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(-)-Epigallocatechin-3-Gallate Inhibits EBV Lytic Replication via Targeting
LMP1-Mediated MAPK Signal Axes
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Epstein—Barr virus (EBV)-encoded latent membrane protein 1 (LMP1) plays an important oncogenic role in
the viral latent infection. Recently, increasing evidence indicates that the high expression of LMP1 during EBV
Iytic cycle is related to the viral lytic replication. However, the mechanism by which LMP1 regulates EBV
Iytic replication remains unclear. (-)-Epigallocatechin-3-gallate (EGCG) prevents carcinogenesis by directly
targeting numerous membrane proteins and effectively inhibits EBV lytic cascade. Here, we demonstrated that
LMP1 promotes EBV lytic replication through the downstream signal molecules MAPKSs, including ERKS,
p38, and JNKs. LMP1 induces the phosphorylation of p53 through MAPKSs to enhance the ability of wild-type
p53 (wt-p53) to activate expression of BZLF1 gene, while the JNKs/c-Jun signal axis appears to be involved
in EBV lytic replication induced by LMP1 in p53 mutant manner. We provided the first evidence that EGCG
directly targets the viral membrane LMP1 (K, = 0.36 pM, n = 1) using fluorescence quenching, isothermal
titration calorimetry (ITC) assay, and CNBR-activated Sepharose 4B pull-down affinity chromatography.
Furthermore, we revealed that EGCG inhibits EBV lytic replication via suppressing LMP1 and thus blocking
the downstream MAPKSs/wt-p53 signal axis in AGS-EBV cells and JNKs/c-Jun signal axis in p53 mutant B95.8
cells. Our study, for the first time, reports the binding and inhibitory efficacy of EGCG to the LMP1, which is
a key oncoprotein encoded by EBV. These findings suggest the novel function of LMP1 in the regulation of
EBV lytic cycle and reveal the new role of EGCG in EBV-associated malignancies through suppressing viral
reactivation.

Key words: Latent membrane protein 1 (LMP1); Epstein—Barr virus (EBV) lytic replication; MAPKS;
p53; (-)-Epigallocatechin-3-gallate (EGCG)

INTRODUCTION (NPC), Hodgkin’s lymphoma (HL), Burkitt’s lymphoma

(BL), and EBV-associated gastric carcinoma (EBVaGC)*3,

Epstein—Barr virus (EBV) is the first human tumor EBVaGC, especially gastric adenocarcinomas, was first
virus identified and known to be linked to several types of categorized by EBV positivity*. EBVaGC may represent
human malignancies, including nasopharyngeal carcinoma the most common form of EBV-associated malignancy,
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which has distinct phenotypic and clinical characteristics,
and accounts for an average of 10% in all gastric cancer
cases, and its incidence depends on geographical distribu-
tion and environmental factors®®.

In the host, EBV exhibits two alternative modes of
infection: latent and lytic. In latency, EBV only expresses
a limited number of gene products such as latent mem-
brane protein 1 (LMP1), LMP2A/2B, EBV nuclear anti-
gens (EBNAs), and EBV-encoded small RNAs (EBERS).
When stimulated by certain chemicals or biological
reagents, EBV undergoes three consecutive lytic stages,
including immediate early (IE), early (E), and late (L)
stages. Zta and Rta that are encoded by the lytic IE genes
BZLF1 and BRLF1, respectively, activate transcription
from the promoters of lytic E genes, which trigger EBV
genomic DNA replication. Then the lytic L genes that
encode structural proteins are expressed, followed by
viral genome packaging into infectious virion particles.
The switch from latency to the lytic cycle is known as
EBV lytic reactivation, which can be triggered by the
both IE transactivators Zta and Rta. In addition to activat-
ing the expression of lytic E genes™®, Zta functions as a
replication factor for EBV genomic DNA by binding the
Iytic origin of replication, oriLyt®. Furthermore, Zta can
also directly activate transcription from its own promoter
of BZLF1 gene (Zp)¥ and the promoter of BRLF1 gene,
greatly amplifying the inductive effects on EBV lytic rep-
lication?, Earlier studies indicated that the latent infec-
tion is a major cause of EBV-associated malignancies®>*,
Recently, EBV lytic infection has been shown to signifi-
cantly contribute to carcinogenesis®®>*’. Evidence has sup-
ported that there is a close association of varying degrees
of EBV lytic replication with EBV-associated cancers,
including EBVaGCY. Also, clinical and epidemiologi-
cal studies have revealed that individuals with elevated
antibody titers against EBV lytic antigens and increased
plasma EBV DNA load have a higher risk of developing
EBV-associated tumors?®,

EBV-encoded LMP1 is a classic oncoprotein, which
activates multiple signaling pathways, including mito-
gen-activated protein kinases (MAPKS)', nuclear fac-
tor kB (NF-kB)®, PKC?#, Janus kinase (JAK)/signal
transducer and activator of transcription (STAT)?, and
phosphatidylinositol 3-kinase (P13-K)/Akt?, that affect
cell proliferation and survival. LMPL1 is also abundantly
expressed during the lytic cycle of viral replication. A pre-
vious study found that LMP1 plays a critical role in the
production of EBV?. A recent research has shown that
differentiation-dependent LMP1 expression is required
for efficient EBV lytic replication in epithelial cells®.
Additionally, LMP1 appears to facilitate EBV entry into
the lytic cycle by leading to severe cellular stresses such
as hypoxia, oxidative stress, and inflammation that induce
EBV lytic cycle initiation'®26-2°, LMP1 can also enhance
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transcriptional activity and stability of p53 by inducing
phosphorylation of p53 through MAPKSs in NPC cells®.
Furthermore, some studies indicated that p53 might be a
prerequisite for EBV lytic replication by facilitating the
expression of Zta**3l, However, the mechanism by which
LMP1 promotes EBV lytic replication is still not clear.

