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Abstract

EBV drives resting B cells to continuous proliferating latently infected cells. A restricted program
of viral transcription contributes to latency and cell proliferation important for growth
transformation. Recent interest in latency and transformation has provided new data about the
roles of the EBV encoded latent proteins and non-coding RNAs. We broadly describe the
transcription, epigenetic, signaling and super-enhancer functions of the latent nuclear antigens in
regulating cellular transcription; the role of LMP2 in utilization of the autophagosome to control
cell death, and the association between LMP1, the linear ubiquitin chain assembly complex and
TRAF1 which are important for transformation. This review explores recent discoveries with new
insights into therapeutic avenues for EBV related malignancies.

Introduction

Epstein-Barr virus (EBV) infection is causally linked to several malignancies including
endemic Burkitt’s lymphoma, Hodgkin’s lymphoma, post-transplant lymphoproliferative
disorders, nasopharyngeal carcinomas, gastric carcinoma and leiomyosarcoma (36). Based
on seroprevalence, 95% of human adults carry EBV world-wide for their life-time (20).
Primary EBV infection causes infectious mononucleosis in at least 125,000 cases in the
United States every year and the incidence of EBV associated malignancies is estimated to
be 200,000 new cases each year world-wide. The strong bias of the incidence of specific
tumor entities in different parts of the world strongly suggests, that environmental factors
including co-infections, social status, host genetics, immune status of the infected host and
different EBV strains all impact on pathogenesis (9, 18, 36). Neither EBV vaccines nor EBV
specific anti-viral drugs have been approved for patient treatment.

EBV is a y-herpesvirus that primarily infects human epithelial and B cells and establishes a
lifelong persistent and asymptomatic infection in memory B cells which circulate in the
peripheral blood (47). Similar to other herpesviruses, the EBV life cycle can switch between
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latent and lytic state. Occasional reactivation from latency and virus production is triggered
by environmental stimuli but tightly controlled by the immune system of healthy individuals
(20, 47).

EBV infects human primary B cells, activates their cell cycle during early infection and
induces the permanent proliferation of the infected lines /in vitro after a programmed
expression pattern that uniquely allows for transition from a resting to a full blown
transformed lymphoblastoid cell line (15, 39). Growth transformation of B cells by EBV in
vitrois based on the concerted action of Epstein-Barr virus nuclear antigens (EBNASs) and
Latent membrane proteins (LMPs) (39, 47). A unique and characteristic feature of EBV is
its capability to establish distinct latent gene expression patterns in vivo and in cultured cells
(named type O, I, Il and I11) in resting and proliferating cells (47). EBV growth transformed
B cells express a viral transcriptional program, referred to as latency 111, which is
characterized by the co-expression of EBNA2 and EBNA-LP with EBNA-1, EBNA-3A, -3B
and -3C, as well as LMP1, LMP2A and LMP2B (20, 39).

Importantly, the different latent expression programs are found in lymphoproliferative and
epithelial malignant diseases, as most recently reviewed in (34). Distinct viral gene
expression programs, including coding and non-coding RNAs control cellular gene
expression, signal transduction, proliferation and survival of infected cells. Using the
cellular replication machinery, the latent viral genome is maintained in proliferating cells as
a replicating nuclear episome with expression of the viral encoded latent antigen EBNA1,
and segregates to daughter cells during mitosis (1, 12). Both, the viral and cellular gene
expression programs are tightly controlled by cellular signaling activities, and epigenetic
mechanisms, including DNA methylation, chromatin modification and nucleosome
occupancy. We will focus on these major processes and their relevance in terms of latency
infection and proliferation.

Public resources for EBV research

Cost-efficient high throughput sequencing techniques have fostered many aspects of EBV
research during the last years. The ENCODE project lists a wealth of data on primary human
B cells and 42 EBV immortalized B cell lines (named GM followed by a five figure number)
which have been analyzed for multiple parameters by the ENCODE consortium and the
results have been mapped to the GRCh37/hg19 human genome assembly (4). These data sets
include RNA sequencing results, transcription factor binding sites, binding sites for
architectural proteins, chromatin modifications, methylation status of the DNA, and the
definition of functional genomic elements like enhancers and are continuously expanded.
These cell lines have all been generated by infecting primary human B cells with the
laboratory type 1 EBV strain (B95-8). Thus, all data sets describe the cellular epigenomes of
Type 11 Latency infected B cells and are a growing and valuable resource for EBV research
(10).

