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Abstract: Latent membrane protein 1 (LMP1) is an Epstein-Barr virus (EBV) oncogenic protein
that has no intrinsic enzymatic activity or sequence homology to cellular or viral proteins.
The oncogenic potential of LMP1 has been ascribed to pleiotropic signaling properties initiated
through protein-protein interactions in cytosolic membrane compartments, but the effects of LMP1
extend to nuclear and extracellular processes. Although LMP1 is one of the latent genes required
for EBV-immortalization of B cells, the biology of LMP1 in the pathogenesis of the epithelial cancer
nasopharyngeal carcinoma (NPC) is more complex. NPC is prevalent in specific regions of the world
with high incidence in southeast China. The epidemiology and time interval from seroconversion to
NPC onset in adults would suggest the involvement of multiple risk factors that complement the
establishment of a latent and persistent EBV infection. The contribution of LMP1 to EBV pathogenesis
in polarized epithelia has only recently begun to be elucidated. Furthermore, the LMP1 gene has
emerged as one of the most divergent sequences in the EBV genome. This review will discuss the
significance of recent advances in NPC research from elucidating LMP1 function in epithelial cells
and lessons that could be learned from mining LMP1 sequence diversity.
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1. Introduction

In 1964, Tony Epstein and Yvonne Barr observed herpesvirus-like particles in electron micrographs
of Burkitt lymphoma cells [1]. This was the founding discovery that eventually associated a
ubiquitous-herpesvirus (Epstein-Barr virus, EBV) with human cancers [2–4]. A series of landmark
serology and molecular virology studies in the late 1960s–1970s further established that latent
EBV infection is intimately linked to some epithelial carcinomas and B-cell lymphomas in both
immunocompetent and immunosuppressed hosts, and was not simply a bystander infection [2,5–7].
The immortalization of primary B-lymphocytes by EBV infection generating lymphoblastoid cell lines
(LCLs) is the in vitro assay for assessing EBV immortalizing properties [8]. Recombinant EBV bacterial
artificial chromosome (BAC) technology combined with the EBV-immortalization assay has enabled
the testing of latent transcripts (coding and non-coding) for the immortalization and continued viability
of LCLs [9,10]. Latent membrane protein 1 (LMP1), expressed in type II and III latency programs,
is one of at least six latent transcripts required for EBV-mediated B-cell immortalization [8,11,12].
In non-lymphoid cells, LMP1 is also considered a major EBV oncoprotein that promotes transforming
properties in Rat-1 fibroblasts and epithelial cell lines, conferring the loss of contact inhibition,
anchorage-independent cell growth, increased motility and tumors in nude mice [13–15].
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Despite the strong association of LMP1 expression to the immortalizing and pro-survival
properties in B-lymphocytes, the molecular basis to explain how latent EBV infection can be a
co-factor in the EBV-associated epithelial cancer nasopharyngeal carcinoma (NPC) has been more
enigmatic [6,16]. While experiments in epithelial cells demonstrate that LMP1 expression has oncogenic
potential, NPC cells express variable levels of LMP1 protein with foci of positivity within the NPC
tumor [17,18]. However, LMP1 transcript is consistently detected across NPC tumors which would
suggest that low levels of LMP1 may be sufficient to confer oncogenic properties [6,17]. The lower
LMP1 expression levels in NPCs may be more comparable to the non-cytotoxic levels expressed
in retroviral- and lentiviral-transduced stable cell lines with LTR-driven expression systems [19,20].
Arguably one of the most important observations in associating EBV infection to NPC is that EBV
infection is clonal in early preinvasive lesions and in the NPC tumor [21,22]. These conclusions on
EBV clonality are based on a defining genomic structure created by the fusion of tandem terminal
repeats, which would be consistent with the hypothesis that EBV infection is present at the inception
of neoplastic transformation [21]. However, EBV infection in differentiated stratified epithelia
is primarily lytic with production of progeny virus [23]. Therefore, several important questions
remain in elucidating how EBV maintains latency and the origin of clonal EBV genomes in the NPC
tumor [7,24,25]. Despite knowledge of LMP1 oncogenic signaling properties, the biological function of
LMP1 in EBV pathogenesis has yet to be fully elucidated [15,17,26,27].

LMP1 is a six-pass transmembrane protein that is primarily characterized for its effects on cellular
signaling pathways via protein-protein interactions in plasma and cytosolic membranes but is not
known to possess intrinsic enzymatic activity [28]. The pleiotropic signaling properties of LMP1 have
been extensively reviewed [6,14,15,17,28]. This review will focus on the latest developments on EBV
epithelial infection models, discuss the implications of LMP1 sequence diversity, and summarize LMP1
effects on nuclear and extracellular processes.

2. Epithelial Infection Models

EBV infection is life-long and during chronic infection, EBV resides in memory B-lymphocytes
expressing a limited number of latent transcripts with sporadic reactivation and transmission
from saliva [29]. Although EBV latent and lytic infections are associated with epithelial diseases
including the latency-associated cancers NPC and gastric carcinoma, and the permissive disease
oral hairyleukoplakia (OHL) in acquired immunodeficiency syndrome (AIDS) patients, the question
of whether EBV is also maintained as an epithelial reservoir is debated [24,30,31]. Paradoxically,
in asymptomatic seropositive individuals, it has been difficult to isolate infected (latent or lytic)
epithelial cells from the oral epithelium [22,32–34]. This has been ascribed to the likely rare occurrence
of infected cells which may exist as foci of infected cells [35]. NPC tumors express a type II latency
program including EBNA1, LMP1, LMP2A, LMP2B, EBER1/2 and the BART transcript that encode
the abundantly transcribed viral microRNAs (miRNAs [6,36]). Epithelial infection models using the
prototypic B95-8 reference strain or M81 epithelial-tropic strain, or the Burkitt-lymphoma derived
recombinant Akata strain EBV, consistently results in an acute lytic and productive infection [23,37–40].
Following an acute period of permissive infection, latently-infected outgrowing cell clones can be
selected and cultured [41–43]. Tissue specific differences are also notable. In comparison to the
latent infection in NPC tumors, the AIDS-associated permissive infection OHL develop in the tongue
and oral epithelium, but these remain as lytic lesions and do not develop into carcinomas [44,45].
The return of OHL lesions after eradication of EBV permissive replication by valacyclovir treatment
would support the possible existence of a persistent (perhaps latent or uncleared) oral reservoir [46–48].
Although few studies have documented EBV infection in nasal and airway epithelial cells, likely
due to the limited sampling material from the nasopharynx compared to the more accessible oral
epithelial tissue, EBV infection is almost always latent and associated with NPC tumors [6,24,33].
These contrasting clinical observations of a permissive infection in oral epithelia compared to the
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latent infection in NPC and gastric carcinoma would suggest that tissue-specific differences should be
considered when interpreting infection outcomes in epithelial infection models.

Compared to the efficient infection in B cells, de novo EBV infection in epithelial cells is relatively
inefficient [24]. Before the discovery of an epithelial-tropic virus strain M81, modifications to the
infection method by co-culture with producer B cells or, transfer infection by capturing virions on
the surface of primary B cells or, cell-free virus concentration, would enhance EBV infection in
immortalized and primary epithelial cells to some degree [37,49–51]. Experimental variables including
the addition of EGF and TGFβ, expression of nonmuscle myosin heavy chain IIA and neuropilin
1, and fusion of the gHgL 2-part complex with the cellular integrins αVβ6 and αVβ8 have all been
proposed to be important criteria for epithelial infection in vitro [42,52–54]. The details of EBV entry
and fusion have been reviewed elsewhere [55,56]. Perhaps the most important advancement that has
led to the recent discovery of the EBV receptor, Ephrin A2, in epithelial cells is that pre-treatment of
immortalized nasopharyngeal epithelial cells with EGF enhances EBV infection with cell-free virus (at
a multiplicity of infection of 1000) by more than 2-fold, reaching up to 45% infection efficiency [57].
At the same time, an independent study also uncovered Ephrin A2 as the primary EBV receptor for
epithelial cells by deductive reasoning [58]. The authors reasoned that HEK293 and AGS gastric
carcinoma cells that are highly susceptible to EBV infection, would express a differentially abundant
membrane-associated EBV receptor that would be absent from B cells. Together, these molecular
discoveries and methodologies have overcome considerable unknowns that are anticipated to
accelerate EBV research in the context of understanding viral persistence and pathogenesis in epithelial
cells, and perhaps in the early events leading to EBV-associated epithelial cancers.

While there have been significant improvements in facilitating the infection of immortalized
and primary epithelial cells, advancements in developing epithelial cell culture models that produce
infectious progeny virus and are amenable to molecular virology (DNA, RNA, protein, and virus
tittering) analysis techniques are also necessary. Apart for HEK293 cells that produce high titer
infectious virus, conventional chemical induction methods by 12-O-tetradecanoylphorbol 13-acetate
(TPA) and sodium butyrate treatment (or other histone deacetylase [HDAC] inhibitors such as SAHA),
or by transfection of the EBV immediate-early switch protein “Z” and the late glycoprotein “gB”,
do not always result in efficient production of progeny virus that spread despite induction of lytic
genes [9,30,59]. Cell lines (primary or immortalized) can be subjected to a variety of molecular
virology techniques including immunoblotting, RNA-seq, Southern blotting to differentiate latent
fused episomal genomes from linear replicating genomes, titering by quantitative polymerase chain
reaction (qPCR) of encapsidated DNase-resistant EBV genomes, and scoring for infectious units by the
green Raji assay [26,60]. Immunostaining methods that afford single cell resolution are also crucial
when studying diversified cell types representative of polarized primary epithelial tissue, or when
assessing differences in infection outcome from the basolateral and apical surfaces [23]. Single cell
analysis techniques are particularly relevant for the study of NPC pre-neoplastic mechanisms that could
result from infrequent clonal events that may be cell-type specific. The nasal airway epithelium consists
of diversified cell types including basal, ciliated, serous, goblet, and seromucous cells (Figure 1).

A few polarized culture models have proven invaluable and are amenable to DNA, RNA and
protein analyses but could also be analyzed with single cell resolution by immunostaining and in-situ
hybridization methods [23,39,61]. The organotypic raft culture method adapted from virus replication
studies in HPV, enriches for and differentiates (primary or immortalized) stratified keratinocytes [62].
While the hTERT-immortalized keratinocyte organotypic raft culture model may be more readily
inherited by laboratories due to cell line availability, the primary oral keratinocyte organotypic
raft culture model is unique in that it results in widespread infection, and is thus also a model for
virus dissemination and spread [23,39]. Furthermore, primary epithelial cells polarized on transwell
membranes have demonstrated that cell-associated and cell-free virus can enter stratified epithelium
via basolateral or apical surfaces [40,61]. These polarized culture techniques, whether seeding on
organotypic raft inserts or transwell membranes, are based on lifting an epithelial monolayer to the
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air-liquid interface (ALI) in order to trigger polarization and/or stratification. The ALI polarization
method has historically been used to polarize primary bronchial and nasal epithelial cells for the study
of airway pathogens including viruses and biofilms [63–65]. The ALI culture method that preserves the
diversity of cell types in primary airway epithelial cells may help to answer new questions regarding
the expression and distribution (basolateral or apical) of Ephrin A2 in different donors, and potentially
identify differences in EBV-infection susceptibility and outcome. While there is no clear explanation
for the lack of LMP1 detection in pre-neoplastic nasopharyngeal tissue but consistent detection in
preinvasive lesions (dysplastic and carcinoma in situ), culture systems that retain the diversity of cell
types representative of primary tissue may help to stratify the expression of LMP1 in different cell
types upon de novo infection and possibly during the early events of oncogenesis [22,26,27,66,67].
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Figure 1. Confocal images of primary human nasal epithelial air-liquid interface (ALI) culture
cryosections immunostained for cellular markers. Images were acquired on a Nikon A1 point scanning
confocal microscope, processed with NIS Elements, and Z-stack 3D renderings are projected in the
x-y plane.

3. Elucidating the Role of EBV Infection and LMP1 Expression in NPC Pathogenesis

With respect to oncogenesis, infection in epithelial cells contrasts with several aspects of EBV
infection in B-lymphocytes. Most notably, EBV infection is permissive in epithelial cells and therefore
de novo EBV infection per se is not directly immortalizing [24]. Monoclonal EBV infection in NPC
tumors would argue that EBV is present at the inception of the tumor cell; however, the long period
from the time of seroconversion to the onset of NPC tumor would support that additional key cellular
event(s) such as genetic mutations are likely co-factors [22,68]. There is evidence to support that
there are mutational hotspots including the loss of p16 that would encourage the immortalization of
primary epithelial cells to complement EBV infection [67,68]. However, a limited number of exome
and genome sequencing studies have not identified unifying mutations, even in microdissected
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NPC tumors [69–71]. This suggests that the genetic composition supporting EBV oncogenesis in
NPC may be variable, although the affected pathways such as regulators of NFKB signaling may be
common [70,72]. Over-expression of Cyclin D1, telomerase, and Bmi-1 belonging to the polycomb
family of proteins, encourages the immortalization of nasopharyngeal epithelial cells, which upon
infection in vitro can be selected for latent outgrowths [66,67,73]. Paradoxically, in the absence of
recombinant selection EBV infection is often evicted from de novo-infected cell lines or from explanted
cultures of spontaneously immortalized NPC tumor cells infected in situ [6,24,74]. Due to these
inconsistencies, careful assignment for the role of EBV infection in the pathogenesis of NPC is necessary.
One important distinction of latent EBV infection in all EBV-associated cancers, compared to the
integrated genomes and consequential unlicensed expression of viral oncogenes associated with
other human tumor viruses such as human papillomavirus (HPV), hepatitis B virus (HBV) and
Merkel cell polyomavirus (MCV), is that EBV genomes are maintained in their natural infectious
configuration as extrachromosomal episomes in EBV-associated cancers [75]. This strongly argues that
expression of latent transcripts including the heterogenous levels of LMP1 is highly regulated, and that
pre-disposition to EBV-mediated oncogenesis cannot simply be explained by unlicensed expression of
viral oncogenes or non-coding transcripts.