Blocking EBV Iytic replication by natural com-
pounds is valuable for the prevention and treatment of
EBV-associated malignancies and helps improve clinical
outcome. Epigallocatechin-3-gallate (EGCG), the most
abundant anticancer polyphenol in green tea® %, has
antiviral effects against diverse viruses® and is reported
to inhibit EBV lytic cascade® 3¢, Accumulated researches
have demonstrated that EGCG directly interacts with
numerous membrane proteins such as Fas, ZAP-70, Fyn,
insulin-like growth factor-I receptor (IGF-1R), and the
67-kDa laminin receptor (67LR)“2. EGCG exerts the
anticancer actions by modulating the activities or func-
tions of these enzymes, receptors, and signaling mol-
ecules that affect cell growth and proliferation. Our
group revealed that EGCG inhibits EBV lytic replication
via downregulating LMP1 or inactivation of mitogen-
activated protein kinase kinase (MEK)/extracellular
signal-regulated kinases (ERKS) and PI13-K/Akt signal-
ing pathways®"8, Based on these findings, we speculate
that LMP1 might promote EBV lytic replication via its
downstream oncogenic signaling axes, and EGCG might
inhibit EBV lytic replication by targeting the LMP1-
mediated signaling axes.

In this study, we first demonstrated that LMP1 pro-
motes EBV lytic replication through differential regu-
lation of the MAPK signal axes. In AGS-EBV cells,
LMP1-induced phosphorylation of p53 through ERKS,
p38, and c-Jun NH2-terminal kinases (JNKSs) enhances
the ability of wild-type p53 (wt-p53) to activate Zp.
Phosphorylation of c-Jun by LMP1 through JNKs is
involved in EBV lytic replication in p53 mutant B95.8
cells. Importantly, we provided the first evidence that
EGCG could directly target EBV-encoded membrane
protein LMP1 (K, = 0.36 uM, n = 1). Furthermore, we
revealed that EGCG inhibits EBV lytic replication via
downregulation of LMP1, thus blocking the MAPKSs/
wt-p53 signal axis in AGS-EBV cells and JNKs/c-Jun
signal axis in p53 mutant B95.8 cells. Taken together, we
identified that EGCG inhibits EBV lytic replication by
directly targeting LMP1-mediated MAPK signal axes,
which suggests EGCG as a potential therapeutic treat-
ment for EBV-associated malignancies.

MATERIALS AND METHODS
Cell Lines and Cell Culture

The human gastric adenocarcinoma cell line AGS-
EBV (wt-p53) containing recombinant EBV was cultured
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in HAM’s/F-12 medium (HyClone, Logan, UT, USA)
supplemented with 10% fetal calf serum (Invitrogen,
Carlsbad, CA, USA), penicillin (100 U), and strepto-
mycin (100 mg/ml). B95.8 (mutant p53, VR-1492™),
an EBV-positive B-lymphoma cell line, was cultured
in RPMI-1640 medium (HyClone) supplemented with
10% newborn calf serum (Invitrogen), penicillin (100
U), and streptomycin (100 mg/ml). The human NPC cell
lines CNE1, CNE1-LMP1, HNE2, and HNE2-LMP1,
which have been described previously*®, can reflect
the genuine type Il latency of NPC. The NPC cell lines
and non-small cell lung carcinoma cell line H1299 (p53-
null, CRL-5803™) were cultured in RPMI-1640 medium
(HyClone) supplemented with 10% fetal calf serum, pen-
icillin (100 U), and streptomycin (100 mg/mL). All cells
were incubated in a humidified atmosphere of 5% CO,
at 37°C.

Chemicals and Cell Treatment

EGCG, PD98059, and SB202190 were purchased
from Sigma-Aldrich (St. Louis, MO, USA). SP600125
was purchased from MedChemExpress (MCE, Princeton,
NJ, USA), and protease inhibitor cocktail was purchased
from Selleck Chemicals (Houston, TX, USA). All chemi-
cals were dissolved in dimethyl sulfoxide (DMSO;
Sigma-Aldrich) and used at the indicated concentrations.
Detailed treatment procedures are described in the figure
legends. The final concentration of DMSO in medium
was maintained at <0.1%, which had no significant effect
on cell growth. Vehicle controls were included for all
treatments.

Plasmids and Small Interfering RNA (SiIRNA)/DNAzyme

The p53 siRNAs were designed and synthesized by
Thermo Fisher Scientific (Waltham, MA, USA), and the
specificsequencewas GAGGGATGTTTGGGAGATGTA
(36UTR). The pSG5-based expression vector for LMP1
and pEGFP-based expression vector for p53 were pro-
vided by Dr. Kenneth M. Izumi (Brigham and Women’s
Hospital, Boston, MA, USA) and Prof. Qiao Wu
(Xiamen University, Xiamen, China), respectively. DZ1,
a designed DNAzyme that specifically targets transcripts
of LMP1 was provided by Prof. Lunquan Sun (Xiangya
Hospital, Central South University, Changsha, China),
and the specific sequence was 56GCAAAGGAAGGCT
AGCTACAACGAAGAGGACAA-3¢ The transfections
of plasmid/siRNA/DNAzyme were performed using
Lipofectamine 3000 (Invitrogen) according to the manu-
facturer’s protocol.

Rever se Transcription Quantitative Polymerase Chain
Reaction (RT-qPCR)

Total RNA was isolated from cultured cells with
TRIzol (Invitrogen) according to the manufacturer’s
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instructions, followed by RT, which was performed
on 2 pg of total RNA using the RevertAid First Strand
cDNA Synthesis Kit (Thermo). gPCR was performed
using Fast Start Universal SYBR Green Master (ROX)
and 2 pl (10x dilution) of RT reaction products (Roche,
Basel, Switzerland) with the primers of BZLF1 and
BMRF1. The primers used here were as follows: BZLF1,
5¢6CATGTTTCAACCGCTCCGACTGG-3¢ (forward)
and 56GCGCAGCCTGTCATTTTCAGATG-3¢(reverse);
BMRF1, 5¢CTAGCCGTCCTGTCCAAGTGC-3¢ (for-
ward) and 56AGCCAAACGCTCCTTGCCCA-3d(reverse).
The following PCR program was used: 95°C for 10 min;
95°C for 15 s, 60°C for 1 min (plate read), 40 cycles; melt
curve 60-95°C, increments of 0.5°C, for 15 s. Relative
gene expression was calculated using the 27°>t method
after normalization to the reference gene b-actin.

