bition on the DNA hypermethylation profile of EBVaGC 
cell lines, we quantified by dot blot assay the global DNA 
methylation of EBVaGC cells treated with EBNA1 inhibi-
tor or decitabine as a positive control (Fig. 6). We observed 
a modest, but significant DNA decrease in global DNA 
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Fig. 4  VK-1727 inhibits EBV-positive GC tumor growth in xeno-
grafts. a Schema illustrating key features of the in vivo experiments 
that were performed with VK-1727. NSG mice were implanted with 
5 ×  106 SNU719, YCCEL1, AGS, or MKN cells subcutaneously. 
When tumors reached 100   mm3, mice were randomized and treated 
daily with 0 (vehicle) or 10 mg/kg VK-1727, twice daily (b.i.d.). Dur-
ing treatment, the mice were continuously imaged using a Spectrum 
IVIS CT bioluminescent imaging system. At day 24, the mice were 
sacrificed, weighed, and tumors were collected for further analyses. 

b Graphs showing the changes in bioluminescence flux (photons/s) 
over time (student t test; **p < 0.01). c Images comparing the bio-
luminescence signals that were observed in mice implanted with 
GC cell lines treated with vehicle or VK-1727. For each pair, the 
left mouse was treated with vehicle and the right mouse was treated 
with VK-1727. d Graphs comparing the changes in weight that were 
observed in mice engrafted with GC cell lines and treated with vehi-
cle or VK-1727, twice daily i.p. Treatment with VK-1727 was not 
associated with weight loss or other clinical signs
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methylation after 7 days of treatment with the EBNA1 inhib-
itors in both SNU719 (Fig. 6a, b) and YCCEL1 (Fig. 6b, c).

Discussion

EBNA1 is critical for EBV episome maintenance and latent 
gene expression and provides a selection advantage to EBV 
positive tumors. We previously described the fragment-
based development of EBNA1 inhibitors that block the DNA 
binding activity as demonstrated in Chromatin Immunopre-
cipitation (ChIP) assays and EBNA1-dependent replication 
assays [18, 19]. We demonstrated that EBNA1 inhibitors 
have in vivo activity in B cell lymphoma and several NPC 

xenograft models. In this study, we sought to extend the 
applicability of EBNA1 inhibitors to EBV-associated GC 
xenograft models. We also wanted to demonstrate selectivity 
by comparing EBV-positive and EBV-negative GC cell lines 
in vitro and in vivo.

Here, we show that EBNA1 inhibitors significantly 
reduce the proliferation and tumor growth of EBV-posi-
tive cells in vitro and in vivo. Again, these results suggest 
that EBNA1 inhibitors are both EBV-specific and effec-
tive in vivo (Fig. 4b). Similar to previous studies [18], no 
weight loss or other adverse effects were observed in treated 
animals, indicating the safety of these compounds in pre-
clinical models (Fig. 4d). EBNA1 inhibitors appear to be 
cytostatic in that tumors do not regress after initiation of 

Fig. 5  EBV gene expression and cell proliferation is decreased in 
EBV-positive GC treated in vivo. a RT-PCR showing expression of 
EBNA1, EBNA2, LMP1, EBER1, EBER2, and BART miRNA exon 
5 (BART  Ex5) in SNU719 xenografts. b RT-PCR showing expres-
sion of EBNA1, EBNA2, LMP1, EBER1, EBER2, and BART 

miRNA exon 5  (BART  Ex5) in YCCEL1 xenografts. c EBV viral 
loads in SNU719 and YCCEL1 tumor material from animals treated 
with VK-1727 or vehicle (student t test; *p < 0.05, **p < 0.01) d Ki67 
expression (mean fluorescence intensity as measured by flow cytom-
etry)
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treatment in immunocompromised mouse models and we 
have not observed clear evidence of apoptosis in treated 
cells (e.g. no increase in the < G1 population by cell cycle 
analysis).

We also demonstrate that EBNA1 inhibitors selective 
inhibit the growth of EBV-positive, but not EBV-negative 
cells. Previously, we demonstrated that EBNA1 does not 
affect the growth of the EBV-negative lung carcinoma cell 
line A549 [18]. We now extend these studies to the EBV-
negative GC lines AGS and MKN74. EBNA1 has structural 
similarities with other viral proteins (LANA from KSHV, E2 
from HPV), but not other proteins in the human proteome 
[22]. Therefore, we would not expect EBNA1 inhibitors to 
be associated with any on-target toxicities. One limitation 
of our study is that the EBV-positive/negative GC lines used 
here do not have the same genetic background. Therefore, 
selectivity may be idiosyncratic in this limited study with 
four GC cell lines.