Although the first EBV sequence was published in 1984 (5), large scale sequencing of EBV
genomes has been accomplished only recently (23, 31) and references therein]. Novel
genome capture technologies similar to exome sequencing as well as bioinformatics tools
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had to be developed. De novo sequencing and assembly of EBV genomes is still in its
infancy but will likely provide new information in the near future. Approximately 100
genomes from malignant and non-malignant cells from different geographical origins have
been sequenced. Based on the SNP variation and the frequency of non-synonymous
nucleotide exchanges within the latent EBNA2 and EBNA3A, 3B and 3C genes, the
genomes tend to cluster in two major groups that had been previously defined as the two
major EBV types (4). In addition, intertypic recombinants can also be found. At present, the
number of sequenced viral and cellular genomes is still insufficient to establish geographical
links and correlate disease association with the specific viral variants to identify potential
high risk strains. On a long-term basis this technological progress and the use of data sets
provided by Hapmap should produce data sets sufficient to generate testable working
hypotheses (18).

EBNA2, EBNA3A, EBNA3C preferentially bind to enhancers

Since EBNA2, EBNA-LP, EBNA3A, and 3C are co-expressed in type Il latency, the
association of these protein with cellular chromatin has been studied intensely by co-
immunoprecipitation and high throughput sequencing. The sequencing results were mapped
to reference genomes and the binding patterns were compared. Using published data sets
these ChIP-Seq data as well as ChIP-PCR data were further analyzed for co-occurring
chromatin signatures and transcription factor binding sites in type I11 latency at a genome
wide level using data provided by the ENCODE consortium (16, 29, 33, 49, 50). The total
number of genomic binding sites varied, ranging from approximately 5,000 to 20,000
significant peaks for individual viral factors in different studies. This discrepancy can be
easily explained by the use of different biological reagents and bioinformatics parameters
and tools. All studies agree that EBNA2 and the EBNAS3 binding sites partially overlap and
preferentially but not exclusively target enhancers. EBNA-LP preferentially occupies
promoter sites consistent with a model by which EBNA2 and EBNA-LP establish chromatin
loops of promoter and enhancer elements (33). EBNA3A and EBNA3C regulated promoter
and enhancer regions were enriched for repressive polycomb chromatin signatures as
exemplified by the selected EBNA3 target genes BCL2L 11, the INK4b-ARF-INK4a locus
and integrin receptor signaling genes (3, 28, 32, 471, 45). At the CXCL9/10 gene locus the
polycomb signature is established by EBNA3A in a two-step process. EBNA3A competes
with EBNA2 for binding to intergenic enhancer regions. Loss of EBNA2 causes enhancer
inactivation and transcriptional silencing of the CXCL9 and 10 genes. The genes for CXCL9
and 10 reside in a co-regulated chromatin domain that is entirely marked by a polycomb
signature in the silent EBNA3A positive state (16, 17). Transcriptional silencing of CXCL9
and 10 precedes the deposition of repressive marks by the polycomb complex. Polycomb is
either directly but slowly recruited by EBNA3A. Alternatively, the enhancer region that is
switched off could be polycomb modified by default. EBNA3C functions through a number
of tumor suppressors and cell cycle regulators important in driving cells through the resting
state to a growth transformed state by disruption of their normal activities (6, 22, 39, 40).
Recruitment of E3 ligase for ubiquitination, and deubiquitination of target substrates to
dysregulate their activities has shown the broad impact of EBNA3C in contributing to the
transformed phenotype (37-38).
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The assignment of enhancer and corresponding promoters in the cellular genome is
hampered by the long distance relationships of both functional units when linear distances
are looked at without considering the nuclear architecture in chromosome territories and
topological association domains (TADs). TADs can be identified by high-resolution
chromatin conformation capturing assays (29). TADs are mega-base size chromatin
interaction domains and functional units, bordered by architectural proteins like CTCF,
housekeeping and t-RNA genes that prevent the spread of heterochromatin (11). A
quantitative study of EBNAZ2 hinding sites identified a subpopulation of 888 highly active
“EBNAZ2 super enhancers” that were characterized by high EBNA2 and B cell transcription
factor density, elevated enhancer marks as H3K27 acetylation, and H3K4 mono-methylation
levels (50). In parallel approximately 1,700 sites co-binding sites of EBNA2, EBNA-LP,
EBNA3A and EBNA3C which also recruit NFKappaB, presumably activated by LMP
signaling, were defined. Notably, EBNA2 super enhancers and approximately 86% of
previously defined EBNAZ2 target genes co-localize in TADs (42, 50). EBNA2 was shown to
establish long-distance physical interactions between enhancers and the promoter of one of
its target gene c-myc (49, 50). Importantly, modulation of chromatin loops by EBNA3C
correlates with repression although this would likely be only in the context of EBNA2 and
other transcription activators (29).