Compared to the consistently high-levels of LMP1 expression in B-cells, the level of LMP1
is diminished and varies greatly ranging from negligible to reliably detectable levels in epithelial
infections [19,70,76]. Inducible LMP1 expression can yield a spectrum of phenotypes including acute
cytotoxicity that contrast with the known oncogenic properties of LMP1 [77]. Conversely, experiments
stably expressing lower levels of LMP1 in epithelial cells and Rat-1 fibroblasts is sufficient to promote
oncogenic properties [20,78]. While induced cytotoxicity may illustrate the consequence of unlicensed
LMP1 expression from recombinant promoters, NPC tumors typically maintain an overall low level
of LMP1 expression as determined by immunohistochemistry staining [18,79]. It is likely that LMP1
regulation in epithelial infections is tightly regulated and distinct from the regulation in B cells. Indeed,
in addition to the B-cell active LMP1 promoter (ED-L1), a second LMP1 TATA-less promoter located
in the terminal repeats (L1-TR) producing a 3.5kb transcript that is differentially regulated by STAT3,
is active in NPC tumors [80]. Much of the research on LMP1 has been dedicated to defining oncogenic
signaling properties and elucidating immune recognition that is suspected to govern LMP1 sequence
diversity [81]. However, recent data has begun to unravel the role of LMP1 in regulating the life cycle
of EBV by facilitating lytic reactivation in differentiating epithelia [26,27]. Therefore, the subdued
and highly regulated levels of LMP1 in NPC tumors are likely reflective of co-evolution with the host
cell that is likely selected for at least three criteria including oncogenic, immune evasion and EBV
pathogenesis properties.

4. LMP1 Sequence Diversity and Potential Selection

4.1. EBV Compartmentalization by LMP1 Strain Variants

Early studies on LMP1 sequence diversity identified conserved signaling domains termed the
C-terminal activation regions (CTAR) 1, 2, and 3 that were critical for mediating LMP1-induced
oncogenic signaling [82,83]. While the conserved motifs in CTARs 1, 2 or 3 have been extensively
characterized for signaling and oncogenic properties, relatively few studies have tested for the
consequence of LMP1 sequence diversity [17,20]. Before the advent of high-throughput sequencing
(HTS), LMP1 sequence diversity was originally characterized by restriction enzyme polymorphisms or
by Sanger sequencing of PCR-amplified and cloned LMP1 products [82–84]. One polymorphism results
in the loss of a XhoI restriction enzyme site located in exon 1 of the LMP1 gene, which is also a feature of
the predominant EBV strain found in endemic NPCs in Southeast China [85]. Multiple variants of LMP1
were further defined by three features in the C-terminus including a 30bp deletion, a variable number
of 33bp repeats, and a 15bp insertion in one of the 33bp repeat regions in the coding sequence [82].
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These LMP1 features did not however co-segregate with EBV type I or type II, which are distinguished
by the sequence of the EBV nuclear antigens (EBNA2 and EBNA3) [82,86].

A survey of LMP1 sequence diversity identified that the C-terminus can phylogenetically
distinguish at least seven LMP1 variants denoted as LMP1 strains (B95-8, China1, China2, Med+,
Med−, Alaskan, North Carolina) [84]. The heteroduplex tracking assay (HTA) was developed to
screen circulating LMP1 strains in oral wash and peripheral blood, as compared to the strains found
in EBV-associated tumors and diseases [45,81,87,88]. The HTA assay is based on the hybridization
of unique sequences in exon 3 of LMP1 to a PCR-amplified reference probe that can also measure
relative strain abundance able to detect 1% of LMP1 strain variants from a mixed population [87].
While multiple LMP1 strains can be detected in throat washings and peripheral blood lymphocytes
(PBLs), only one LMP1 strain is typically found in any one NPC tumor, as defined by the variable
terminal repeats that differ between EBV clones [21,22,81,84]. This observation is consistent with clonal
EBV infection in NPC [21,22,81,84]. China1 is the predominant LMP1 strain found in both endemic
and non-endemic NPC tumors, with a detection frequency in up to 80% of endemic NPCs [81]. In most
cases, the strain variants detected in the NPC tumor could also be detected at low abundance in PBLs,
but the predominant LMP1 strain circulating in PBLs is frequently not the strain in the matching NPC
tumor [81]. These findings from LMP1 strain variant studies in NPC and in other EBV-associated
diseases are consistent with a model in which EBV infection is dynamically transmitted between the
oropharynx and peripheral sites, and that specific isolates can also be compartmentalized within local
and peripheral sites at least for the selection of LMP1 strains [81,87]. Furthermore, asymptomatic
carriers also show compartmentalization of LMP1 strain variants with distinct sequences that could be
tracked as persistent isolates in the oral cavity [88]. Collectively, LMP1 compartmentalization data
help to profile intra-host EBV transmission patterns and propose that epithelial cells may indeed
be an important reservoir for maintaining oral persistence [88]. More recently, HTS has consistently
confirmed these original findings of LMP1 compartmentalization, but comparison to the rest of the EBV
genome has further revealed that LMP1 is one of the most diversified sequences in the EBV genome
which encode for more than 70 open reading frames [89–91]. In addition to the seven C-terminal
signature amino acid residues that define the seven LMP1 strains, polymorphisms distributed in the
N-terminal transmembrane domains and the C-terminal signaling domains have been noted [84].
It remains to be determined whether the growing number of deposited EBV sequences may eventually
lead to the identification of tumor-specific LMP1 polymorphisms and greater confidence in elucidating
the molecular basis of LMP1 evolution and selection in NPC tumors.

4.2. Comparison of LMP1 Sequence Derived from HTS of EBV Genomes

Target enrichment methods have been developed for HTS using PCR-amplified DNA baits or
overlapping RNA baits to capture the EBV genome [90–93]. In theory, target enrichment methods
can be susceptible to sequence bias from the bait library. An alternative method based on a modified
Hirt extraction protocol to isolate extrachromosomal EBV genomes from infected cells, has been
successfully applied to the sequencing of replicating EBV genomes from reactivated Akata and Mutu
Burkitt lymphoma cell lines [94]. However, biochemical purification of EBV genomes by such methods
has not been reported to be amenable for the sequencing of latent EBV genomes from infected cells or
from clinical biopsies. To date, 33 whole EBV genomes derived from NPC tumors have been sequenced
and are summarized in Table 1. The EBV genomes listed in Table 1 were derived from NPC patients
in the form of an NPC biopsy (GD2, M81, D3201.2, HKNPC1-9, HN1-18), an NPC cell line (C666-1),
or saliva from an NPC patient (GD1). The isolate M-ABA harvested from a marmoset lymphoblastoid
cell line (LCL) may deviate from the original NPC-derived virus [95]. Half (18/33) of the NPC-derived
EBV genomes (denoted HN1-HN18) were contributed by one study in 2017 in which the EBV genomes
have been deposited in National Center for Biotechnology Information (NCBI) but annotation for the
LMP1 gene and typing for the LMP1 strain was not available [91]. Consistent with the conclusion
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from earlier HTA studies, China1 was indeed the predominant strain reported by HTS in NPC tumors
(Table 1) [83].

Table 1. Epstein-Barr virus (EBV) genomes sequenced from nasopharyngeal carcinoma (NPC)
patient specimens.

NPC Genome NCBI Accession No. Geographic
Region

LMP1 Strain
(If Known)

Source

GD1 [96] AY961628 China China 1 Saliva
GD2 [97] HQ020558 China China 1 NPC
HKNPC1 [92] JQ009376 Hong Kong China 1 NPC
C666-1 [90,98] KC617875 China China 1 NPC cell line
M81 [37] KF373730 Hong Kong China 1 NPC
D3201.2 [90] LN827549 China China 1 NPC
M-ABA [90] LN827527 North Africa B95-8 LCL, NPC virus
HN1;HN2;HN3;HN4;
HN5;HN6;HN7;HN8;
HN9;HN10;HN11;HN12;
HN13;HN14;HN15;HN16;
HN17;HN18 [91]

AB850643;AB850644;AB850648;AB850649
AB850652;AB850653;AB850655;AB850657
AB850659;AB850645;AB850646;AB850647
AB850650;AB850651;AB850654;AB850656
AB850658;AB850660

South China
(Hunan Province)

NPC

HKNPC2-HKNPC9 [93] KF992564-KF992571 Hong Kong China 1 NPC

NCBI, National Center for Biotechnology Information; LMP1, latent membrane protein 1; LCL, lymphoblastoid
cell lines.

In samples where LMP1 annotation was available from assembled EBV genomes, a phylogenetic
tree of LMP1 nucleotide sequences was constructed from NPC isolates as well as LCL isolates that
represent circulating EBV variants derived from peripheral blood (Figure 2). All LCL-derived LMP1
isolates except for AFB1, which was immortalized in the presence of aflatoxin B1, were derived
from spontaneously-immortalized LCLs (sLCLs) from healthy, infectious mononucleosis (IM) or
post-transplant lymphoproliferative disease (PTLD) donors [90,99]. Almost all NPC-derived LMP1
sequences clustered together, except for M-ABA which is likely selected for B-cell immortalizing
properties during in vitro propagation of the NPC-derived virus and was therefore not included as a
representative NPC isolate in further analysis (Figure 2) [90,92,93,95–98].

In a subset of NPC samples, it was proposed that nonsynonymous mutations may cluster at the
N-terminal transmembrane domains as the C-terminal domains are likely conserved for preservation
of LMP1 signaling function [92]. Conservation plots of LMP1 amino acid sequences were grouped by
origin (NPC vs. sLCL) and analyzed against a master consensus sequence generated from the combined
NPC and sLCL sequences. Due to indels in some of the LMP1 isolates, an ungapped majority-rule
consensus sequence was generated to enable comparisons among specimen groups. The conservation
plots demonstrate that the coding sequence is relatively well conserved in NPC isolates but is more
diverse in sLCL isolates (Figure 3). Apart for specific nucleotides in the N-terminus and one region
spanning the C-terminus, the overall conservation in NPC isolates would suggest that evolutionary
pressures are imposed on LMP1 in sites other than the signature amino acid loci (S229, R334, del344)
that define the China1 strain [84]. All LMP1 sequences in the NPC group were typed to be the China1
strain, but the sLCL group consisted of multiple LMP1 strains [90]. It is plausible that the high overall
LMP1 sequence conservation in the NPC group may simply be explained by the prevalence of the
China1 strain in NPC tumors [83]. The sLCL samples were further stratified by the LMP1 strain
and grouped into sLCLs encoding the China1 strain (China1, sLCL) or, sLCLs encoding China or
China1-derivative hybrid LMP1 sequences (China1+derivatives, sLCL). The conservation plots of
the China1 sLCL sub-groups demonstrate that LMP1 amino acid residues are more conserved in the
NPC group than the sLCL isolates, suggesting that there may indeed be selection for tumor-associated
residues even within the China1 clade.
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containing gaps and missing data were eliminated, leaving a total of 991 positions in the final dataset. 

Figure 2. Maximum-likelihood phylogeny of LMP1 sequences. LMP1 sequences were derived
from NPC patients (blue) or spontaneously immortalized lymphoblastoid cell lines (sLCLs)
(black), which were further grouped by infectious mononucleosis (green) and post-transplant
lymphoproliferative disease (red). One sample was directly sequenced from the saliva of a healthy
donor (purple). The evolutionary history was inferred by using the Maximum Likelihood method
based on the Tamura-Nei model in MEGA7 [100,101]. The tree is to scale, with branch lengths measured
in the number of substitutions per site. The analysis involved 69 informative nucleotide sequences.
All positions containing gaps and missing data were eliminated, leaving a total of 991 positions in the
final dataset.
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Figure 3. Conservation plots of LMP1 amino acid residues translated from annotated EBV genomes
derived from NPC tumors (NPC), spontaneous LCLs (sLCL), and sLCLs typed with China1
LMP1 sequence (China1, sLCL) or, China1 and derivative hybrid sequences (China1 + derivatives,
sLCL) [37,90,92,93,96–98]. Conservation plots were generated in CLC Main Workbench 6 and compared
to a consensus sequence. A consensus sequence was generated from the combined sequences of NPC
and sLCL samples by majority with no gaps and was included in all conservation plots to constrain the
number of amino acids to the same total number in all comparisons.

Since sLCLs are cultured in vitro, it should be considered that the EBV isolates from sLCLs may
not represent the LMP1 sequence diversity in circulating isolates directly harvested from biospecimens.
To date, only one completed EBV genome from the saliva of a healthy asymptomatic donor has been
sequenced and deposited in the National Center of Biotechnology Information (NCBI) database [90].
Targeted sequencing of the LMP1 gene to monitor intra- and inter-host variation over time in distinct
anatomical compartments (oral and peripheral B-lymphocytes) from acute infectious mononucleosis
and convalescence carriers, have also begun to be deposited in the NCBI database [89]. As more EBV
sequences from patient samples are being deposited, a more robust analysis of the LMP1 sequence
diversity found within tumors and among asymptomatic carriers will be possible.

4.3. Elucidation of LMP1 Selection in NPC Tumors

There are C-terminal signaling motifs that are 100% conserved in all LMP1 isolates: the PxQxT
motif in CTAR1 that interacts with TRAFs, the 33bp repeat [DNGPQDPDNTD] in CTAR3 that
contributes to interaction with the SUMO-conjugated enzyme Ubc9, and the YYD motif in CTAR2 that
interacts with TRADD and RIP [17]. Cellular and viral determinants have been proposed as potential
LMP1 selection mechanisms including immune evasion properties, oncogenic potential, and effects on
EBV pathogenesis [20,26,81]. Many, but not all, of the known and predicted HLA-A2 restricted epitopes
were changed in the China1 strain variant suggesting that the LMP1 sequence in NPC tumors may
have been selected for immune evasion properties [81]. Many of the computer-predicted HLA-A24
restricted epitopes on LMP1 were also mutated in the China1 sequence [81]. Furthermore, although
HLA-A11 is the most frequent haplotype in Chinese populations, -A2 or -A24 alleles, which are also
prevalent in the general population, are the most frequently typed HLA in NPC patients [81,102–104].
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Serological screens for LMP1 reactivity would argue that LMP1 is not an immunodominant EBV
protein but is nevertheless one of the most immunogenic latent proteins expressed in the restricted
latency II program in NPCs [105,106]. Clinical trials infusing autologous-CTLs targeted at LMP1 and
LMP2A in NPC patients have shown promise, some with complete response [105,107]. This would
support that LMP1 expression in NPC is indeed subjected to immune surveillance. A thorough
analysis of HLA-type together with experiments testing HLA-presentation with donor-matched LMP1
sequences would be necessary to conclude if polymorphisms that are conserved in NPC tumors are
selected for immune evasion properties.

Several studies have tested for differences in LMP1 oncogenic signaling and biological
properties, including the transformation of Rat-1 fibroblasts and increased motility in human
foreskin keratinocytes [20]. All LMP1 strains have oncogenic properties and while there may
be notable differences in regulators of NFKB signaling, there has been no consensus on a clear
difference that distinguishes the oncogenic properties of the China1 strain or the closely related CAO
variant [20,108–112]. However, it remains possible that LMP1 sequence polymorphisms outside the
regions defining LMP1 strains may indeed differ in biological properties.