Western Blotting Analysis and Antibodies

Cell lysates (50 pg) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
gel and transferred to polyvinylidene difluoride mem-
branes. The membranes were incubated with blocking
buffer and each primary antibody overnight at 4°C. After
having been washed with phosphate buffer solution with
Tween® 20 (PBST), the membrane was incubated with
the conjugated secondary antibody at room temperature
for 1 h. Finally, the protein bands were visualized using
enhanced chemiluminescence (ECL; Beijing Solarbio
Science & Technology Co. Ltd., Beijing, P.R. China)
reagents. The primary antibodies used here were as fol-
lows: anti-b-actin antibody (sc-8432), anti-p53 antibody
(sc-126), anti-p-p53 (serl5) antibody (sc-101762), anti-
p-p53 (ser392) antibody (sc-7997), anti-p38 antibody
(sc-81621), and anti-Sp1 antibody (sc-17824) (purchased
from Santa Cruz Biotechnology, Santa Cruz, CA, USA);
anti-LMP1 antibody (CS1-4) (purchased from DAKO,
Copenhagen, Denmark); anti-Zta antibody (ab21134) and
anti-Ea-D antibody (ab30541) (purchased from Abcam,
Cambridge, UK); p-MAPK Family Antibody Sampler
Kit (#9910), anti-Erks antibody (#4695), anti-p-p53
(ser20) antibody (#9287), anti-JNKs antibody (#9252),
anti-p-c-Jun (ser73) antibody (#3270), anti-c-Jun anti-
body (#9165), anti-p-c-Jun (ser63) antibody (#91952),
and anti-Smad2/3 antibody (#8685) (purchased from Cell
Signaling Technology, Boston, MA, USA).

Fluorescence Quenching Assay

Fluorescence quenching assay was performed as previ-
ously described*® using a fluorescence spectrophotometer
(model F-4600, HITACHI, Tokyo, Japan). A His-LMP1
fusion protein was expressed in animal cell, followed by
purification using Ni-NTA (nickel-nitrilotriacetic acid;
Qiagen, Chatsworth, CA, USA). The purified LMP1 was
dialyzed against phosphate-buffered saline (PBS). The
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His-LMP1 fusion protein was incubated with different
concentrations of EGCG. Fluorescence quenching was
monitored at 25°C and 37°C by using 5 nm of excitation
and emission slit width. The wavelength of excitation
light was 280 nm, and the emission spectra were mea-
sured between 300 and 450 nm.

Isothermal Titration Calorimetry Assay

Isothermal titration calorimetry (ITC) assay was per-
formed on a NANO ITC microcalorimeter (TA instru-
ments, New Castle, PA, USA) to investigate the binding
of EGCG to LMP1. Titration calorimetry was performed
at 25°C in the assay buffer (PBS, pH 6.5). Briefly, the
sample and syringe cell were filled with LMP1 (1.8 pM)
and EGCG (20 uM), respectively, which were degassed
prior to use. The titrations were conducted using 25 iden-
tical injections of 2 ul with duration of 11 s, and with a
175-s delay between each injection. The thermodynam-
ics parameters of interaction between EGCG and purified
LMP1 can be calculated by fitting the raw ITC data. The
dissociation constant (K ) and chemical reaction quantity
(n) were determined after analysis of the normalized ITC
curve by the MicroCal PEAQ-ITC Analysis Software.

In Vitro Pull-Down Affinity Chromatography Assay

According to previous description*”, a cellular superna-
tant fraction (500 pg) was incubated with EGCG-cyanogen
bromide (CNBR)-activated Sepharose 4B or CNBR-
activated Sepharose 4B as control beads (50 pl, 50% slurry)
in reaction buffer [50 mM tris (pH 7.5), 5 mM EDTA, 150
mM NaCl, 1 mM DTT, 0.01% NP40, 0.02 mM phenyl-
methylsulfonyl fluoride (PMSF), 4 Ag/ml bovine serum
albumin, 1x protease inhibitor cocktail]. After incubation
with gentle rocking overnight at 4°, the beads were washed
five times with washing buffer [50 mM tris (pH 7.5), 5 mM
EDTA, 150 mM NaCl, 1 mM DTT, 0.01% NP40, 0.02 mM
PMSF], and the obtained composite of beads and proteins
was analyzed by Western blotting.

Coimmunoprecipitation (Co-I1P) Assay

The whole-cell lysates (500 pg) prepared with IP lysis
buffer (Pierce, Rockford, IL, USA) were incubated with
20 ul of protein A Sepharose beads (Sigma-Aldrich) for
2 h at 4°C on a rotating rocker and centrifuged for 10
min at 2000 rpm. The recovered supernatant fraction
was incubated with p53 antibody (sc-126 X; Santa Cruz
Biotechnology) in the presence of 1x protease inhibitors
at 4°C overnight on a rotating rocker. Then 40 ul of pro-
tein A Sepharose beads was added, and the incubation was
continued for 2 h at 4°C on a rotating rocker. The immu-
nocomplexes bound to the Sepharose beads were recov-
ered by a brief centrifugation followed by three washes
with cold 1x PBS. The harvested beads were resuspended
in 20 pl of 5x SDS-PAGE sample buffer and boiled for
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5 min. A 50-ug cell lysate was used as an input control.
The samples were analyzed by Western blotting.

Chromatin Immunoprecipitation (ChlP) Assay

ChlP assays were performed using the Chromatin
Immunoprecipitation Kit (Merck Millipore, Billerica, MA,
USA) according to the manufacturer’s instructions. The
DNA isolated from the ChIP assay with p53 antibody or nor-
mal 1gG (negative control), along with an input control, was
amplified using PCR to determine p53-binding elements
around the promoter region of the BZLF1 gene (Zp). ChIP
primers used here were as follows: BZLF1 promoter (—221-
+12), 56 GCAAGGTGCAATGTTTAGTGAG-3¢(forward)
and 56CCATGCATATTTCAACTGGGC-3¢(reverse); p21
promoter (p53 REs), 56CTGGACTGGGCACTCTTGTC-
3¢(forward) and 56CTCCTACCATCCCCTTCCTC-3¢
(reverse). p21 promoter was used as a positive control.