In summary, EBNA2 exploits the epigenetic status and nuclear architecture of the B cell
chromatin that is marked by the B cell specific transcription factor network to access cellular
chromatin and regulate cellular transcription. EBNAS3 proteins are engaged in transcription
modulation through their interactions with a number of cellular regulatory processes
including tumor suppressor activities, cell cycle regulation, as well as epigenetic changes
that may be important for long range chromatin interactions. These interactions are likely to
contribute globally to the transcription profile of EBV transformed latently infected B cells
(See Figure 1).

Cellular adaptors which recruit EBNA2, EBNA3A and EBNA3C to chromatin

All enhancers bound by EBNA2 or EBNAS3 proteins are co-occupied with B cell
transcription factors. Whether EBNA2 directly interacts with any of these B cell
transcription factors and uses these proteins as adaptor to the cellular chromatin has not been
studied until recently. Both, EBNA2 and the EBNA3 proteins use cellular adaptor proteins to
bind to cis-regulatory regions of its target genes which indirectly confer sequence specific
DNA contact to the viral proteins (29). So far, the best studied cellular DNA adaptor protein
of EBNAZ2 is the DNA binding protein CBF1/CSL, which directly binds to EBNAZ2.
CBF1/CSL (CBF1 for C-promoter binding protein, Su(H) in Drosophila melanogaster, Lagl
in Caenorhabditis elegans) is also called RBP or RBPJx. The second but less well
characterized EBNA2 DNA adaptor is the PU.1 protein which is critical for activation of the
viral LMP1 promoter by EBNA2. Like EBNA2 the EBNA3A, 3B and 3C proteins bind to
CBF1/CSL but binding of these viral proteins is mutually exclusive and competitive (25).
EBNAZ2 and CBF1/CSL chromatin binding sites widely overlap indicating that CBF1/CSL is
an important DNA adaptor for EBNA2 (19). In contrast, only a minority of EBNA3A or
EBNA3C binding sites co-localize with CBF1/CSL but enriched more strongly at BATF or
at BATF/IRF4 and SPI/IRF4 binding sites, respectively. These findings might suggest that
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EBNA3A and 3C can target chromatin independently of CBF1/CSL (19, 41). The recent
finding that EBNA3C can bind to and stabilize IRF4 through degradation of its IRF8 partner
is consistent with a concept that IRF4 recruits EBNA3C to chromatin (6). Furthermore, the
induction of the cellular oncoprotein Pim-1 by EBNA3C results in increased p21
phosphorylation and its degradation mediated by the proteosomal degradation pathway (7).
These studies are consistent with a role for EBNA3C in regulating a number of major
cellular transcription and cell cycle regulatory factors for driving proliferation and survival
of EBV infected cells. At EBV super enhancers, EBNA2, EBNA3A and 3C co-localized
with CBF1 binding sites (41). The contribution of CBF1/CSL to EBNA3A and EBNA3C
binding at these sites will require further exploration to fully understand the roles of these
complexes. Early after infection, EBNA2 and EBNA-LP gene expression is followed by
expression of the EBNA3 and LMPs which occurs by 48 hours after infection (2, 15).
Interestingly, it has been reported that the maximal expression levels of EBNA3s and LMPs
were not reached until approximately 21 days which is maintained in LCLs and needs
further explanation (35). However, the timing of expression appears to be much earlier and
may be a consequence of the percentage of cells that are initially infected, as well as the
switch from the early lytic burst to a strict latent infection. Interestingly, EBV super
enhancers and associated genes were strongly activated indicating that a delicate balance of
activation and repression is established to maintain the transcription program in type 11l
latency (See Figure 1).