A more recent appreciation of LMP1 function in epithelial infection is from elucidating its effects
on the life cycle of EBV. In polarized normal oral keratinocyte cell lines, LMP1 complements cellular
transcription factors to trigger the expression of lytic switch proteins Z and R [27]. Furthermore,
LMP1 is required for the induction of EBV lytic genes and the efficient production of progeny virus
in polarized NPC-derived epithelial cells [26]. The increased expression levels of LMP1 during
EBV lytic reactivation may therefore be important in differentiation-induced EBV reactivation
in oral stratified epithelium and the disease-associated permissive infection of OHL [23,26,27].
Paradoxically, LMP1 expressed in latency may also serve to suppress spontaneous reactivation
through CTAR3-mediated sumoylation of KRAB-associated protein 1 (KAP1), although this may
be a consequence of selective removal of LMP1 function [113]. Since LMP1 is expressed in type II
latency, as well as during lytic reactivation, it is conceivable that LMP1 has roles in both latent and
lytic phases of the EBV life cycle, albeit possibly different effects depending on the cellular context and
the presence of other EBV transcripts.

5. Effect of LMP1 on Nuclear Processes and Extracellular Interactions

5.1. Nuclear Processes

The coding sequence of LMP1 has no overall sequence identity or homology to hosts or other
viral proteins [13,17]. Furthermore, LMP1 is not known to possess intrinsic enzymatic activity [28].
Therefore, LMP1 mechanisms have been elucidated from protein-protein interactions and activation of
cellular signaling pathways [6,114]. Protein-protein interaction studies originally by yeast-two-hybrid,
as well as biochemical fractionation, have concluded that LMP1 signals from lipid raft microdomains
and recruits TNF-receptor associated factors (TRAF 2/3/5/6) and TRADD molecules [115–117].
Although LMP1 localizes primarily in cytoplasmic and plasma membrane domains, one manner
by which LMP1 can impact nuclear processes is by activating cellular proteins that shuttle into
the nucleus. One of the most well studied LMP1-modulated nuclear processes is the activation
of NFKB and STAT3 transcription factors [6,112,118–123]. Somewhat unprecedented, even integral
membrane proteins induced by LMP1 and elevated in NPC, such as EGFR that is conventionally
associated with the plasma membrane, can translocate into the nucleus [124–126]. LMP1-induced
nuclear EGFR together with STAT3 binds to the Cyclin D1 promoter [127]. Coincidentally, Cyclin
D1 is over-expressed in NPC tumors and promotes the stable outgrowth of EBV-infected epithelial
cell clones upon de novo infection in vitro [66]. More recently, several studies have acknowledged
the effect of LMP1 on nuclear processes [19,26,27,128]. LMP1 co-expressed with LMP2A modulates
the DNA damage signaling protein γH2AX [19]. Furthermore, LMP1 expression impairs G2-M
checkpoint in epithelial cells, which in the presence of unrepaired DNA damage could result in
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genomic instability [129]. LMP1 also has the potential to regulate the retention and the reactivation
state of the EBV genome [26,27]. Deletion of LMP1 promotes the retention of EBV genomes in
latently-infected cells, which would otherwise be evicted from cells cultured for 1–2 months in
serial passage [26]. Furthermore, native expression of LMP1 contributes to EBV lytic reactivation in
differentiating epithelial cells and immortalized keratinocytes [26,27].

Historically, only a handful of LMP1 interactions have been identified by yeast-2-hybrid,
affinity-purification, and biomolecular fluorescence complementation (BiFC) approaches [115,130–132].
These conventional methods, although complementary, are reliant on stable protein-protein interactions
and susceptible to stringent wash conditions. LMP1 signaling interactions are likely transient and
therefore it is more challenging to identify protein networks using conventional approaches [17,116].
A proximity-based BioID (proximity-dependent biotin identification) approach in which LMP1
was fused to a promiscuous biotin ligase such that proteins in proximity (~10 nm) are labeled by
biotinylation and captured for identification by mass spectrometry, has recently been applied to
profile the LMP1 interactome [133]. In addition to the known interactions including LMP1-LMP1
homo-oligomers and LMP1-TRAF2 interactions, many more proteins (>1000) were identified by BioID
that could traffic or potentially interact (directly or indirectly) with LMP1 [133]. The majority of
identified LMP1-interacting proteins were categorized to be cytoplasmic, but nuclear proteins were
also identified which could include proteins that shuttle between the cytosol and the nucleus, or
are exclusive to the nucleus [133]. It is feasible that LMP1 as a transmembrane protein may shuttle
into the nucleus via the nuclear envelope which is contiguous with the endoplasmic reticulum.
However, it is more likely that at least some of these potential nuclear partners engage LMP1 in the
cytosol and then shuttle into the nucleus. Biochemical fractionation of cellular compartments has also
generated some evidence that LMP1 fractionates in the nuclear compartment, although it may be the
result of contaminating endoplasmic reticulum that can co-purify with the nuclear fraction [134,135].
Complementary methods such as high resolution live cell imaging and nuclear trapping studies would
be important to help resolve if a subset of LMP1 molecules may indeed shuttle into the nucleus via
the nuclear envelope. The elucidation of extensive LMP1 protein interactions networks may help to
unravel the mechanism(s) for how LMP1 affect nuclear processes [114,133].

5.2. Extracellular Interactions

5.2.1. Exosomes

In addition to biological processes inside the cell, LMP1 can exert extracellular effects
through delivery of LMP1-modulated extracellular vesicles (EVs) and, by modulating cell-cell and
cell-extracellular matrix interactions [6,17]. Along with other EBV latent transcripts including the
EBV microRNAs, LMP1 traffics with the biogenesis machinery of multivesicular bodies (MVBs) and
is packaged into small EVs called exosomes [136–138]. LMP1-containing exosomes can be detected
in the serum of NPC patients and the serum of mice transplanted with NPC xenografts [139,140].
Distinct from the localization of LMP1 to lipid rafts, cellular proteins that are co-packaged into
exosomes, including the CD63 tetraspanin and ubiquitin C-terminal hydrolase L1 (UCH-L1) protein,
are associated with LMP1 and required for the loading of LMP1 into exosomes [137,141,142]. The recent
BioID study of LMP1 revealed that many proteins which directly or indirectly bind to LMP1,
are found in exosomes or are known to play a role in exosome biogenesis and protein trafficking.
Therefore, it is proposed that LMP1 hijacks protein trafficking and exosome biogenesis pathways,
of which syntenin-1 and ALIX belonging to the syndecan-syntenin-ALIX axes have been verified to
be important in LMP1 exosomal packaging [133]. Furthermore, crosstalk between endosomal and
autophagosomal pathways can fine tune the levels of LMP1-induced intracellular signaling including
activated mTOR, counterbalanced by the secretion of LMP1-modified exosomes [143]. LMP1 alters
the cargo and the production of exosomes, which are thought to communicate with neighboring
recipient cells in the NPC microenvironment [136–138,140,142,144]. LMP1 and modified exosomal
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content derived from both B cells and epithelial cells, have the potential to deliver phenotypic changes
such as enhanced cell growth in recipient cells [145,146]. Activated signaling molecules such as the
angiogenic factor FGF-2, are upregulated and released from LMP1-expressing producer cells [144].
Some of these LMP1-activated signaling proteins such as AKT, ERK and HIF-1α originating from
epithelial cells can be delivered into recipient epithelial and endothelial cells, although the magnitude
of biological consequence on recipient cells may depend on cumulative effects from continued
exposure as would occur in vivo [140,147]. Originally described for LMP1-modified exosomes from
B cells, LMP1-modified exosomes from epithelial cells can also deliver immunosuppressive cargo
such as galectin 9 to disarm EBV-specific T cells that abundantly infiltrate NPC tumors [148–150].
In addition to the increased production of pro-inflammatory cytokines including IL6 and IL8,
LMP1 also upregulates the secretion of chemokines [17,151–153]. NPC tumors emerge despite the
pro-inflammatory tumor microenvironment with abundant T cell infiltrate, suggesting that EBV
infection confers immunosuppressive effects [154,155]. The findings in exosomes would offer one
mechanism by which LMP1 hijacks the EV sorting machinery to mediate intercellular communication
and immune suppression in the local tumor microenvironment, and potentially exert longitudinal
systemic effects. The physical properties of exosomes also differ widely from secreted cytokines and
chemokines in that exosomes are stable particles (~100 nm) circulating in biofluids, carrying protein
and transcripts of host and viral origin [136–138]. Exosomal contents are protected from enzymatic
degradation and can be harvested from serum, saliva, and urine. Thus, LMP1-loaded exosomes may
have the potential to be developed as non-invasive biomarkers.

5.2.2. Extracellular Interactions

In addition to the indirect effects of exosomes and cytokines, LMP1 communicates directly
with neighboring cells and the extracellular matrix (ECM) [17]. LMP1 alters cell-cell interactions
through modifying components of adherens junctions including the upregulation of N-cadherin and
downregulation of E-cadherin, known as the cadherin switch [156–158]. Plakoglobin, also known as
γ-catenin, is a component of adherens junctions and desmosomes, whose downregulation is associated
with enhanced migration [76]. LMP1 expression is sufficient to confer downregulation of junctional
plakoglobin [156]. The cadherin switch is consistent between studies and cell lines, and has been
documented in the majority of NPC tissues [156,158,159]. Modification of junctional proteins is
important in promoting cellular migration, but the wider implications applicable to metastasis are
likely to contribute to a phenomenon known as epithelial-mesenchymal transition (EMT) [160,161].
The cadherin switch and induction of vimentin and fibronectin are features of EMT and LMP1 induces
all these characteristics [116,156,162,163]. Cadherin 6, also known as K-cadherin, is an EMT marker
and is also induced by LMP1 expression [164]. Indeed, studies on LMP1 have shown that LMP1 can
directly trigger EMT by inducing two of the four major EMT transcriptional regulators Twist and
Snail [165,166].

Integrins are points of cellular adhesion to the ECM that coordinate the assembly of focal
adhesions with cytoskeletal reorganization, leading to intracellular signaling and cellular migration.
Fibronectin is a major constitute of the ECM and is upregulated by LMP1 leading to the ligation
and assembly of integrin α5-containing focal adhesions [162,163]. Ligation of integrins activates
intracellular Src and ERK signaling pathways, and are thought to contribute to LMP1-induced cellular
adhesion and motility [162,163]. Intriguingly, fibronectin over-expression in NPC correlates with LMP1
expression [167]. LMP1 can also indirectly modify the extracellular matrix by increasing the production
of matrix metalloproteinases (MMPs) and the large cell surface glycoprotein Mucin 1, which are
thought to contribute to the degradation and dissociation from the ECM to promote metastatic
invasion [168,169]. The biological consequence of all these LMP1-modulated interactions is likely
to control cellular motility, invasiveness and trigger outside-in signaling. Collectively, these studies
illustrate that LMP1 has multiple mechanisms to target the complex series of cell-cell and cell-ECM
interactions that are dynamically regulated in metastasis.
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6. Concluding Remarks

Arguably one of the biggest challenges in relating LMP1 research to NPC pathogenesis is the
limited experimental systems that tests for LMP1 biology in epithelial infection. The recent advances in
epithelial infection and polarized culture models are likely the key to fully appreciating the contribution
of LMP1 to NPC pathogenesis. Intriguingly, a recent study in HPV identified striking sequence
conservation in the HPV E7 oncoprotein in high-risk HPV strains [170]. Although EBV infection in
NPC is distinct from the integrated HPV genome in cervical carcinoma, perhaps similar lessons could
be learned from dissecting LMP1 sequence diversity. Furthermore, while it is appreciated that EBV
strains with different tropism and infection efficiency may be attributed to sequence polymorphisms in
multiple genes, LMP1 may be uniquely poised for functional mapping studies that have now extended
beyond its recognized oncogenic properties to effects in EBV pathogenesis [171].

Acknowledgments: We thank Peter Y. P. Di (University of Pittsburgh, Pittsburgh, PA, USA) and Simon Watkins
(University of Pittsburgh) for providing the immunostaining and confocal images. The publication of this review is
supported by the American Cancer Society RSG-16-050-01-MPC (to Kathy H. Y. Shair) and by NIH R01 GM110444
and U01 AI124302-01 (to Vaughn S. Cooper).

Author Contributions: Kathy H. Y. Shair wrote the review and contributed to figures; Vaughn S. Cooper
contributed to writing and figures; Akhil Reddy contributed to tables and figures.

Conflicts of Interest: There are no conflicts of interest to declare.

References

1. Epstein, M.A.; Achong, B.G.; Barr, Y.M. Virus particles in cultured lymphoblasts from Burkitt’s lymphoma.
Lancet 1964, 1, 702–703. [CrossRef]

2. Young, L.S.; Rickinson, A.B. Epstein-Barr virus: 40 years on. Nat. Rev. Cancer 2004, 4, 757–768. [CrossRef]
[PubMed]

3. Shannon-Lowe, C.; Rickinson, A.B.; Bell, A.I. Epstein-Barr virus-associated lymphomas. Philos. Trans. R. Soc.
Lond. Ser. B Biol. Sci. 2017, 372, 20160271. [CrossRef] [PubMed]

4. Raab-Traub, N. Novel mechanisms of EBV-induced oncogenesis. Curr. Opin. Virol. 2012, 2, 453–458. [CrossRef]
[PubMed]

5. Epstein, A. Burkitt lymphoma and the discovery of Epstein-Barr virus. Br. J. Haematol. 2012, 156, 777–779.
[CrossRef] [PubMed]

6. Raab-Traub, N. Nasopharyngeal carcinoma: An evolving role for the Epstein-Barr virus. Curr. Top.
Microbiol. Immunol. 2015, 390, 339–363. [PubMed]

7. Tsao, S.W.; Tsang, C.M.; To, K.F.; Lo, K.W. The role of Epstein-Barr virus in epithelial malignancies. J. Pathol.
2015, 235, 323–333. [CrossRef] [PubMed]

8. Miller, G. Immortalization of human lymphocytes by Epstein-Barr virus. Yale J. Biol. Med. 1982, 55, 305–310.
[PubMed]

9. Feederle, R.; Bartlett, E.J.; Delecluse, H.J. Epstein-Barr virus genetics: Talking about the BAC generation.
Herpesviridae 2010, 1, 6. [CrossRef] [PubMed]

10. Farrell, P.J. Epstein-Barr virus immortalizing genes. Trends Microbiol. 1995, 3, 105–109. [CrossRef]
11. Raab-Traub, N. EBV-induced oncogenesis. In Human Herpesviruses: Biology, Therapy, and Immunoprophylaxis;

Arvin, A., Campadelli-Fiume, G., Mocarski, E., Moore, P.S., Roizman, B., Whitley, R., Yamanishi, K., Eds.;
Cambridge University Press: Cambridge, UK, 2007.