DNA Extraction and Quantification of EBV Copy
Numbers

DNA was extracted from the EBV-positive cells using
the QlAamp® DNA Mini Kit (Qiagen, Hilden, Germany)
according to the kit handbook. Following the instructions
of the EBV Polymerase PCR Fluorescence Quantitative
Diagnostic Kit (DA, Guangzhou, China), a 10-fold dilu-
tion from 107 to 10* copies was first used to create the
standard curve. Then 2 pl of each DNA sample was added
to PCR tubes, and PCR was performed. The EBV copy
numbers of the cells can be calculated by the correspond-
ing threshold cycle with the aid of the standard curve.

Flow Cytometer Analysis

The cells were washed with PBS, followed by fixing
with 4% paraformaldehyde for 30 min and permeabiliza-
tion for 15 min with PBS containing 0.1% Triton X-100
at 4°C. Then the cells were washed with PBS and blocked
with 2% BSA and 0.1% Triton X-100 in PBS for 30 min
at room temperature. The cells were washed with PBS
and incubated with 1:100 diluted monoclonal Zta anti-
body (Abcam) and monoclonal Ea-D antibody (Abcam)
overnight at 4°C. Next, the cells were washed with PBS
and incubated with 1:100 diluted Alexa Fluor® 633-conju-
gated goat anti-mouse IgG (Life Technologies, Carlsbad,
CA, USA) for 1 h at room temperature. Incubation with
PBS, without primary antibody followed by incubation
with the secondary antibody, was used as a negative con-
trol. Finally, the cells were washed with PBS and resus-
pended in 1% paraformaldehyde for analysis using a
FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA).

Transfection and Dual-Luciferase Reporter Assay

The cells were cotransfected with pEGFP-C3-p53
(200 ng, 800 ng), pZp-luc (400 ng), and the pRL-TK
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internal control (10 ng). After transfection for 48 h, the
cells were disrupted and firefly luciferase activity was
measured using a Dual-Luciferase Reporter Gene Assay
Kit (Promega, Madison, WI, USA) following the manu-
facturer’s instructions.

Satistical Analysis

Analysis of the experimental data was performed using
the statistical software GraphPad Prism 8 (GraphPad
Software Inc., La Jolla, CA, USA). Values are expressed
as the mean + standard deviation (SD). Groups were com-
pared using the one-way analysis of variance (ANOVA)
test. Differences between various groups were considered
statistically significant (p < 0.05).
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RESULTS
LMP1 Promotes EBV Lytic Replication

To investigate the role of LMP1 in the EBV lytic
cycle, we firstly detected the related EBV-encoded prod-
ucts in the AGS-EBV cell line, which is permissive for
EBV lytic replication and in well-established EBV Ilyti-
cally infected B95.8 cell line. Western blotting analysis
showed that LMP1 and the lytic proteins Zta and Ea-D
were coexpressed in both AGS-EBV and B95.8 cells
(Fig. 1A). By using a gPCR, the EBV DNA copy humbers
were detected at significant levels in both AGS-EBV cells
(5.34 x 10° copies/ul) and B95.8 cells (6.27 x 108 copies/
ul) (Fig. 1B). The results show that EBV spontaneous
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Figure 1. Latent membrane protein 1 (LMP1) promotes Epstein—-Barr virus (EBV) lytic replication. (A) Western blotting analysis
was performed to determine the expression of LMP1, Zta, and Ea-D in AGS-EBV and B95.8 cells. (B) EBV genomic copies were
determined by using quantitative polymerase chain reaction (QPCR) assay with specific primers and a TagMan probe targeting the
BamHI W region of the EBV genome. (C) AGS-EBV and B95.8 cells were transfected with a plasmid containing pSG5-LMP1 or a
control pSG5 vector. Expression of LMP1, Zta, and Ea-D was detected. (D) EBV genome copies were determined by qPCR. AGS-
EBV and B95.8 cells were transfected with DZ1 or single-stranded oligonucleotides (ss oligo). (E) The levels of LMP1, Zta, and Ea-D
and (F) numbers of EBV genome copies were detected. For each experiment, EBV DNA copy number levels from control group were
set to 1. b-Actin was used as an internal control. *p < 0.05, **p < 0.01 versus control group.
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Iytic replication exists in both cell lines, and LMP1 is also
abundantly expressed.

Next, we performed LMP1 gain-of-function and loss-
of-function studies in these two cell lines. When the cells
were transfected with a plasmid containing pSG5-LMP1,
Zta and Ea-D were markedly upregulated and EBV DNA
copy numbers increased compared with the control group,
the cells transfected with a pSG5 empty plasmid (Fig.
1C and D). As expected, LMP1 knockdown by DZ1, a
designed DNAzyme that specifically targets transcripts
of LMP1, significantly reduced expression of Zta and
Ea-D and decreased EBV DNA copies compared with the
control group, which is transfected with single stranded
oligonucleotide (ss oligo) (Fig. 1E and F).
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MAPKSs Are Required for LMP1-Induced EBV Lytic
Replication