Treatment with EBNA1 inhibitors significantly decreases 
the expression of viral genes and EBV viral load in vivo. 
This observation is consistent with previous observations 
in in vivo models of NPC and B cell lymphomas. Expres-
sion levels of EBNA1, EBER1 and EBER2 are significantly 
reduced compared to vehicle controls in EBV-positive GC 
tumors from animals treated with VK-1727 at 10 mg/kg, 
twice per day. These results are expected given the critical 
role EBNA1 plays in the replication and maintenance of 
EBV. Of interest, decreased EBV expression is not observed 
during short-term (72 h) treatment of EBV-positive GC 
cells in culture, which may either indicate that prolonged, 
consistent application of drug is required to decrease viral 
gene expression or may suggest differential responses of 
these tumors in vivo, within the tumor microenvironment. 
In addition, the short-term effects of viral mRNA expres-
sion were different in EBV-positive LCLs compared to 
EBV-positive GC or EBV-positive NPC cells, suggesting 

a b

c

Fig. 6  DNA demethylation in YCCEL1 and SNU719 cells treated 
with EBNA1 inhibitors. a Quantification of DNA methylation by 
dot blot in SNU719 represented as ratio compared to DMSO con-
trol. b Quantification of DNA methylation by dot blot in YCCEL1 

represented as ratio compared to DMSO control (Dunnett’s multiple 
comparisons  test  2-way ANOVA;  *p < 0.05; **p < 0.01; ***p < 
0.001; ****p < 0.0001). c Representative dot blots for SNU719 and 
YCCEL1
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the initial effects of EBNA1 inhibition on viral and cellu-
lar gene expression may differ in EBV positive cells of dif-
ferent origin. Co-treatment of VK-1727 with GCV did not 
result in further decreases in cell proliferation, suggesting 
that there is VK-1727 does not induce full lytic activation in 
EBVaGC early in response to treatment with EBNA1 inhibi-
tors (Fig. 3b). In addition, EBNA1 inhibitors caused a slight 
reduction in levels of DNA methylation, suggesting that 
DNA demethylation may correlate with EBNA1 inhibition 
and tumor growth suppression in these EBVaGC models.

We previously performed gene expression analysis using 
the PanCancer Pathways Panel of 700 human genes sup-
plemented with an analysis of ~ 30 EBV expressed genes in 
tumors from animals engrafted with an EBV-positive NPC-
PDX [18]. In those studies, we demonstrated that expression 
levels from EBV-encoded genes, including EBNA1, EBNA2, 
LMP1, and ZTA were significantly lower in tumors treated 
with an EBNA1 inhibitor. Cellular gene pathways for the 
cell cycle, PI3K, chromosomal modifications, TGF-β, STAT, 
RAS, NOTCH and MAPK were also significantly affected 
by EBNA1 inhibitor treatment. The PI3K/AKT pathway is 
of particular interest because it is induced by EBV-latent 
membrane proteins 1 and 2A (LMP1 and LMP2A) and is 
thought to play an important role in EBV-induced malig-
nancies by affecting cell survival, apoptosis, proliferation, 
and genomic instability [23]. It has also been suggested 
that the activation of the PI3K/Akt pathway can result in 
drug resistance to chemotherapy [23]. In addition, recent 
studies have indicated that the expression of the AT-rich 
interaction domain 1A (ARID1A) and phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit α (PIK3CA) are 
associated with the depth of invasion of gastric cancer [24]. 
Therefore, effective treatment of EBVaGCs is likely to be 
enhanced by combining EBNA1 inhibitors with inhibitors 
of other perturbed pathways (e.g. Idelalisib, a PI3K inhibi-
tor that we have shown has activity against EBV-positive 
NPC tumors in vivo [18]) or ubiquitin conjugation inhibi-
tors. In the future, we anticipate that combining EBNA1 
inhibitors with inhibitors of other perturbed pathways may 
reveal functional crosstalk useful for developing a rationale 
for combinatorial therapies.

Collectively, these results suggest that pharmacological 
inhibition of EBNA1 has profound effects on EBV and cel-
lular gene expression, correlating with suppression in EBV-
driven tumor cell growth. EBNA1 is essential in promoting 
the continued proliferative capacity of latently infected cells. 
Our study demonstrates that EBNA1 inhibitors selectively 
suppress proliferation of EBV-driven tumor cells. This study 
may provide a rationale for the use EBNA1 inhibitors as 
a therapeutic option for patients with EBV-associated GC.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10120- 021- 01193-6.
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