12. Kaye, K.M.; Izumi, K.M.; Kieff, E. Epstein-Barr virus latent membrane protein 1 is essential for B-lymphocyte
growth transformation. Proc. Natl. Acad. Sci. USA 1993, 90, 9150–9154. [CrossRef] [PubMed]

13. Morris, M.A.; Dawson, C.W.; Young, L.S. Role of the Epstein-Barr virus-encoded latent membrane protein-1,
LMP1, in the pathogenesis of nasopharyngeal carcinoma. Future Oncol. 2009, 5, 811–825. [CrossRef]
[PubMed]

14. Raab-Traub, N. Epstein-Barr virus in the pathogenesis of NPC. Semin. Cancer Biol. 2002, 12, 431–441.
[CrossRef] [PubMed]

15. Tsao, S.W.; Tramoutanis, G.; Dawson, C.W.; Lo, A.K.; Huang, D.P. The significance of LMP1 expression in
nasopharyngeal carcinoma. Semin. Cancer Biol. 2002, 12, 473–487. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(64)91524-7
http://dx.doi.org/10.1038/nrc1452
http://www.ncbi.nlm.nih.gov/pubmed/15510157
http://dx.doi.org/10.1098/rstb.2016.0271
http://www.ncbi.nlm.nih.gov/pubmed/28893938
http://dx.doi.org/10.1016/j.coviro.2012.07.001
http://www.ncbi.nlm.nih.gov/pubmed/22858118
http://dx.doi.org/10.1111/j.1365-2141.2011.09008.x
http://www.ncbi.nlm.nih.gov/pubmed/22233499
http://www.ncbi.nlm.nih.gov/pubmed/26424653
http://dx.doi.org/10.1002/path.4448
http://www.ncbi.nlm.nih.gov/pubmed/25251730
http://www.ncbi.nlm.nih.gov/pubmed/6295007
http://dx.doi.org/10.1186/2042-4280-1-6
http://www.ncbi.nlm.nih.gov/pubmed/21429237
http://dx.doi.org/10.1016/S0966-842X(00)88891-5
http://dx.doi.org/10.1073/pnas.90.19.9150
http://www.ncbi.nlm.nih.gov/pubmed/8415670
http://dx.doi.org/10.2217/fon.09.53
http://www.ncbi.nlm.nih.gov/pubmed/19663731
http://dx.doi.org/10.1016/S1044579X0200086X
http://www.ncbi.nlm.nih.gov/pubmed/12450729
http://dx.doi.org/10.1016/S1044579X02000901
http://www.ncbi.nlm.nih.gov/pubmed/12450733


Cancers 2018, 10, 86 14 of 22

16. Tsao, S.W.; Tsang, C.M.; Lo, K.W. Epstein-Barr virus infection and nasopharyngeal carcinoma. Philos. Trans.
R. Soc. Lond. Ser. B Biol. Sci. 2017, 372. [CrossRef] [PubMed]

17. Dawson, C.W.; Port, R.J.; Young, L.S. The role of the EBV-encoded latent membrane proteins LMP1 and LMP2
in the pathogenesis of nasopharyngeal carcinoma (NPC). Semin. Cancer Biol. 2012, 22, 144–153. [CrossRef]
[PubMed]

18. Gulley, M.L.; Amin, M.B.; Nicholls, J.M.; Banks, P.M.; Ayala, A.G.; Srigley, J.R.; Eagan, P.A.; Ro, J.Y. Epstein-Barr
virus is detected in undifferentiated nasopharyngeal carcinoma but not in lymphoepithelioma-like carcinoma
of the urinary bladder. Hum. Pathol. 1995, 26, 1207–1214. [CrossRef]

19. Wasil, L.R.; Wei, L.; Chang, C.; Lan, L.; Shair, K.H. Regulation of DNA damage signaling and cell death
responses by Epstein-Barr virus latent membrane proteins (LMP) 1 and LMP2A in nasopharyngeal carcinoma
cells. J. Virol. 2015, 89, 7612–7624. [CrossRef] [PubMed]

20. Mainou, B.A.; Raab-Traub, N. LMP1 strain variants: Biological and molecular properties. J. Virol. 2006, 80,
6458–6468. [CrossRef] [PubMed]

21. Raab-Traub, N.; Flynn, K. The structure of the termini of the Epstein-Barr virus as a marker of clonal cellular
proliferation. Cell 1986, 47, 883–889. [CrossRef]

22. Pathmanathan, R.; Prasad, U.; Sadler, R.; Flynn, K.; Raab-Traub, N. Clonal proliferations of cells infected
with Epstein-Barr virus in preinvasive lesions related to nasopharyngeal carcinoma. N. Engl. J. Med. 1995,
333, 693–698. [CrossRef] [PubMed]

23. Temple, R.M.; Zhu, J.; Budgeon, L.; Christensen, N.D.; Meyers, C.; Sample, C.E. Efficient replication of
Epstein-Barr virus in stratified epithelium in vitro. Proc. Natl. Acad. Sci. USA 2014, 111, 16544–16549.
[CrossRef] [PubMed]

24. Tsao, S.W.; Tsang, C.M.; Pang, P.S.; Zhang, G.; Chen, H.; Lo, K.W. The biology of EBV infection in human
epithelial cells. Semin. Cancer Biol. 2012, 22, 137–143. [CrossRef] [PubMed]

25. Tsao, S.W.; Yip, Y.L.; Tsang, C.M.; Pang, P.S.; Lau, V.M.; Zhang, G.; Lo, K.W. Etiological factors of
nasopharyngeal carcinoma. Oral Oncol. 2014, 50, 330–338. [CrossRef] [PubMed]

26. Caves, E.A.; Butch, R.M.; Cook, S.A.; Wasil, L.R.; Chen, C.; Di, Y.P.; Lee, N.; Shair, K.H.Y. Latent membrane
protein 1 is a novel determinant of Epstein-Barr virus genome persistence and reactivation. mSphere 2017,
2, e00453-17. [CrossRef] [PubMed]

27. Nawandar, D.M.; Ohashi, M.; Djavadian, R.; Barlow, E.; Makielski, K.; Ali, A.; Lee, D.; Lambert, P.F.;
Johannsen, E.; Kenney, S.C. Differentiation-dependent LMP1 expression is required for efficient lytic
Epstein-Barr virus reactivation in epithelial cells. J. Virol. 2017, 91, e02438-16. [CrossRef] [PubMed]

28. Eliopoulos, A.G.; Young, L.S. LMP1 structure and signal transduction. Semin. Cancer Biol. 2001, 11, 435–444.
[CrossRef] [PubMed]

29. Thorley-Lawson, D.A.; Hawkins, J.B.; Tracy, S.I.; Shapiro, M. The pathogenesis of Epstein-Barr virus
persistent infection. Curr. Opin. Virol. 2013, 3, 227–232. [CrossRef] [PubMed]

30. Hutt-Fletcher, L.M. The long and complicated relationship between Epstein-Barr virus and epithelial cells.
J. Virol. 2017, 91, e01677-16. [CrossRef] [PubMed]

31. Sixbey, J.W.; Nedrud, J.G.; Raab-Traub, N.; Hanes, R.A.; Pagano, J.S. Epstein-Barr virus replication in
oropharyngeal epithelial cells. N. Engl. J. Med. 1984, 310, 1225–1230. [CrossRef] [PubMed]

32. Pegtel, D.M.; Middeldorp, J.; Thorley-Lawson, D.A. Epstein-Barr virus infection in ex vivo tonsil epithelial
cell cultures of asymptomatic carriers. J. Virol. 2004, 78, 12613–12624. [CrossRef] [PubMed]

33. Frangou, P.; Buettner, M.; Niedobitek, G. Epstein-Barr virus (EBV) infection in epithelial cells in vivo: Rare
detection of EBV replication in tongue mucosa but not in salivary glands. J. Infect. Dis. 2005, 191, 238–242.
[CrossRef] [PubMed]

34. Sam, C.K.; Brooks, L.A.; Niedobitek, G.; Young, L.S.; Prasad, U.; Rickinson, A.B. Analysis of Epstein-Barr
virus infection in nasopharyngeal biopsies from a group at high risk of nasopharyngeal carcinoma.
Int. J. Cancer 1993, 53, 957–962. [CrossRef] [PubMed]

35. Hutt-Fletcher, L.M. Epstein-Barr virus replicating in epithelial cells. Proc. Natl. Acad. Sci. USA 2014, 111,
16242–16243. [CrossRef] [PubMed]

36. Marquitz, A.R.; Raab-Traub, N. The role of mirnas and EBV barts in NPC. Semin. Cancer Biol. 2012, 22,
166–172. [CrossRef] [PubMed]

http://dx.doi.org/10.1098/rstb.2016.0270
http://www.ncbi.nlm.nih.gov/pubmed/28893937
http://dx.doi.org/10.1016/j.semcancer.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22249143
http://dx.doi.org/10.1016/0046-8177(95)90195-7
http://dx.doi.org/10.1128/JVI.00958-15
http://www.ncbi.nlm.nih.gov/pubmed/25972552
http://dx.doi.org/10.1128/JVI.00135-06
http://www.ncbi.nlm.nih.gov/pubmed/16775333
http://dx.doi.org/10.1016/0092-8674(86)90803-2
http://dx.doi.org/10.1056/NEJM199509143331103
http://www.ncbi.nlm.nih.gov/pubmed/7637746
http://dx.doi.org/10.1073/pnas.1400818111
http://www.ncbi.nlm.nih.gov/pubmed/25313069
http://dx.doi.org/10.1016/j.semcancer.2012.02.004
http://www.ncbi.nlm.nih.gov/pubmed/22497025
http://dx.doi.org/10.1016/j.oraloncology.2014.02.006
http://www.ncbi.nlm.nih.gov/pubmed/24630258
http://dx.doi.org/10.1128/mSphereDirect.00453-17
http://www.ncbi.nlm.nih.gov/pubmed/29134204
http://dx.doi.org/10.1128/JVI.02438-16
http://www.ncbi.nlm.nih.gov/pubmed/28179525
http://dx.doi.org/10.1006/scbi.2001.0410
http://www.ncbi.nlm.nih.gov/pubmed/11669605
http://dx.doi.org/10.1016/j.coviro.2013.04.005
http://www.ncbi.nlm.nih.gov/pubmed/23683686
http://dx.doi.org/10.1128/JVI.01677-16
http://www.ncbi.nlm.nih.gov/pubmed/27795426
http://dx.doi.org/10.1056/NEJM198405103101905
http://www.ncbi.nlm.nih.gov/pubmed/6323983
http://dx.doi.org/10.1128/JVI.78.22.12613-12624.2004
http://www.ncbi.nlm.nih.gov/pubmed/15507648
http://dx.doi.org/10.1086/426823
http://www.ncbi.nlm.nih.gov/pubmed/15609234
http://dx.doi.org/10.1002/ijc.2910530616
http://www.ncbi.nlm.nih.gov/pubmed/8386141
http://dx.doi.org/10.1073/pnas.1418974111
http://www.ncbi.nlm.nih.gov/pubmed/25385596
http://dx.doi.org/10.1016/j.semcancer.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22178394


Cancers 2018, 10, 86 15 of 22

37. Tsai, M.H.; Raykova, A.; Klinke, O.; Bernhardt, K.; Gartner, K.; Leung, C.S.; Geletneky, K.; Sertel, S.; Munz, C.;
Feederle, R.; et al. Spontaneous lytic replication and epitheliotropism define an Epstein-Barr virus strain
found in carcinomas. Cell Rep. 2013, 5, 458–470. [CrossRef] [PubMed]

38. Li, Q.X.; Young, L.S.; Niedobitek, G.; Dawson, C.W.; Birkenbach, M.; Wang, F.; Rickinson, A.B. Epstein-Barr
virus infection and replication in a human epithelial cell system. Nature 1992, 356, 347–350. [CrossRef]
[PubMed]

39. Nawandar, D.M.; Wang, A.; Makielski, K.; Lee, D.; Ma, S.; Barlow, E.; Reusch, J.; Jiang, R.; Wille, C.K.;
Greenspan, D.; et al. Differentiation-dependent KLF4 expression promotes lytic Epstein-Barr virus infection
in epithelial cells. PLoS Pathog. 2015, 11, e1005195. [CrossRef] [PubMed]

40. Tugizov, S.M.; Berline, J.W.; Palefsky, J.M. Epstein-Barr virus infection of polarized tongue and
nasopharyngeal epithelial cells. Nat. Med. 2003, 9, 307–314. [CrossRef] [PubMed]

41. Shannon-Lowe, C.; Adland, E.; Bell, A.I.; Delecluse, H.J.; Rickinson, A.B.; Rowe, M. Features distinguishing
Epstein-Barr virus infections of epithelial cells and B cells: Viral genome expression, genome maintenance,
and genome amplification. J. Virol. 2009, 83, 7749–7760. [CrossRef] [PubMed]

42. Tsang, C.M.; Zhang, G.; Seto, E.; Takada, K.; Deng, W.; Yip, Y.L.; Man, C.; Hau, P.M.; Chen, H.; Cao, Y.; et al.
Epstein-Barr virus infection in immortalized nasopharyngeal epithelial cells: Regulation of infection and
phenotypic characterization. Int. J. Cancer 2010, 127, 1570–1583. [CrossRef] [PubMed]

43. Lo, A.K.; Lo, K.W.; Tsao, S.W.; Wong, H.L.; Hui, J.W.; To, K.F.; Hayward, D.S.; Chui, Y.L.; Lau, Y.L.;
Takada, K.; et al. Epstein-Barr virus infection alters cellular signal cascades in human nasopharyngeal
epithelial cells. Neoplasia 2006, 8, 173–180. [PubMed]

44. Resnick, L.; Herbst, J.S.; Raab-Traub, N. Oral hairy leukoplakia. J. Am. Acad. Dermatol. 1990, 22, 1278–1282.
[CrossRef]

45. Sitki-Green, D.L.; Edwards, R.H.; Covington, M.M.; Raab-Traub, N. Biology of Epstein-Barr virus during
infectious mononucleosis. J. Infect. Dis. 2004, 189, 483–492. [CrossRef] [PubMed]