MAPK signaling pathways, including ERKSs, p38,
and JNKs, are strongly activated in response to LMP1
induction®#4°  We found that LMP1 overexpression
increased the levels of phosphorylated ERKSs, p38, and
JNKSs, followed by upregulation of EBV lytic proteins in
AGS-EBV and B95.8 cells (Fig. 2A). To further deter-
mine whether MAPKSs are involved in EBV lytic repli-
cation induced by LMP1, we treated the cells with the
MAPK-specific inhibitors, including PD98059, which
is a specific inhibitor of MEK1 that acts by suppress-
ing activation of ERK1/2, SB202190, a specific inhibi-
tor of p38 kinase, and SP600125, an inhibitor of JNKs
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Figure 2. Mitogen-activated protein kinases (MAPKS) are required for EBV lytic replication induced by LMP1. (A) AGS-EBV and
B95.8 cells were transfected with a plasmid containing pSG5-LMP1 or a control pSG5 vector. Western blotting analysis for LMP1,
total and phosphorylated extracellular signal-regulated kinases (ERKS), p38, and c-Jun NH2-terminal kinases (JNKs), and EBV lytic
proteins Zta and Ea-D were performed. AGS-EBV and B95.8 cells were pretreated with the MAPK-specific inhibitors, including
PD98059 (B), SB202190 (C), and Sp600125 (D), at the concentrations as indicated for 24 h, respectively. Western blotting analysis
was performed to detect total and phosphorylated ERKs, p38, and JNKs, and EBV lytic proteins Zta and Ea-D. AGS-EBV and B95.8
cells were transfected with the plasmid expressing LMP1 for 4 h prior to incubation with the MAPK-specific inhibitors alone or
in combination, and then these cells were continuously cultured for 48 h. (E) The levels of total and phosphorylated MAPKSs, lytic
proteins, and (F) EBV DNA copy numbers were analyzed using Western blotting and gPCR, respectively. For each experiment, EBV
DNA copy number levels from the control group were set to 1. b-Actin was used as an internal control. *p < 0.05, **p < 0.01 versus
control group.
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that exhibits a 300-fold greater selectivity for INKs as
compared to ERKSs or p38. The results showed that pre-
treatment with PD98059, SB202190, or SP600125 mark-
edly decreased the levels of phosphorylated ERKSs, P38,
or JNKs and attenuated the expression of Zta and Ea-D
(Fig. 2B-D). Subsequently, the cells were pretreated
with PD98059, SB202190, and Sp600125 alone or in
combination and simultaneously transfected with a plas-
mid containing pSG5-LMP1 or pSG5 control. We found
that blocking MAPKSs attenuated the inductive effects
of LMP1 on expression of EBV lytic proteins (Fig. 2E).
Similar changes were also observed in the numbers of
EBV genomic copy in the cells pretreated with all three
inhibitors in combination with pSG5-LMP1 transfection
(Fig. 2F). The results reveal that blocking MAPKSs can
counteract LMP1-induced EBV lytic protein expression,
suggesting that MAPKSs are required for LMP1-induced
EBV lytic replication.

LMP1 Promotes EBV Lytic Replication Through MAPKs
in a wt-p53-Dependent Manner

As known, one of the features of EBVaGC is the
wt-p53*. Furthermore, we identified the role of p53, an
important downstream transcription factor of the MAPK
signaling pathways, in EBV lytic replication. We found
that transfection with the plasmid expressing wt-p53 sig-
nificantly upregulated EBV lytic proteins Zta and Ea-D
and increased EBV DNA copy numbers in AGS-EBV
cells (Fig. 3A). When wt-p53 was knocked down by
SiIRNA In AGS-EBYV cells, the levels of EBV lytic proteins
and EBV DNA copy numbers both decreased (Fig. 3B).
To investigate whether p53 is involved in LMP1-induced
EBV lytic replication, the cells were cotransfected with
pSG5-LMP1/pSG5 and p53 siRNA/control siRNA. The
results showed that p53 knockdown significantly inhibited
LMP1-induced EBV lytic protein expression and EBV
DNA replication (Fig. 3C). Next, we tested the effect of
p53 on the activity of BZLF1 promoter (Zp). The p53-null
H1299 cells were cotransfected with a Zp/dual-luciferase
reporter system and the plasmid expressing wt-p53. The
results showed that p53 activated Zp in a dose-dependent
manner (Fig. 3D). A ChIP assay showed that p53 could
directly bind to the nucleotide (nt) =221 to +12 region of
Zp (Fig. 3E), which harbors the necessary cis-elements of
Zp for maintaining low basal activity and activation by
Iytic cycle-inducing agents®®%! in AGS-EBV cells.

Our previous data have shown that LMP1 induces
phosphorylation of p53 through MAPKSs in NPC cells®.
Here, the results showed that overexpression of LMP1
increased the levels of total p53 and phosphorylated p53
at Serl5, Ser392, and Ser20 in AGS-EBYV cells (Fig. 4A).
Treatment with PD98059 and SB202190 reduced the lev-
els of phosphorylated p53 at Serl5 and Ser392, respec-
tively, followed by downregulation of EBV lytic proteins,
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whereas no significant changes in the levels of total p53
were detected (Fig. 4B and C). The levels of total p53,
phosphorylated p53 at Ser20, and EBV lytic proteins
decreased after inactivation of JNKs by SP600125 (Fig.
4D). Moreover, we demonstrated that LMP1 overexpres-
sion increased the levels of Spl or SMAD2 precipitated
by p53 (Fig. 4E). The results suggest that LMP1-induced
phosphorylation of wt-p53 through MAPKs might enhance
the ability of p53 to promote EBV lytic replication.

Phosphorylation of c-Jun Mediated by JNKs Is Involved
in EBV Lytic Replication Induced by LMP1 in p53
Mutant Cells

In B95.8 cells, transfection with plasmid expressing
wt-p53 significantly upregulated EBV lytic proteins Zta
and Ea-D and increased the numbers of EBV DNA copy
(Fig. 5A). However, p53 knockdown did not change the
levels of EBV lytic proteins and EBV DNA copy numbers
(Fig. 5B). Notably, p53 gene mutations mainly in exons 5
through 8 have been previously reported in various kinds
of malignant lymphomas such as BL%2, non-Hodgkin’s
lymphoma (NHL)%%4, diffuse large B-cell lymphoma
(DLBCL)%, and B95.8%-%, Therefore, there must be
other LMP1-mediated MAPK signal axes involved in
EBV lytic replication in p53 mutant cell lines. c-Jun is a
component of the transcription factor activator protein-1
(AP-1) complex, which binds ZIl motif of Zp for activa-
tion of the promoter®®®, and its transcriptional activity is
regulated by phosphorylation at Ser63 and Ser73 through
JNKSs®. Our results further showed that LMP1 overex-
pression increased the levels of phosphorylated JNKs
and phosphorylated c-Jun at these two sites (Fig. 5C).
Blocking JNKs by SP600125 inhibited phosphorylation
of c-Jun at Ser63 and Ser73, followed by downregula-
tion of Zta and Ea-D (Fig. 5D). These results suggest that
activation of c-Jun induced by LMP1 through JNKs is
involved in EBV lytic replication in the cell line that has
p53 mutation.

EGCG Directly Targeting LMP1 by Hydrophobic
Interaction

Our data demonstrated that LMP1 promoted EBV lytic
replication through differential regulation of the MAPK
signal axes, and ECGC is commonly used to modulate
MAPK signaling, so we tested the effect of EGCG on
LMP1 during lytic replication.

Fluorescence Quenching of LMP1 by EGCG. LMP1
is an EBV-encoded membrane protein with molecular
weight 66 kDa. We speculate that EGCG might inhibit
EBV lytic replication by targeting the LMP1-mediated
signaling axes. First, we identified the interaction between
EGCG and LMP1 using fluorescence quenching. As
shown in Figure 6A, LMP1 had a strong fluorescence
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Figure 3. Wild-type p53 (wt-p53) promotes EBV lytic replication by directly binding to and activating Zp in AGS-EBV cells. (A)
AGS-EBYV cells were transfected with a plasmid containing pEGFP-C3-p53 or a control pEGFP-C3 vector for 48 h. Western blotting
analysis was performed to determine EGFP-p53, endogenous p53 (Endo p53), and EBV lytic proteins Zta and Ea-D, and EBV genome
copies were analyzed using gPCR. (B) The cells were transfected with siRNA against p53 or control siRNA (ctrl siRNA) for 48 h.
Western blotting analysis was performed to determine EGFP-p53, endo p53, and EBV lytic proteins, and EBV genome copies were
analyzed using qPCR. (C) AGS-EBV cells were cotransfected with plasmid expressing LMP1 and p53 siRNA for 48 h. pSG5 empty
vector and control siRNA were added as controls. Western blotting analysis for LMP1, p53, and lytic proteins and gPCR analysis for
EBV genomic copy numbers were performed. b-Actin was used as an internal control. For each experiment, EBV DNA copy number
levels from control group were set to 1. (D) The effect of p53 on BZLF1 promoter (Zp) activity in H1299 cells. After cotransfection
with Zp-luc and pEGFP-C3-53 for 48 h, firefly luciferase activity reflecting Zp activity was measured and normalized to Renilla
luciferase activity. (E) The interaction of p53 with Zp was analyzed using ChIP-PCR. P21 promoter was used as a positive control.
*p < 0.05 and **p < 0.01 versus control group.

emission peak at about 340 nm, and the fluorescence
intensity of LMP1 decreased gradually with the addition
of various concentrations of EGCG, which indicates that
EGCG interacts with LMP1 and thus causes the quench-
ing of LMP1 endogenous fluorescence.

In order to determine the quenching mechanism of
EGCG on LMP1, the Stern-Volmer equation (F/F =

1+K, [Q =1+ quO[Q]) was used to analyze the flu-
orescence quenching values, where F  and F are the
fluorescence intensities of LMP1 in the absence and pres-
ence of EGCG, K is the quenching rate constant of the
biomolecule, t  is the average lifetime of the biomolecule
in the absence of quencher, which equals 107®s %, K,
is the Stern—\Volmer quenching constant, and [Q] is the
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Figure 4. LMP1 enhances the ability of wt-p53 to induce expression of EBV lytic proteins through ERKSs, p38, and JNKs in AGS-
EBV cells. (A) AGS-EBYV cells were transfected with a plasmid containing pSG5-LMP1 or a control pSG5 vector for 48 h. Western
blotting analysis was performed to detect the levels of LMP1, total MAPKSs and p53, and phosphorylated MAPKSs and p53. (B-D)
Western blotting analysis for EBV lytic proteins and phosphorylated p53 in AGS-EBV cells pretreated with PD98059, SB202190,
or Sp600125 for 24 h at the concentrations indicated. (E) AGS-EBV cells were transfected with plasmid expressing LMP1 or empty
vector for 48 h. Coimmunoprecipitation (Co-1P) assay using anti-p53 antibody was performed to analyze the interactions of p53 with
Spl and SMADZ2/3. The resulting immunocomplexes were recovered and analyzed by Western blotting analysis. b-Actin was used as

an internal control.

concentration of EGCG. As can be seen in Figure 6B and
Table 1, the plots of F /F versus [Q] at 25°C and 37°C
both show good linear relationship, the values of K, and
K decrease with the increasing of temperature, and the
values of K are much greater than 10*°L mol™ s, sug-
gesting that the possible quenching mechanism of EGCG
interaction with LMP1 originated from static quenching
rather than dynamic collision®.

Determination of the Number of Binding Stes
and Thermodynamic Parameters. For static quench-
ing, fluorescence quenching intensity and quenching
agent concentration follow double logarithmic equation
(I9[(F, - F)/F] = IgK, + nIg[Q])®, where K, value repre-
sents the binding constant, and n represents the number of
bonding bits in each fluorescent substance. As can be seen