46. Walling, D.M.; Flaitz, C.M.; Nichols, C.M.; Hudnall, S.D.; Adler-Storthz, K. Persistent productive Epstein-Barr
virus replication in normal epithelial cells in vivo. J. Infect. Dis. 2001, 184, 1499–1507. [CrossRef] [PubMed]

47. Walling, D.M.; Etienne, W.; Ray, A.J.; Flaitz, C.M.; Nichols, C.M. Persistence and transition of Epstein-Barr
virus genotypes in the pathogenesis of oral hairy leukoplakia. J. Infect. Dis. 2004, 190, 387–395. [CrossRef]
[PubMed]

48. Walling, D.M.; Ling, P.D.; Gordadze, A.V.; Montes-Walters, M.; Flaitz, C.M.; Nichols, C.M. Expression of
Epstein-Barr virus latent genes in oral epithelium: Determinants of the pathogenesis of oral hairy leukoplakia.
J. Infect. Dis. 2004, 190, 396–399. [CrossRef] [PubMed]

49. Tsai, M.H.; Lin, X.; Shumilov, A.; Bernhardt, K.; Feederle, R.; Poirey, R.; Kopp-Schneider, A.; Pereira, B.;
Almeida, R.; Delecluse, H.J. The biological properties of different Epstein-Barr virus strains explain their
association with various types of cancers. Oncotarget 2017, 8, 10238–10254. [CrossRef] [PubMed]

50. Shannon-Lowe, C.D.; Neuhierl, B.; Baldwin, G.; Rickinson, A.B.; Delecluse, H.J. Resting b cells as a transfer
vehicle for Epstein-Barr virus infection of epithelial cells. Proc. Natl. Acad. Sci. USA 2006, 103, 7065–7070.
[CrossRef] [PubMed]

51. Imai, S.; Nishikawa, J.; Takada, K. Cell-to-cell contact as an efficient mode of Epstein-Barr virus infection of
diverse human epithelial cells. J. Virol. 1998, 72, 4371–4378. [PubMed]

52. Wang, H.B.; Zhang, H.; Zhang, J.P.; Li, Y.; Zhao, B.; Feng, G.K.; Du, Y.; Xiong, D.; Zhong, Q.; Liu, W.L.; et al.
Neuropilin 1 is an entry factor that promotes EBV infection of nasopharyngeal epithelial cells. Nat. Commun.
2015, 6, 6240. [CrossRef] [PubMed]

53. Xiong, D.; Du, Y.; Wang, H.B.; Zhao, B.; Zhang, H.; Li, Y.; Hu, L.J.; Cao, J.Y.; Zhong, Q.; Liu, W.L.; et al.
Nonmuscle myosin heavy chain iia mediates Epstein-Barr virus infection of nasopharyngeal epithelial cells.
Proc. Natl. Acad. Sci. USA 2015, 112, 11036–11041. [CrossRef] [PubMed]

54. Chesnokova, L.S.; Nishimura, S.L.; Hutt-Fletcher, L.M. Fusion of epithelial cells by Epstein-Barr virus
proteins is triggered by binding of viral glycoproteins gHgL to integrins αvβ6 or αvβ8. Proc. Natl. Acad.
Sci. USA 2009, 106, 20464–20469. [CrossRef] [PubMed]

55. Chesnokova, L.S.; Jiang, R.; Hutt-Fletcher, L.M. Viral entry. Curr. Top. Microbiol. Immunol. 2015, 391, 221–235.
[PubMed]

56. Mohl, B.S.; Chen, J.; Sathiyamoorthy, K.; Jardetzky, T.S.; Longnecker, R. Structural and mechanistic insights
into the tropism of Epstein-Barr virus. Mol. Cells 2016, 39, 286–291. [PubMed]

http://dx.doi.org/10.1016/j.celrep.2013.09.012
http://www.ncbi.nlm.nih.gov/pubmed/24120866
http://dx.doi.org/10.1038/356347a0
http://www.ncbi.nlm.nih.gov/pubmed/1312681
http://dx.doi.org/10.1371/journal.ppat.1005195
http://www.ncbi.nlm.nih.gov/pubmed/26431332
http://dx.doi.org/10.1038/nm830
http://www.ncbi.nlm.nih.gov/pubmed/12592401
http://dx.doi.org/10.1128/JVI.00108-09
http://www.ncbi.nlm.nih.gov/pubmed/19439479
http://dx.doi.org/10.1002/ijc.25173
http://www.ncbi.nlm.nih.gov/pubmed/20091869
http://www.ncbi.nlm.nih.gov/pubmed/16611410
http://dx.doi.org/10.1016/0190-9622(90)70174-G
http://dx.doi.org/10.1086/380800
http://www.ncbi.nlm.nih.gov/pubmed/14745706
http://dx.doi.org/10.1086/323992
http://www.ncbi.nlm.nih.gov/pubmed/11740724
http://dx.doi.org/10.1086/421708
http://www.ncbi.nlm.nih.gov/pubmed/15216477
http://dx.doi.org/10.1086/422039
http://www.ncbi.nlm.nih.gov/pubmed/15216478
http://dx.doi.org/10.18632/oncotarget.14380
http://www.ncbi.nlm.nih.gov/pubmed/28052012
http://dx.doi.org/10.1073/pnas.0510512103
http://www.ncbi.nlm.nih.gov/pubmed/16606841
http://www.ncbi.nlm.nih.gov/pubmed/9557727
http://dx.doi.org/10.1038/ncomms7240
http://www.ncbi.nlm.nih.gov/pubmed/25670642
http://dx.doi.org/10.1073/pnas.1513359112
http://www.ncbi.nlm.nih.gov/pubmed/26290577
http://dx.doi.org/10.1073/pnas.0907508106
http://www.ncbi.nlm.nih.gov/pubmed/19920174
http://www.ncbi.nlm.nih.gov/pubmed/26428376
http://www.ncbi.nlm.nih.gov/pubmed/27094060


Cancers 2018, 10, 86 16 of 22

57. Zhang, H.; Li, Y.; Wang, H.B.; Zhang, A.; Chen, M.L.; Fang, Z.X.; Dong, X.D.; Li, S.B.; Du, Y.; Xiong, D.; et al.
Ephrin receptor A2 is an epithelial cell receptor for Epstein-Barr virus entry. Nat. Microbiol. 2018, 3, 164–171.
[CrossRef] [PubMed]

58. Chen, J.; Sathiyamoorthy, K.; Zhang, X.; Schaller, S.; Perez White, B.E.; Jardetzky, T.S.; Longnecker, R. Ephrin
receptor A2 is a functional entry receptor for Epstein-Barr virus. Nat. Microbiol. 2018, 3, 172–180. [CrossRef]
[PubMed]

59. Hui, K.F.; Ho, D.N.; Tsang, C.M.; Middeldorp, J.M.; Tsao, G.S.; Chiang, A.K. Activation of lytic cycle of
Epstein-Barr virus by suberoylanilide hydroxamic acid leads to apoptosis and tumor growth suppression of
nasopharyngeal carcinoma. Int. J. Cancer 2012, 131, 1930–1940. [CrossRef] [PubMed]

60. Minarovits, J.; Niller, H.H. Epstein-Barr Virus: Methods and Protocols; Springer: New York, NY, USA, 2017.
61. Shannon-Lowe, C.; Rowe, M. Epstein-Barr virus infection of polarized epithelial cells via the basolateral

surface by memory B cell-mediated transfer infection. PLoS Pathog. 2011, 7, e1001338. [CrossRef] [PubMed]
62. Temple, R.M.; Meyers, C.; Sample, C.E. Generation and infection of organotypic cultures with Epstein-Barr

virus. Methods Mol. Biol. 2017, 1532, 65–78. [PubMed]
63. Fulcher, M.L.; Gabriel, S.; Burns, K.A.; Yankaskas, J.R.; Randell, S.H. Well-differentiated human airway

epithelial cell cultures. Methods Mol. Med. 2005, 107, 183–206. [PubMed]
64. Muller, L.; Brighton, L.E.; Carson, J.L.; Fischer, W.A., II; Jaspers, I. Culturing of human nasal epithelial cells

at the air liquid interface. J. Vis. Exp. 2013, 50646. [CrossRef]
65. Banach, S.B.; Orenstein, J.M.; Fox, L.M.; Randell, S.H.; Rowley, A.H.; Baker, S.C. Human airway epithelial

cell culture to identify new respiratory viruses: Coronavirus NL63 as a model. J. Virol. Methods 2009, 156,
19–26. [CrossRef] [PubMed]

66. Tsang, C.M.; Yip, Y.L.; Lo, K.W.; Deng, W.; To, K.F.; Hau, P.M.; Lau, V.M.; Takada, K.; Lui, V.W.;
Lung, M.L.; et al. Cyclin d1 overexpression supports stable EBV infection in nasopharyngeal epithelial cells.
Proc. Natl. Acad. Sci. USA 2012, 109, E3473–E3482. [CrossRef] [PubMed]

67. Yip, Y.L.; Pang, P.S.; Deng, W.; Tsang, C.M.; Zeng, M.; Hau, P.M.; Man, C.; Jin, Y.; Yuen, A.P.; Tsao, S.W.
Efficient immortalization of primary nasopharyngeal epithelial cells for EBV infection study. PLoS ONE
2013, 8, e78395. [CrossRef] [PubMed]

68. Lo, K.W.; To, K.F.; Huang, D.P. Focus on nasopharyngeal carcinoma. Cancer Cell 2004, 5, 423–428. [CrossRef]
69. Lin, D.C.; Meng, X.; Hazawa, M.; Nagata, Y.; Varela, A.M.; Xu, L.; Sato, Y.; Liu, L.Z.; Ding, L.W.;

Sharma, A.; et al. The genomic landscape of nasopharyngeal carcinoma. Nat. Genet. 2014, 46, 866–871.
[CrossRef] [PubMed]

70. Li, Y.Y.; Chung, G.T.; Lui, V.W.; To, K.F.; Ma, B.B.; Chow, C.; Woo, J.K.; Yip, K.Y.; Seo, J.; Hui, E.P.; et al.
Exome and genome sequencing of nasopharynx cancer identifies NF-κB pathway activating mutations.
Nat. Commun. 2017, 8, 14121. [CrossRef] [PubMed]

71. Dai, W.; Zheng, H.; Cheung, A.K.; Tang, C.S.; Ko, J.M.; Wong, B.W.; Leong, M.M.; Sham, P.C.; Cheung, F.;
Kwong, D.L.; et al. Whole-exome sequencing identifies MST1R as a genetic susceptibility gene in
nasopharyngeal carcinoma. Proc. Natl. Acad. Sci. USA 2016, 113, 3317–3322. [CrossRef] [PubMed]

72. Zheng, H.; Dai, W.; Cheung, A.K.; Ko, J.M.; Kan, R.; Wong, B.W.; Leong, M.M.; Deng, M.; Kwok, T.C.;
Chan, J.Y.; et al. Whole-exome sequencing identifies multiple loss-of-function mutations of NF-κB pathway
regulators in nasopharyngeal carcinoma. Proc. Natl. Acad. Sci. USA 2016, 113, 11283–11288. [CrossRef]
[PubMed]

73. Yip, Y.L.; Tsang, C.M.; Deng, W.; Cheung, P.Y.; Jin, Y.; Cheung, A.L.; Lung, M.L.; Tsao, S.W. Expression of
Epstein-Barr virus-encoded LMP1 and htert extends the life span and immortalizes primary cultures of
nasopharyngeal epithelial cells. J. Med. Virol. 2010, 82, 1711–1723. [CrossRef] [PubMed]

74. Dittmer, D.P.; Hilscher, C.J.; Gulley, M.L.; Yang, E.V.; Chen, M.; Glaser, R. Multiple pathways for Epstein-Barr
virus episome loss from nasopharyngeal carcinoma. Int. J. Cancer 2008, 123, 2105–2112. [CrossRef] [PubMed]

75. Damania, B.; Pipas, J.M. DNA Tumor Viruses; Springer Science + Business Media: New York, NY, USA, 2009.
76. Shair, K.H.; Schnegg, C.I.; Raab-Traub, N. EBV latent membrane protein 1 effects on plakoglobin, cell growth,

and migration. Cancer Res. 2008, 68, 6997–7005. [CrossRef] [PubMed]
77. Brocqueville, G.; Ndour, P.A.; Ouk, T.S.; Le Goff, A.; De Witte, C.; Mougel, A.; Coll, J.; Fafeur, V.; Le Bourhis, X.;

Adriaenssens, E. LMP1-induced cell death may contribute to the emergency of its oncogenic property.
PLoS ONE 2013, 8, e60743. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/s41564-017-0080-8
http://www.ncbi.nlm.nih.gov/pubmed/29292383
http://dx.doi.org/10.1038/s41564-017-0081-7
http://www.ncbi.nlm.nih.gov/pubmed/29292384
http://dx.doi.org/10.1002/ijc.27439
http://www.ncbi.nlm.nih.gov/pubmed/22261816
http://dx.doi.org/10.1371/journal.ppat.1001338
http://www.ncbi.nlm.nih.gov/pubmed/21573183
http://www.ncbi.nlm.nih.gov/pubmed/27873267
http://www.ncbi.nlm.nih.gov/pubmed/15492373
http://dx.doi.org/10.3791/50646
http://dx.doi.org/10.1016/j.jviromet.2008.10.022
http://www.ncbi.nlm.nih.gov/pubmed/19027037
http://dx.doi.org/10.1073/pnas.1202637109
http://www.ncbi.nlm.nih.gov/pubmed/23161911
http://dx.doi.org/10.1371/journal.pone.0078395
http://www.ncbi.nlm.nih.gov/pubmed/24167620
http://dx.doi.org/10.1016/S1535-6108(04)00119-9
http://dx.doi.org/10.1038/ng.3006
http://www.ncbi.nlm.nih.gov/pubmed/24952746
http://dx.doi.org/10.1038/ncomms14121
http://www.ncbi.nlm.nih.gov/pubmed/28098136
http://dx.doi.org/10.1073/pnas.1523436113
http://www.ncbi.nlm.nih.gov/pubmed/26951679
http://dx.doi.org/10.1073/pnas.1607606113
http://www.ncbi.nlm.nih.gov/pubmed/27647909
http://dx.doi.org/10.1002/jmv.21875
http://www.ncbi.nlm.nih.gov/pubmed/20827769
http://dx.doi.org/10.1002/ijc.23685
http://www.ncbi.nlm.nih.gov/pubmed/18688856
http://dx.doi.org/10.1158/0008-5472.CAN-08-1178
http://www.ncbi.nlm.nih.gov/pubmed/18757414
http://dx.doi.org/10.1371/journal.pone.0060743
http://www.ncbi.nlm.nih.gov/pubmed/23637765


Cancers 2018, 10, 86 17 of 22

78. Mainou, B.A.; Everly, D.N., Jr.; Raab-Traub, N. Epstein-Barr virus latent membrane protein 1 ctar1 mediates
rodent and human fibroblast transformation through activation of pi3k. Oncogene 2005, 24, 6917–6924.
[CrossRef] [PubMed]

79. Pathmanathan, R.; Prasad, U.; Chandrika, G.; Sadler, R.; Flynn, K.; Raab-Traub, N. Undifferentiated,
nonkeratinizing, and squamous cell carcinoma of the nasopharynx. Variants of Epstein-Barr virus-infected
neoplasia. Am. J. Pathol. 1995, 146, 1355–1367. [PubMed]

80. Sadler, R.H.; Raab-Traub, N. The Epstein-Barr virus 3.5-kilobase latent membrane protein 1 mRNA initiates
from a tata-less promoter within the first terminal repeat. J. Virol. 1995, 69, 4577–4581. [PubMed]

81. Edwards, R.H.; Sitki-Green, D.; Moore, D.T.; Raab-Traub, N. Potential selection of LMP1 variants in
nasopharyngeal carcinoma. J. Virol. 2004, 78, 868–881. [CrossRef] [PubMed]

82. Miller, W.E.; Edwards, R.H.; Walling, D.M.; Raab-Traub, N. Sequence variation in the Epstein-Barr virus
latent membrane protein 1. J. Gen. Virol. 1994, 75 Pt 10, 2729–2740. [CrossRef] [PubMed]

83. Sung, N.S.; Edwards, R.H.; Seillier-Moiseiwitsch, F.; Perkins, A.G.; Zeng, Y.; Raab-Traub, N. Epstein-Barr
virus strain variation in nasopharyngeal carcinoma from the endemic and non-endemic regions of china.
Int. J. Cancer 1998, 76, 207–215. [CrossRef]

84. Edwards, R.H.; Seillier-Moiseiwitsch, F.; Raab-Traub, N. Signature amino acid changes in latent membrane
protein 1 distinguish Epstein-Barr virus strains. Virology 1999, 261, 79–95. [CrossRef] [PubMed]

85. Lung, M.L.; Chang, R.S.; Huang, M.L.; Guo, H.Y.; Choy, D.; Sham, J.; Tsao, S.Y.; Cheng, P.; Ng, M.H.
Epstein-Barr virus genotypes associated with nasopharyngeal carcinoma in southern china. Virology 1990,
177, 44–53. [CrossRef]

86. Sample, J.; Young, L.; Martin, B.; Chatman, T.; Kieff, E.; Rickinson, A.; Kieff, E. Epstein-Barr virus types 1 and
2 differ in their EBNA-3A, EBNA-3B, and EBNA-3C genes. J. Virol. 1990, 64, 4084–4092. [PubMed]

87. Sitki-Green, D.; Edwards, R.H.; Webster-Cyriaque, J.; Raab-Traub, N. Identification of Epstein-Barr virus
strain variants in hairy leukoplakia and peripheral blood by use of a heteroduplex tracking assay. J. Virol.
2002, 76, 9645–9656. [CrossRef] [PubMed]

88. Sitki-Green, D.; Covington, M.; Raab-Traub, N. Compartmentalization and transmission of multiple
Epstein-Barr virus strains in asymptomatic carriers. J. Virol. 2003, 77, 1840–1847. [CrossRef] [PubMed]

89. Renzette, N.; Somasundaran, M.; Brewster, F.; Coderre, J.; Weiss, E.R.; McManus, M.; Greenough, T.; Tabak, B.;
Garber, M.; Kowalik, T.F.; et al. Epstein-Barr virus latent membrane protein 1 genetic variability in peripheral
blood B cells and oropharyngeal fluids. J. Virol. 2014, 88, 3744–3755. [CrossRef] [PubMed]

90. Palser, A.L.; Grayson, N.E.; White, R.E.; Corton, C.; Correia, S.; Ba Abdullah, M.M.; Watson, S.J.; Cotten, M.;
Arrand, J.R.; Murray, P.G.; et al. Genome diversity of Epstein-Barr virus from multiple tumor types and
normal infection. J. Virol. 2015, 89, 5222–5237. [CrossRef] [PubMed]

91. Tu, C.; Zeng, Z.; Qi, P.; Li, X.; Yu, Z.; Guo, C.; Xiong, F.; Xiang, B.; Zhou, M.; Gong, Z.; et al. Genome-wide
analysis of 18 Epstein-Barr viruses isolated from primary nasopharyngeal carcinoma biopsy specimens.
J. Virol. 2017, 91, e00301-17. [CrossRef] [PubMed]

92. Kwok, H.; Tong, A.H.; Lin, C.H.; Lok, S.; Farrell, P.J.; Kwong, D.L.; Chiang, A.K. Genomic sequencing and
comparative analysis of Epstein-Barr virus genome isolated from primary nasopharyngeal carcinoma biopsy.
PLoS ONE 2012, 7, e36939. [CrossRef] [PubMed]

93. Kwok, H.; Wu, C.W.; Palser, A.L.; Kellam, P.; Sham, P.C.; Kwong, D.L.; Chiang, A.K. Genomic diversity of
Epstein-Barr virus genomes isolated from primary nasopharyngeal carcinoma biopsy samples. J. Virol. 2014,
88, 10662–10672. [CrossRef] [PubMed]

94. Lin, Z.; Wang, X.; Strong, M.J.; Concha, M.; Baddoo, M.; Xu, G.; Baribault, C.; Fewell, C.; Hulme, W.;
Hedges, D.; et al. Whole-genome sequencing of the akata and mutu Epstein-Barr virus strains. J. Virol. 2013,
87, 1172–1182. [CrossRef] [PubMed]

95. Crawford, D.H.; Epstein, M.A.; Bornkamm, G.W.; Achong, B.G.; Finerty, S.; Thompson, J.L. Biological and
biochemical observations on isolates of eb virus from the malignant epithelial cells of two nasopharyngeal
carcinomas. Int. J. Cancer 1979, 24, 294–302. [CrossRef] [PubMed]

96. Zeng, M.S.; Li, D.J.; Liu, Q.L.; Song, L.B.; Li, M.Z.; Zhang, R.H.; Yu, X.J.; Wang, H.M.; Ernberg, I.; Zeng, Y.X.
Genomic sequence analysis of Epstein-Barr virus strain GD1 from a nasopharyngeal carcinoma patient.
J. Virol. 2005, 79, 15323–15330. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/sj.onc.1208846
http://www.ncbi.nlm.nih.gov/pubmed/16007144
http://www.ncbi.nlm.nih.gov/pubmed/7778675
http://www.ncbi.nlm.nih.gov/pubmed/7769727
http://dx.doi.org/10.1128/JVI.78.2.868-881.2004
http://www.ncbi.nlm.nih.gov/pubmed/14694118
http://dx.doi.org/10.1099/0022-1317-75-10-2729
http://www.ncbi.nlm.nih.gov/pubmed/7931159
http://dx.doi.org/10.1002/(SICI)1097-0215(19980413)76:2&lt;207::AID-IJC7&gt;3.0.CO;2-0
http://dx.doi.org/10.1006/viro.1999.9855
http://www.ncbi.nlm.nih.gov/pubmed/10441557
http://dx.doi.org/10.1016/0042-6822(90)90458-4
http://www.ncbi.nlm.nih.gov/pubmed/2166806
http://dx.doi.org/10.1128/JVI.76.19.9645-9656.2002
http://www.ncbi.nlm.nih.gov/pubmed/12208943
http://dx.doi.org/10.1128/JVI.77.3.1840-1847.2003
http://www.ncbi.nlm.nih.gov/pubmed/12525618
http://dx.doi.org/10.1128/JVI.03378-13
http://www.ncbi.nlm.nih.gov/pubmed/24429365
http://dx.doi.org/10.1128/JVI.03614-14
http://www.ncbi.nlm.nih.gov/pubmed/25787276
http://dx.doi.org/10.1128/JVI.00301-17
http://www.ncbi.nlm.nih.gov/pubmed/28637758
http://dx.doi.org/10.1371/journal.pone.0036939
http://www.ncbi.nlm.nih.gov/pubmed/22590638
http://dx.doi.org/10.1128/JVI.01665-14
http://www.ncbi.nlm.nih.gov/pubmed/24991008
http://dx.doi.org/10.1128/JVI.02517-12
http://www.ncbi.nlm.nih.gov/pubmed/23152513
http://dx.doi.org/10.1002/ijc.2910240305
http://www.ncbi.nlm.nih.gov/pubmed/226484
http://dx.doi.org/10.1128/JVI.79.24.15323-15330.2005
http://www.ncbi.nlm.nih.gov/pubmed/16306603


Cancers 2018, 10, 86 18 of 22

97. Liu, P.; Fang, X.; Feng, Z.; Guo, Y.M.; Peng, R.J.; Liu, T.; Huang, Z.; Feng, Y.; Sun, X.; Xiong, Z.; et al. Direct
sequencing and characterization of a clinical isolate of Epstein-Barr virus from nasopharyngeal carcinoma
tissue by using next-generation sequencing technology. J. Virol. 2011, 85, 11291–11299. [CrossRef] [PubMed]

98. Tso, K.K.; Yip, K.Y.; Mak, C.K.; Chung, G.T.; Lee, S.D.; Cheung, S.T.; To, K.F.; Lo, K.W. Complete genomic
sequence of Epstein-Barr virus in nasopharyngeal carcinoma cell line C666-1. Infect. Agents Cancer 2013, 8,
29. [CrossRef] [PubMed]

99. Henderson, E.E.; Franks, C.; Fronko, G. Chemical carcinogen Epstein-Barr virus (EBV) synergism: EBV
genome amplification and site-specific mutation during transformation. Int. J. Cancer 1989, 43, 72–79.
[CrossRef] [PubMed]

100. Kumar, S.; Stecher, G.; Tamura, K. Mega7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evolut. 2016, 33, 1870–1874. [CrossRef] [PubMed]

101. Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of
mitochondrial DNA in humans and chimpanzees. Mol. Biol. Evolut. 1993, 10, 512–526.

102. Hildesheim, A.; Apple, R.J.; Chen, C.J.; Wang, S.S.; Cheng, Y.J.; Klitz, W.; Mack, S.J.; Chen, I.H.; Hsu, M.M.;
Yang, C.S.; et al. Association of HLA class I and II alleles and extended haplotypes with nasopharyngeal
carcinoma in taiwan. J. Natl. Cancer Inst. 2002, 94, 1780–1789. [CrossRef] [PubMed]

103. Lee, S.P.; Chan, A.T.; Cheung, S.T.; Thomas, W.A.; CroomCarter, D.; Dawson, C.W.; Tsai, C.H.; Leung, S.F.;
Johnson, P.J.; Huang, D.P. CTL control of EBV in nasopharyngeal carcinoma (NPC): EBV-specific CTL
responses in the blood and tumors of NPC patients and the antigen-processing function of the tumor cells.
J. Immunol. 2000, 165, 573–582. [CrossRef] [PubMed]

104. Lee, S.P.; Tierney, R.J.; Thomas, W.A.; Brooks, J.M.; Rickinson, A.B. Conserved ctl epitopes within EBV latent
membrane protein 2: A potential target for CTL-based tumor therapy. J. Immunol. 1997, 158, 3325–3334.
[PubMed]

105. Huye, L.E.; Rooney, C.M. DNA Tumor Viruses; Chapter 16 EBV Immunotherapy; Springer Science + Business
Media: New York, NY, USA, 2009.

106. Goswami, R.; Shair, K.H.Y.; Gershburg, E. Molecular diversity of igg responses to Epstein-Barr virus proteins
in asymptomatic Epstein-Barr virus carriers. J. Gen. Virol. 2017, 98, 2343–2350. [CrossRef] [PubMed]

107. Smith, C.; Tsang, J.; Beagley, L.; Chua, D.; Lee, V.; Li, V.; Moss, D.J.; Coman, W.; Chan, K.H.; Nicholls, J.; et al.
Effective treatment of metastatic forms of Epstein-Barr virus-associated nasopharyngeal carcinoma with a
novel adenovirus-based adoptive immunotherapy. Cancer Res. 2012, 72, 1116–1125. [CrossRef] [PubMed]

108. Blake, S.M.; Eliopoulos, A.G.; Dawson, C.W.; Young, L.S. The transmembrane domains of the EBV-encoded
latent membrane protein 1 (LMP1) variant cao regulate enhanced signalling activity. Virology 2001, 282,
278–287. [CrossRef] [PubMed]

109. Fielding, C.A.; Sandvej, K.; Mehl, A.; Brennan, P.; Jones, M.; Rowe, M. Epstein-Barr virus LMP-1 natural
sequence variants differ in their potential to activate cellular signaling pathways. J. Virol. 2001, 75, 9129–9141.
[CrossRef] [PubMed]

110. Fischer, N.; Kopper, B.; Graf, N.; Schlehofer, J.R.; Grasser, F.A.; Mueller-Lantzsch, N. Functional analysis
of different LMP1 proteins isolated from Epstein-Barr virus-positive carriers. Virus Res. 1999, 60, 41–54.
[CrossRef]

111. Lo, A.K.; Huang, D.P.; Lo, K.W.; Chui, Y.L.; Li, H.M.; Pang, J.C.; Tsao, S.W. Phenotypic alterations induced
by the hong kong-prevalent Epstein-Barr virus-encoded LMP1 variant (2117-LMP1) in nasopharyngeal
epithelial cells. Int. J. Cancer 2004, 109, 919–925. [CrossRef] [PubMed]

112. Miller, W.E.; Cheshire, J.L.; Baldwin, A.S., Jr.; Raab-Traub, N. The NPC derived c15 LMP1 protein confers
enhanced activation of nf-kappa b and induction of the egfr in epithelial cells. Oncogene 1998, 16, 1869–1877.
[CrossRef] [PubMed]

113. Bentz, G.L.; Moss, C.R., II; Whitehurst, C.B.; Moody, C.A.; Pagano, J.S. LMP1-induced sumoylation influences
the maintenance of Epstein-Barr virus latency through KAP1. J. Virol. 2015, 89, 7465–7477. [CrossRef]
[PubMed]