in Figure 6C and Table 2, the values of K decrease with
the increase in temperature, indicating that the protein
structure can accommodate better the ligand at 25°C than
at 37°C. The number of binding sites (n) obtained is less
than 2, suggesting that there is only a single high-affinity
binding site available for the interaction between EGCG
and LMP1. The thermodynamic parameters of bind-
ing, including Gibbs free energy change (DG), enthalpy
change (DH), and entropy change (DS), are used as evi-
dence for the nature of the acting forces®®¢’. When DH
does not fluctuate considerably in the temperature range
considered, both DH and DS can be obtained from the
Van’t Hoff equation (InK = -DH/RT + DS/R). DG could
be calculated from the thermodynamic equation (DG =
-RTInK = DH - TDS)%, where K is the binding constant
at a certain temperature, R is the gas constant (8.314 J
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Figure 5. Phosphorylation of c-Jun mediated by JNKSs is involved in LMP1-induced EBV lytic replication in p53 mutant B95.8 cells.
(A) AGS-EBV cells were transfected with a plasmid containing pEGFP-C3-p53 or a control pEGFP-C3 vector for 48 h. Western blot-
ting analysis was performed to determine EGFP-p53, endogenous p53 (endo p53), and EBV lytic proteins Zta and Ea-D, and EBV
genome copies were analyzed using gPCR. *p < 0.05 versus negative control. (B) The cells were transfected with siRNA against p53
or ctrl siRNA for 48 h. The levels of EGFP-p53, endo p53, and EBV lytic proteins were detected by Western blotting analysis, and
EBV genome copies were analyzed using gPCR. For each experiment, EBV DNA copy number levels from control group were set to
1. (C) Western blotting analysis for LMP1, total c-Jun and JNKSs, and phosphorylated c-Jun and JNKs in B95.8 cells transfected with
pSG5-LMP1 or pSG5 vector. (D) B95.8 cells were pretreated with Sp600125 at the concentrations indicated for 24 h. Western blotting
analysis for c-Jun, phosphorylated c-Jun, and EBV lytic proteins was performed. b-Actin was used as an internal control.

mol~t K1), and T is the temperature (K). As seen in Table
2, the negative value for DG is indicative of the binding
process for the EGCG-LMP1 complex, which is sponta-
neous. According to the theoretical analysis of Ross and
Subramanian®, positive values for DH and DS suggest
that hydrophobic interaction is the main binding force in
the EGCG-LMP1 complex.

EGCG Physically Binding to LMP1. To further inves-
tigate the interaction between EGCG and LMP1, we per-
formed ITC, which confirmed the binding site number
(N, 1.05) and revealed the dissociation constant (K, 0.36
UM) in the low micromolar (Fig. 6D). In agreement with
the fluorescence quenching binding results, the positive
values achieved for DH (48.57 kJ/mol) and DS (286.3
J mol~t K1) show that the interaction between EGCG

and LMP1 is predominantly due to hydrophobic inter-
action®. Next, we confirmed the interaction between
EGCG and LMP1 using CNBR-activated Sepharose
4B pull-down affinity chromatography in combination
with Western blotting. The results showed that LMP1
in whole-cell lysates from AGS-EBV and B95.8 cells
could be specifically pulled down by EGCG-CNBR-
activated Sepharose 4B (Fig. 6E). These results suggest
that EGCG directly binds to LMP1 with a strong affin-
ity (K,, 0.36 uM); the binding site number (n) is 1, and
this binding occurs mostly through hydrophobic interac-
tion. Interestingly, we found that there was a significant
inhibition of proliferation without inducing cell death
in the LMP1-positive NPC cells upon treatment with
EGCG at the low concentration of 1 uM, a physiologi-
cally relevant concentration™ (Fig. 6F), indicating that
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isothermal titration calorimetry (ITC). (E) Western blotting analysis of whole-cell lysates following purification by a CNBR-activated
Sepharose 4B and EGCG-CNBR-activated Sepharose 4B. An EGCG-CNBR-activated Sepharose 4B or CNBR-activated Sepharose
4B affinity column was each incubated with whole-cell lysates from AGS-EBV and B95.8 cells. After washing, the LMP1/EGCG
complex was confirmed by Western blotting. (F) EGCG inhibits the proliferation of LMP1-positive cancer cells. CNE1/CNE1-LMP1
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this binding might confer EGCG responsiveness to the
proliferation of cancer cells.

EGCG Inhibits EBV Lytic Replication by Targeting
LMP1 and the Downstream MAPK Sgnaling Axes

After identifying that EGCG directly targets LMP1,
our data further showed that EGCG could reduce the

Table 1. Stern-Volmer Quenching Constants (K,) and
Bimolecular Quenching Rate Constant (Kq) for the Binding
of EGCG to LMP1 at Two Different Temperatures

T Ky /(L Mol S K /(L ol S R
25°C 2.570 x 10° 2570 x 104 0.9208
37°C 2.093 x 10° 2.003x10% 091

levels of LMP1 and p53 and inhibit the phosphoryla-
tion of ERKs, p38, JNKSs, and p53 at ser392, ser20, and
serl5 in a dose-dependent manner in AGS-EBV cells
(Fig. 7A). Also, EGCG downregulated LMP1 and inhib-
ited the phosphorylation of JINKs and c-Jun at ser63 and
ser73 in B95.8 cells (Fig. 7B). We further demonstrated
that EGCG significantly inhibited the transcription of
Iytic genes BZLF1 and BMRF1 and thus the expres-
sion of Zta and Ea-D (Fig. 7C and D). Flow cytometry
analysis showed that EGCG treatment decreased Zta-
positive rates from 16.24% to 10.93% and Ea-D-positive
rates from 34.80% to 15.18% in AGS-EBV cells, and
decreased Zta-positive rates from 17.51% to 5.79% and
Ea-D-positive rates from 27.67% to 14.77% in B95.8
cells (Fig. 7E). Additionally, EBV genome copy numbers
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Table 2. Modified Stern-Volmer Association Constant (K,) for EGCG-LMP1 at Two Different
Temperatures and Calculated DH, DS and DG as Thermodynamic Parameters for the Binding of

LI ET AL.

EGCG to LMP1

T K,/L mol™ n R DH/kJmol™  DG/kJ mol™™  DSJ mol™ K™
298.15K  1.7989 x 10  1.8249  0.9728 408.3 —69.9478 1603.9
310.15K  3.0839x10° 14472  0.9658 -56.3407

reduced markedly after EGCG treatment in both cells
(Fig. 7F). These findings indicate that EGCG can directly
target LMP1 and inhibit EBV lytic replication via block-
ing the LMP1/MAPKSs/wt-p53 signal axis in AGS-EBV
cells and LMP1/JNKs/c-Jun axis in p53 mutant B95.8
cells, respectively.