114. Meckes, D.G., Jr.; Raab-Traub, N. Mining Epstein-Barr virus LMP1 signaling networks. J. Carcinog. Mutagen.
2011, 1–11. [CrossRef]

115. Izumi, K.M.; Kieff, E.D. The Epstein-Barr virus oncogene product latent membrane protein 1 engages
the tumor necrosis factor receptor-associated death domain protein to mediate b lymphocyte growth
transformation and activate NF-κB. Proc. Natl. Acad. Sci. USA 1997, 94, 12592–12597. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.00823-11
http://www.ncbi.nlm.nih.gov/pubmed/21880770
http://dx.doi.org/10.1186/1750-9378-8-29
http://www.ncbi.nlm.nih.gov/pubmed/23915735
http://dx.doi.org/10.1002/ijc.2910430116
http://www.ncbi.nlm.nih.gov/pubmed/2536010
http://dx.doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
http://dx.doi.org/10.1093/jnci/94.23.1780
http://www.ncbi.nlm.nih.gov/pubmed/12464650
http://dx.doi.org/10.4049/jimmunol.165.1.573
http://www.ncbi.nlm.nih.gov/pubmed/10861098
http://www.ncbi.nlm.nih.gov/pubmed/9120290
http://dx.doi.org/10.1099/jgv.0.000891
http://www.ncbi.nlm.nih.gov/pubmed/28795661
http://dx.doi.org/10.1158/0008-5472.CAN-11-3399
http://www.ncbi.nlm.nih.gov/pubmed/22282657
http://dx.doi.org/10.1006/viro.2001.0828
http://www.ncbi.nlm.nih.gov/pubmed/11289810
http://dx.doi.org/10.1128/JVI.75.19.9129-9141.2001
http://www.ncbi.nlm.nih.gov/pubmed/11533177
http://dx.doi.org/10.1016/S0168-1702(98)00147-6
http://dx.doi.org/10.1002/ijc.20051
http://www.ncbi.nlm.nih.gov/pubmed/15027126
http://dx.doi.org/10.1038/sj.onc.1201696
http://www.ncbi.nlm.nih.gov/pubmed/9583684
http://dx.doi.org/10.1128/JVI.00711-15
http://www.ncbi.nlm.nih.gov/pubmed/25948750
http://dx.doi.org/10.4172/2157-2518.S11-001
http://dx.doi.org/10.1073/pnas.94.23.12592
http://www.ncbi.nlm.nih.gov/pubmed/9356494


Cancers 2018, 10, 86 19 of 22

116. Meckes, D.G., Jr.; Menaker, N.F.; Raab-Traub, N. Epstein-Barr virus LMP1 modulates lipid raft microdomains
and the vimentin cytoskeleton for signal transduction and transformation. J. Virol. 2013, 87, 1301–1311.
[CrossRef] [PubMed]

117. Yasui, T.; Luftig, M.; Soni, V.; Kieff, E. Latent infection membrane protein transmembrane FWLY is critical
for intermolecular interaction, raft localization, and signaling. Proc. Natl. Acad. Sci. USA 2004, 101, 278–283.
[CrossRef] [PubMed]

118. Chen, H.; Lee, J.M.; Zong, Y.; Borowitz, M.; Ng, M.H.; Ambinder, R.F.; Hayward, S.D. Linkage between
stat regulation and Epstein-Barr virus gene expression in tumors. J. Virol. 2001, 75, 2929–2937. [CrossRef]
[PubMed]

119. Koganti, S.; Hui-Yuen, J.; McAllister, S.; Gardner, B.; Grasser, F.; Palendira, U.; Tangye, S.G.; Freeman, A.F.;
Bhaduri-McIntosh, S. STAT3 interrupts ATR-Chk1 signaling to allow oncovirus-mediated cell proliferation.
Proc. Natl. Acad. Sci. USA 2014, 111, 4946–4951. [CrossRef] [PubMed]

120. Kung, C.P.; Meckes, D.G., Jr.; Raab-Traub, N. Epstein-Barr virus LMP1 activates EGFR, STAT3, and ERK
through effects on pkcdelta. J. Virol. 2011, 85, 4399–4408. [CrossRef] [PubMed]

121. Kung, C.P.; Raab-Traub, N. Epstein-Barr virus latent membrane protein 1 modulates distinctive NF-κB
pathways through C-terminus-activating region 1 to regulate epidermal growth factor receptor expression.
J. Virol. 2010, 84, 6605–6614. [CrossRef] [PubMed]

122. Shair, K.H.; Bendt, K.M.; Edwards, R.H.; Bedford, E.C.; Nielsen, J.N.; Raab-Traub, N. EBV latent membrane
protein 1 activates Akt, NF-κB, and STAT3 in b cell lymphomas. PLoS Pathog. 2007, 3, e166. [CrossRef]
[PubMed]

123. Thornburg, N.J.; Kulwichit, W.; Edwards, R.H.; Shair, K.H.; Bendt, K.M.; Raab-Traub, N. LMP1 signaling and
activation of NF-κB in LMP1 transgenic mice. Oncogene 2006, 25, 288–297. [CrossRef] [PubMed]

124. Miller, W.E.; Earp, H.S.; Raab-Traub, N. The Epstein-Barr virus latent membrane protein 1 induces expression
of the epidermal growth factor receptor. J. Virol. 1995, 69, 4390–4398. [PubMed]

125. Tao, Y.; Song, X.; Deng, X.; Xie, D.; Lee, L.M.; Liu, Y.; Li, W.; Li, L.; Deng, L.; Wu, Q.; et al. Nuclear
accumulation of epidermal growth factor receptor and acceleration of G1/S stage by Epstein-Barr-encoded
oncoprotein latent membrane protein 1. Exp. Cell Res. 2005, 303, 240–251. [CrossRef] [PubMed]

126. Wells, A.; Marti, U. Signalling shortcuts: Cell-surface receptors in the nucleus? Nat. Rev. Mol. Cell Biol. 2002,
3, 697–702. [CrossRef] [PubMed]

127. Xu, Y.; Shi, Y.; Yuan, Q.; Liu, X.; Yan, B.; Chen, L.; Tao, Y.; Cao, Y. Epstein-Barr virus encoded LMP1 regulates
cyclin D1 promoter activity by nuclear EGFR and STAT3 in CNE1 cells. J. Exp. Clin. Cancer Res. 2013, 32, 90.
[CrossRef] [PubMed]

128. Nikitin, P.A.; Luftig, M.A. The DNA damage response in viral-induced cellular transformation. Br. J. Cancer
2012, 106, 429–435. [CrossRef] [PubMed]

129. Deng, W.; Pang, P.S.; Tsang, C.M.; Hau, P.M.; Yip, Y.L.; Cheung, A.L.; Tsao, S.W. Epstein-Barr virus-encoded
latent membrane protein 1 impairs G2 checkpoint in human nasopharyngeal epithelial cells through defective
Chk1 activation. PLoS ONE 2012, 7, e39095. [CrossRef] [PubMed]

130. Talaty, P.; Emery, A.; Everly, D.N., Jr. Characterization of the latent membrane protein 1 signaling complex of
Epstein-Barr virus in the membrane of mammalian cells with bimolecular fluorescence complementation.
Virol. J. 2011, 8, 414. [CrossRef] [PubMed]

131. Calderwood, M.A.; Venkatesan, K.; Xing, L.; Chase, M.R.; Vazquez, A.; Holthaus, A.M.; Ewence, A.E.; Li, N.;
Hirozane-Kishikawa, T.; Hill, D.E.; et al. Epstein-Barr virus and virus human protein interaction maps.
Proc. Natl. Acad. Sci. USA 2007, 104, 7606–7611. [CrossRef] [PubMed]

132. Rozenblatt-Rosen, O.; Deo, R.C.; Padi, M.; Adelmant, G.; Calderwood, M.A.; Rolland, T.; Grace, M.; Dricot, A.;
Askenazi, M.; Tavares, M.; et al. Interpreting cancer genomes using systematic host network perturbations
by tumour virus proteins. Nature 2012, 487, 491–495. [CrossRef] [PubMed]

133. Rider, M.A.; Cheerathodi, M.R.; Hurwitz, S.N.; Nkosi, D.; Howell, L.A.; Tremblay, D.C.; Liu, X.; Zhu, F.;
Meckes, D.G., Jr. The interactome of EBV LMP1 evaluated by proximity-based bioid approach. Virology 2018,
516, 55–70. [CrossRef] [PubMed]

134. Bentz, G.L.; Shackelford, J.; Pagano, J.S. Epstein-Barr virus latent membrane protein 1 regulates the function
of interferon regulatory factor 7 by inducing its sumoylation. J. Virol. 2012, 86, 12251–12261. [CrossRef]
[PubMed]

http://dx.doi.org/10.1128/JVI.02519-12
http://www.ncbi.nlm.nih.gov/pubmed/23152522
http://dx.doi.org/10.1073/pnas.2237224100
http://www.ncbi.nlm.nih.gov/pubmed/14695890
http://dx.doi.org/10.1128/JVI.75.6.2929-2937.2001
http://www.ncbi.nlm.nih.gov/pubmed/11222718
http://dx.doi.org/10.1073/pnas.1400683111
http://www.ncbi.nlm.nih.gov/pubmed/24639502
http://dx.doi.org/10.1128/JVI.01703-10
http://www.ncbi.nlm.nih.gov/pubmed/21307189
http://dx.doi.org/10.1128/JVI.00344-10
http://www.ncbi.nlm.nih.gov/pubmed/20410275
http://dx.doi.org/10.1371/journal.ppat.0030166
http://www.ncbi.nlm.nih.gov/pubmed/17997602
http://dx.doi.org/10.1038/sj.onc.1209023
http://www.ncbi.nlm.nih.gov/pubmed/16247482
http://www.ncbi.nlm.nih.gov/pubmed/7769701
http://dx.doi.org/10.1016/j.yexcr.2004.09.030
http://www.ncbi.nlm.nih.gov/pubmed/15652339
http://dx.doi.org/10.1038/nrm905
http://www.ncbi.nlm.nih.gov/pubmed/12209129
http://dx.doi.org/10.1186/1756-9966-32-90
http://www.ncbi.nlm.nih.gov/pubmed/24499623
http://dx.doi.org/10.1038/bjc.2011.612
http://www.ncbi.nlm.nih.gov/pubmed/22240795
http://dx.doi.org/10.1371/journal.pone.0039095
http://www.ncbi.nlm.nih.gov/pubmed/22761726
http://dx.doi.org/10.1186/1743-422X-8-414
http://www.ncbi.nlm.nih.gov/pubmed/21864338
http://dx.doi.org/10.1073/pnas.0702332104
http://www.ncbi.nlm.nih.gov/pubmed/17446270
http://dx.doi.org/10.1038/nature11288
http://www.ncbi.nlm.nih.gov/pubmed/22810586
http://dx.doi.org/10.1016/j.virol.2017.12.033
http://www.ncbi.nlm.nih.gov/pubmed/29329079
http://dx.doi.org/10.1128/JVI.01407-12
http://www.ncbi.nlm.nih.gov/pubmed/22951831


Cancers 2018, 10, 86 20 of 22

135. Xu, J.; Ahmad, A.; Menezes, J. Preferential localization of the Epstein-Barr virus (EBV) oncoprotein LMP-1
to nuclei in human t cells: Implications for its role in the development of EBV genome-positive t-cell
lymphomas. J. Virol. 2002, 76, 4080–4086. [CrossRef] [PubMed]

136. Meckes, D.G., Jr. Exosomal communication goes viral. J. Virol. 2015, 89, 5200–5203. [CrossRef] [PubMed]
137. Meckes, D.G., Jr.; Raab-Traub, N. Microvesicles and viral infection. J. Virol. 2011, 85, 12844–12854. [CrossRef]

[PubMed]
138. Raab-Traub, N.; Dittmer, D.P. Viral effects on the content and function of extracellular vesicles.

Nat. Rev. Microbiol. 2017, 15, 559–572. [CrossRef] [PubMed]
139. Houali, K.; Wang, X.; Shimizu, Y.; Djennaoui, D.; Nicholls, J.; Fiorini, S.; Bouguermouh, A.; Ooka, T. A new

diagnostic marker for secreted Epstein-Barr virus encoded LMP1 and BARF1 oncoproteins in the serum
and saliva of patients with nasopharyngeal carcinoma. Clin. Cancer Res. 2007, 13, 4993–5000. [CrossRef]
[PubMed]

140. Meckes, D.G., Jr.; Shair, K.H.; Marquitz, A.R.; Kung, C.P.; Edwards, R.H.; Raab-Traub, N. Human tumor
virus utilizes exosomes for intercellular communication. Proc. Natl. Acad. Sci. USA 2010, 107, 20370–20375.
[CrossRef] [PubMed]

141. Kobayashi, E.; Aga, M.; Kondo, S.; Whitehurst, C.; Yoshizaki, T.; Pagano, J.S.; Shackelford, J. C-terminal
farnesylation of Uch-L1 plays a role in transport of Epstein-Barr virus primary oncoprotein LMP1 to
exosomes. mSphere 2018, 3, e00030-18. [CrossRef] [PubMed]

142. Hurwitz, S.N.; Nkosi, D.; Conlon, M.M.; York, S.B.; Liu, X.; Tremblay, D.C.; Meckes, D.G., Jr. CD63 regulates
Epstein-Barr virus LMP1 exosomal packaging, enhancement of vesicle production, and noncanonical NF-κB
signaling. J. Virol. 2017, 91, e02251-16. [CrossRef] [PubMed]

143. Hurwitz, S.N.; Cheerathodi, M.R.; Nkosi, D.; York, S.B.; Meckes, D.G., Jr. Tetraspanin CD63 bridges
autophagic and endosomal processes to regulate exosomal secretion and intracellular signaling of
Epstein-Barr virus LMP1. J. Virol. 2018, 92, e01969-17. [CrossRef] [PubMed]

144. Ceccarelli, S.; Visco, V.; Raffa, S.; Wakisaka, N.; Pagano, J.S.; Torrisi, M.R. Epstein-Barr virus latent membrane
protein 1 promotes concentration in multivesicular bodies of fibroblast growth factor 2 and its release
through exosomes. Int. J. Cancer 2007, 121, 1494–1506. [CrossRef] [PubMed]

145. Gutzeit, C.; Nagy, N.; Gentile, M.; Lyberg, K.; Gumz, J.; Vallhov, H.; Puga, I.; Klein, E.; Gabrielsson, S.;
Cerutti, A.; et al. Exosomes derived from Burkitt’s lymphoma cell lines induce proliferation, differentiation,
and class-switch recombination in B cells. J. Immunol. 2014, 192, 5852–5862. [CrossRef] [PubMed]