DISCUSSION

The association of varying degrees of EBV lytic
replication with EBV-associated malignancies such as
carcinomas and lymphomas is based on the enrichment
of viral strains with enhanced lytic replication with the
related tumors, detection of serum viral loads in affected
patients, and decreased tumorigenesis of certain lympho-
mas upon abortive EBV lytic infection of preclinical in
vivo models?’. As one subtype of molecular classifica-
tions of gastric carcinoma*, several lytic EBV proteins
expressed in EBVaGC have functions that contribute
to tumorigenesis®™. There is growing evidence that the
biological significance of the viral oncoprotein LMP1
expression in the viral lytic stage is related to EBV lytic
replication®2?52, Here, we first demonstrated that LMP1
promotes EBV lytic replication via the MAPK signal
axes. In AGS-EBV cells, LMP1 enhances the ability of
wt-p53 to activate Zp through MAPKS, including ERKS,
p38, and JNKs (Fig. 4). As known, p53 gene mutations
have been reported in various kinds of malignant lympho-
mas. We further explored other LMP1-mediated MAPK
signal axes involved in EBV lytic replication and found
that phosphorylation of c-Jun by LMP1 through JNKs is
involved in EBV lytic replication in p53 mutant B95.8
cells (Fig. 5).

The major polyphenol of green tea, EGCG, has been
shown to prevent carcinogenesis by interacting with
and binding numerous membrane proteins that affect
cell growth and proliferation*#!, including fibronectin,
Fas, 67-LR, vimentin, and IGF-IR. The EBV-encoded
oncoprotein LMP1 is composed of a short cytoplasmic
amino-terminal domain, six hydrophobic transmem-
brane domains, and a cytoplasmic carboxy-terminal
domain™. Using fluorescence quenching, ITC assay, and
CNBR-activated Sepharose 4B pull-down affinity chro-
matography, we first observed that EGCG directly binds
to EBV-encoded membrane protein LMP1 (K, 0.36

UM, n = 1), and the binding process is predominantly
due to hydrophobic interaction (Fig. 6). It is interesting
that expression of LMPL1 increases the responsiveness
of epithelial cancer cells to EGCG at physiological con-
centration (Fig. 6F), implying that this binding seems
to regulate the biological functions of LMP1 that have
obvious implications for cell proliferation and growth.
Therefore, it is reasonable to assume that the hydro-
phobic benzene ring of EGCG might interact with the
hydrophobic transmembrane domains of LMP1, thereby
changing the excitation of the receptor signals. In addi-
tion, we speculated that EGCG inhibiting the signaling
pathways through LMP1 might relate to other ben-
eficial effects, including the inhibition of EBV lytic
replication.

Recently, inhibiting lytic replication by EGCG has
been developed as an effective strategy for the preven-
tion and treatment of oncovirus-associated malignancies.
Also, anticancer polyphenol EGCG has a broad spectrum
of antiviral effects™™ and can effectively inhibit EBV
Iytic replication®, Our previous studies have demon-
strated that EGCG inhibits EBV spontaneous lytic rep-
lication by suppressing the activation of MEK/ERK1/2
signaling pathways or downregulation of LMP1%73, To
this end, we further found that EGCG downregulates
LMP1 and thus blocks the MAPKs/wt-p53 signal axis
in AGS-EBV cells and JNKs/c-Jun signal axis in p53
mutant B95.8 cells, respectively, followed by decreased
expression of EBV lytic proteins and reduced levels of
EBV DNA copy numbers (Fig. 7).

Finally, we clarify molecular mechanisms of LMP1
promoting EBV lytic replication and reveal that EGCG
inhibits EBV lytic replication by directly targeting
LMP1-mediated MAPK signal axes (Fig. 8), rais-
ing the possibility that EGCG can be developed as
an agent to prevent tumorigenesis of EBV-associated
malignancies.
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Figure 7. EGCG inhibits EBV lytic replication by suppressing LMP1-mediated MAPK signal axes in AGS-EBV and B95.8 cells.
AGS-EBV and B95.8 cells were starved in 0.1% FBS HAM’s/F-12 or RPMI-1640 medium for 24 h and then treated with different con-
centrations of EGCG as indicated or vehicle [dimethyl sulfoxide (DMSO)] for 24 h. (A, B) Western blotting analysis was performed to
determine LMP1, total and phosphorylated ERKs, p38, and JNKs, total and phosphorylated p53, and total and phosphorylated c-Jun.
(C) Effects of EGCG on the expression of Zta and Ea-D. b-Actin was used as an internal control. (D) Reverse transcription (RT)-gPCR
quantification of MRNA expression levels for BZLF1 and BMRFL1 genes. (E) Flow cytometry was performed to analyze the effects of
EGCG on the numbers of Zta- or Ea-D-positive cells. Incubation with vehicle but no primary antibody followed by incubation with the
secondary antibody was used as a negative control. (F) The changes in EBV genome copies were analyzed using qPCR. The levels of
EBV DNA copy number from the control group were set to 1. *p < 0.05, **p < 0.01, ***p < 0.001 versus control group.
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Figure 8. Schematic illustrating EGCG inhibition of EBV lytic replication by directly targeting LMP1-mediated MAPK signal axes.
LMP1 recruits TRAFs to constitutively activate MAPKSs, including ERKSs, p38, and JNKs, promoting EBV lytic replication. LMP1-
induced phosphorylation of wt-p53 at Ser15, Ser20, and Ser392 through MAPKSs can enhance the ability of p53 to activate Zp by
directly binding to Zp as well as recruiting transactivators Spl and SMAD2. When p53 is in a mutated state, phosphorylation of
c-Jun at Ser63 and Ser73 induced by LMP1 through JNKs is involved in regulating Zta expression. Polyphenol compound EGCG can
directly target LMP1 to block the MAPKs/wt-p53 and JNKs/c-Jun signal axes, effectively inhibiting EBV lytic replication.
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