146. Nanbo, A.; Kawanishi, E.; Yoshida, R.; Yoshiyama, H. Exosomes derived from Epstein-Barr virus-infected
cells are internalized via caveola-dependent endocytosis and promote phenotypic modulation in target cells.
J. Virol. 2013, 87, 10334–10347. [CrossRef] [PubMed]

147. Aga, M.; Bentz, G.L.; Raffa, S.; Torrisi, M.R.; Kondo, S.; Wakisaka, N.; Yoshizaki, T.; Pagano, J.S.; Shackelford, J.
Exosomal HIF1α supports invasive potential of nasopharyngeal carcinoma-associated LMP1-positive
exosomes. Oncogene 2014, 33, 4613–4622. [CrossRef] [PubMed]

148. Keryer-Bibens, C.; Pioche-Durieu, C.; Villemant, C.; Souquere, S.; Nishi, N.; Hirashima, M.; Middeldorp, J.;
Busson, P. Exosomes released by EBV-infected nasopharyngeal carcinoma cells convey the viral latent
membrane protein 1 and the immunomodulatory protein galectin 9. BMC Cancer 2006, 6, 283. [CrossRef]
[PubMed]

149. Klibi, J.; Niki, T.; Riedel, A.; Pioche-Durieu, C.; Souquere, S.; Rubinstein, E.; Le Moulec, S.; Guigay, J.;
Hirashima, M.; Guemira, F.; et al. Blood diffusion and TH1-suppressive effects of galectin-9-containing
exosomes released by Epstein-Barr virus-infected nasopharyngeal carcinoma cells. Blood 2009, 113, 1957–1966.
[CrossRef] [PubMed]

150. Dukers, D.F.; Meij, P.; Vervoort, M.B.; Vos, W.; Scheper, R.J.; Meijer, C.J.; Bloemena, E.; Middeldorp, J.M.
Direct immunosuppressive effects of EBV-encoded latent membrane protein 1. J. Immunol. 2000, 165, 663–670.
[CrossRef] [PubMed]

151. Eliopoulos, A.G.; Gallagher, N.J.; Blake, S.M.; Dawson, C.W.; Young, L.S. Activation of the p38
mitogen-activated protein kinase pathway by Epstein-Barr virus-encoded latent membrane protein 1
coregulates interleukin-6 and interleukin-8 production. J. Biol. Chem. 1999, 274, 16085–16096. [CrossRef]
[PubMed]

http://dx.doi.org/10.1128/JVI.76.8.4080-4086.2002
http://www.ncbi.nlm.nih.gov/pubmed/11907247
http://dx.doi.org/10.1128/JVI.02470-14
http://www.ncbi.nlm.nih.gov/pubmed/25740980
http://dx.doi.org/10.1128/JVI.05853-11
http://www.ncbi.nlm.nih.gov/pubmed/21976651
http://dx.doi.org/10.1038/nrmicro.2017.60
http://www.ncbi.nlm.nih.gov/pubmed/28649136
http://dx.doi.org/10.1158/1078-0432.CCR-06-2945
http://www.ncbi.nlm.nih.gov/pubmed/17785549
http://dx.doi.org/10.1073/pnas.1014194107
http://www.ncbi.nlm.nih.gov/pubmed/21059916
http://dx.doi.org/10.1128/mSphere.00030-18
http://www.ncbi.nlm.nih.gov/pubmed/29435490
http://dx.doi.org/10.1128/JVI.02251-16
http://www.ncbi.nlm.nih.gov/pubmed/27974566
http://dx.doi.org/10.1128/JVI.01969-17
http://www.ncbi.nlm.nih.gov/pubmed/29212935
http://dx.doi.org/10.1002/ijc.22844
http://www.ncbi.nlm.nih.gov/pubmed/17546597
http://dx.doi.org/10.4049/jimmunol.1302068
http://www.ncbi.nlm.nih.gov/pubmed/24829410
http://dx.doi.org/10.1128/JVI.01310-13
http://www.ncbi.nlm.nih.gov/pubmed/23864627
http://dx.doi.org/10.1038/onc.2014.66
http://www.ncbi.nlm.nih.gov/pubmed/24662828
http://dx.doi.org/10.1186/1471-2407-6-283
http://www.ncbi.nlm.nih.gov/pubmed/17156439
http://dx.doi.org/10.1182/blood-2008-02-142596
http://www.ncbi.nlm.nih.gov/pubmed/19005181
http://dx.doi.org/10.4049/jimmunol.165.2.663
http://www.ncbi.nlm.nih.gov/pubmed/10878338
http://dx.doi.org/10.1074/jbc.274.23.16085
http://www.ncbi.nlm.nih.gov/pubmed/10347160


Cancers 2018, 10, 86 21 of 22

152. Chen, H.; Hutt-Fletcher, L.; Cao, L.; Hayward, S.D. A positive autoregulatory loop of LMP1 expression
and stat activation in epithelial cells latently infected with Epstein-Barr virus. J. Virol. 2003, 77, 4139–4148.
[CrossRef] [PubMed]

153. Lai, H.C.; Hsiao, J.R.; Chen, C.W.; Wu, S.Y.; Lee, C.H.; Su, I.J.; Takada, K.; Chang, Y. Endogenous latent
membrane protein 1 in Epstein-Barr virus-infected nasopharyngeal carcinoma cells attracts t lymphocytes
through upregulation of multiple chemokines. Virology 2010, 405, 464–473. [CrossRef] [PubMed]

154. Hutajulu, S.H.; Kurnianda, J.; Tan, I.B.; Middeldorp, J.M. Therapeutic implications of Epstein-Barr virus
infection for the treatment of nasopharyngeal carcinoma. Ther. Clin. Risk Manag. 2014, 10, 721–736. [CrossRef]
[PubMed]

155. Gottschalk, S.; Rooney, C.M. Adoptive t-cell immunotherapy. Curr. Top. Microbiol. Immunol. 2015, 391,
427–454. [PubMed]

156. Shair, K.H.; Schnegg, C.I.; Raab-Traub, N. Epstein-Barr virus latent membrane protein-1 effects on junctional
plakoglobin and induction of a cadherin switch. Cancer Res. 2009, 69, 5734–5742. [CrossRef] [PubMed]

157. Tsai, C.N.; Tsai, C.L.; Tse, K.P.; Chang, H.Y.; Chang, Y.S. The Epstein-Barr virus oncogene product, latent
membrane protein 1, induces the downregulation of e-cadherin gene expression via activation of DNA
methyltransferases. Proc. Natl. Acad. Sci. USA 2002, 99, 10084–10089. [CrossRef] [PubMed]

158. Tsao, S.W.; Liu, Y.; Wang, X.; Yuen, P.W.; Leung, S.Y.; Yuen, S.T.; Pan, J.; Nicholls, J.M.; Cheung, A.L.;
Wong, Y.C. The association of E-cadherin expression and the methylation status of the E-cadherin gene in
nasopharyngeal carcinoma cells. Eur. J. Cancer 2003, 39, 524–531. [CrossRef]

159. Zheng, Z.; Pan, J.; Chu, B.; Wong, Y.C.; Cheung, A.L.; Tsao, S.W. Downregulation and abnormal expression
of E-cadherin and β-catenin in nasopharyngeal carcinoma: Close association with advanced disease stage
and lymph node metastasis. Hum. Pathol. 1999, 30, 458–466. [CrossRef]

160. Hazan, R.B.; Qiao, R.; Keren, R.; Badano, I.; Suyama, K. Cadherin switch in tumor progression. Ann. N. Y.
Acad. Sci. 2004, 1014, 155–163. [CrossRef] [PubMed]

161. Thiery, J.P. Epithelial-mesenchymal transitions in tumour progression. Nat. Rev. Cancer 2002, 2, 442–454.
[CrossRef] [PubMed]

162. Wasil, L.R.; Shair, K.H. Epstein-Barr virus LMP1 induces focal adhesions and epithelial cell migration
through effects on integrin-α5 and N-cadherin. Oncogenesis 2015, 4, e171. [CrossRef] [PubMed]

163. Morris, M.A.; Dawson, C.W.; Laverick, L.; Davis, A.M.; Dudman, J.P.; Raveenthiraraj, S.; Ahmad, Z.; Yap, L.F.;
Young, L.S. The Epstein-Barr virus encoded LMP1 oncoprotein modulates cell adhesion via regulation of
activin A/TGFβ and β1 integrin signalling. Sci. Rep. 2016, 6, 19533. [CrossRef] [PubMed]

164. Zuo, L.L.; Zhang, J.; Liu, L.Z.; Zhou, Q.; Du, S.J.; Xin, S.Y.; Ning, Z.P.; Yang, J.; Yu, H.B.; Yue, W.X.; et al.
Cadherin 6 is activated by Epstein-Barr virus LMP1 to mediate emt and metastasis as an interplay node of
multiple pathways in nasopharyngeal carcinoma. Oncogenesis 2017, 6, 402. [CrossRef] [PubMed]

165. Horikawa, T.; Yang, J.; Kondo, S.; Yoshizaki, T.; Joab, I.; Furukawa, M.; Pagano, J.S. Twist and
epithelial-mesenchymal transition are induced by the EBV oncoprotein latent membrane protein 1 and are
associated with metastatic nasopharyngeal carcinoma. Cancer Res. 2007, 67, 1970–1978. [CrossRef] [PubMed]

166. Horikawa, T.; Yoshizaki, T.; Kondo, S.; Furukawa, M.; Kaizaki, Y.; Pagano, J.S. Epstein-Barr virus latent
membrane protein 1 induces snail and epithelial-mesenchymal transition in metastatic nasopharyngeal
carcinoma. Br. J. Cancer 2011, 104, 1160–1167. [CrossRef] [PubMed]

167. Ma, L.J.; Lee, S.W.; Lin, L.C.; Chen, T.J.; Chang, I.W.; Hsu, H.P.; Chang, K.Y.; Huang, H.Y.; Li, C.F. Fibronectin
overexpression is associated with latent membrane protein 1 expression and has independent prognostic
value for nasopharyngeal carcinoma. Tumour Biol. 2014, 35, 1703–1712. [CrossRef] [PubMed]

168. Yoshizaki, T.; Sato, H.; Furukawa, M.; Pagano, J.S. The expression of matrix metalloproteinase 9 is enhanced
by Epstein-Barr virus latent membrane protein 1. Proc. Natl. Acad. Sci. USA 1998, 95, 3621–3626. [CrossRef]
[PubMed]

169. Kondo, S.; Yoshizaki, T.; Wakisaka, N.; Horikawa, T.; Murono, S.; Jang, K.L.; Joab, I.; Furukawa, M.;
Pagano, J.S. MUC1 induced by Epstein-Barr virus latent membrane protein 1 causes dissociation of the
cell-matrix interaction and cellular invasiveness via STAT signaling. J. Virol. 2007, 81, 1554–1562. [CrossRef]
[PubMed]

http://dx.doi.org/10.1128/JVI.77.7.4139-4148.2003
http://www.ncbi.nlm.nih.gov/pubmed/12634372
http://dx.doi.org/10.1016/j.virol.2010.06.037
http://www.ncbi.nlm.nih.gov/pubmed/20637487
http://dx.doi.org/10.2147/TCRM.S47434
http://www.ncbi.nlm.nih.gov/pubmed/25228810
http://www.ncbi.nlm.nih.gov/pubmed/26428384
http://dx.doi.org/10.1158/0008-5472.CAN-09-0468
http://www.ncbi.nlm.nih.gov/pubmed/19584275
http://dx.doi.org/10.1073/pnas.152059399
http://www.ncbi.nlm.nih.gov/pubmed/12110730
http://dx.doi.org/10.1016/S0959-8049(02)00494-X
http://dx.doi.org/10.1016/S0046-8177(99)90123-5
http://dx.doi.org/10.1196/annals.1294.016
http://www.ncbi.nlm.nih.gov/pubmed/15153430
http://dx.doi.org/10.1038/nrc822
http://www.ncbi.nlm.nih.gov/pubmed/12189386
http://dx.doi.org/10.1038/oncsis.2015.31
http://www.ncbi.nlm.nih.gov/pubmed/26479443
http://dx.doi.org/10.1038/srep19533
http://www.ncbi.nlm.nih.gov/pubmed/26782058
http://dx.doi.org/10.1038/s41389-017-0005-7
http://www.ncbi.nlm.nih.gov/pubmed/29284791
http://dx.doi.org/10.1158/0008-5472.CAN-06-3933
http://www.ncbi.nlm.nih.gov/pubmed/17332324
http://dx.doi.org/10.1038/bjc.2011.38
http://www.ncbi.nlm.nih.gov/pubmed/21386845
http://dx.doi.org/10.1007/s13277-013-1235-8
http://www.ncbi.nlm.nih.gov/pubmed/24081675
http://dx.doi.org/10.1073/pnas.95.7.3621
http://www.ncbi.nlm.nih.gov/pubmed/9520415
http://dx.doi.org/10.1128/JVI.02222-06
http://www.ncbi.nlm.nih.gov/pubmed/17151127


Cancers 2018, 10, 86 22 of 22

170. Mirabello, L.; Yeager, M.; Yu, K.; Clifford, G.M.; Xiao, Y.; Zhu, B.; Cullen, M.; Boland, J.F.; Wentzensen, N.;
Nelson, C.W.; et al. HPV16 E7 genetic conservation is critical to carcinogenesis. Cell 2017, 170, 1164–1174.
[CrossRef] [PubMed]

171. Feederle, R.; Klinke, O.; Kutikhin, A.; Poirey, R.; Tsai, M.H.; Delecluse, H.J. Epstein-Barr virus: From the
detection of sequence polymorphisms to the recognition of viral types. Curr. Top. Microbiol. Immunol. 2015,
390, 119–148. [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.cell.2017.08.001
http://www.ncbi.nlm.nih.gov/pubmed/28886384
http://www.ncbi.nlm.nih.gov/pubmed/26424646
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Epithelial Infection Models 
	Elucidating the Role of EBV Infection and LMP1 Expression in NPC Pathogenesis 
	LMP1 Sequence Diversity and Potential Selection 
	EBV Compartmentalization by LMP1 Strain Variants 
	Comparison of LMP1 Sequence Derived from HTS of EBV Genomes 
	Elucidation of LMP1 Selection in NPC Tumors 

	Effect of LMP1 on Nuclear Processes and Extracellular Interactions 
	Nuclear Processes 
	Extracellular Interactions 
	Exosomes 
	Extracellular Interactions 


	Concluding Remarks 
	References