The role of the latent membrane proteins in latency

The EBV encoded latent membrane proteins (LMPs) are primarily expressed in
lymphoblastoid cell lines (LCLs) and Hodgkin’s Lymphoma (HL) and nasopharyngeal
carcinomas (NPCs) which are type 111 and type Il latency, respectively (20, 39). In B-cells
that are infected and transformed by EBV, LMP1 is well known to be the major viral
oncoprotein and is demonstrated to be essential for the oncogenic process which drives B-
cell transformation /n vitro (13, 14, 48). Its primary functions are linked to activation of
major cellular pathways including the NF-kB pathway, and the ERK, JNK and p38 signaling
pathways (13). Deletions of LMP1 in genetic experiments resulted in failed transformation
and loss of outgrowth of LCLs in culture. LMP1 expression also induces colony formation
and expression of a range of cellular factors including CD40, ICAM1, CD21, LFA1 and
other adhesion factors all contributing to establishment of latent infection and is essential for
cell transformation (8, 13, 21). More recently, one study showed that a recombinant LMP1
deficient EBV was able to contribute to lymphomagenesis in vivo but required CD4 positive
T cells suggesting that T cell may be contributing signals that can substitute for LMP1
including the activation of the TNF and CD40 signaling pathways (27).

LMP1 structure contains functional domains and motifs which includes 6 transmembrane
domains and 2 regions in the carboxy terminal tail that are referred to as TES1 and TES?2
(13). These two regions are critical regions in terms of their contribution for B cell
transformation (See Figure 1) and constitutive signaling which essentially usurps CD40
functions (14). These activities have been carefully dissected over the last almost 2 decades
at the molecular level in which LMP1 through its TES1 and TES2 domains can activate NF-
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kB signaling through TRAFs leading to activation of p65/p50/p52 phosphorylated complex
important for downstream gene transactivation (14).

The other latent membrane protein 2A (LMP2A) interestingly, can support LMP1 functions
to some extent and contributes to growth transformation as well as suppression of B-cell
receptor (BCR) signaling (26). LMP2A along with LMP2B also contributes to regulation of
lytic reactivation of EBV (30). LMP2B actively impairs the activation of LMP2A when B
cells are induced to reactivate by BCR cross-linking. Both forms of LMP2 are almost
identical except for a 119 amino acid sequence in the amino terminal and has 12
transmembrane domains (26). It forms a phosphorylated membrane complex with the Src
kinase family members Syk and Lyn for signal transduction (26). The inhibition of BCR
activation by LMP2A can be challenged by inducing the PKC activities which results in
enhanced cellular calcium levels (See Figure 1). Therefore the control of LMP2A BCR
activation and calcium internalization by LMP2B effectively regulates EBV latency by
actively blocking the switch from latent to lytic replication (30).

EBV encoded non-coding RNAs and their contribution to latent and
persistent infection

EBV encodes a large number of small RNAs which is abundantly expressed in infected
cells. The two most studies small noncoding RNAs are referred to as EBERS (46). Two
major EBERSs are highly expressed by EBV in all infected cells and are Pollll transcripts
which are non-polyadenylated. These RNAs were deleted and showed no effective role in B
cell transformation /n vitro (20, 46). However, some contribution to proliferation by
inducing growth of colonies /n7 vitro and tumor induction /7 vivo demonstrates some of the
potentially important roles of these 2 small viral encoded RNAs. Other roles of EBERs
include the inhibition of PKR related phosphorylation of EIF2a which leads to inhibition of
protein synthesis (43, 44). More recently studies have shown that the EBER2 transcript
binds nascent RNA to regulate the transcription factor PAX5 binding to its site within the
EBV terminal repeats (24). This clearly demonstrates a vital function of the EBERs in
replication of the virus (See Figure 1). Furthermore, it also shows the contributions of
cellular factors as well as the viral terminal repeats in this critical process which ensures the
integrity of the viral DNA as replication proceeds.

The other small RNAs are predominantly from two major regions in the EBV genome, the
BamH1, H fragment right reading frame 1 (BHRF1); and BamH1 A fragment right
transcripts (BARTS) which encodes cumulatively over 25 miRNAs (20, 47). The EBERs and
BART miRNAs are expressed in all infected cells, and described latency programs.
However, the BHRF1 miRNAs are restricted and detected mostly in latency Il program and
early during infection when the genome is undergoing active transcription. It is likely that
these latency programs exhibit a degree of plasticity as seen in other described programs
referred to as latency lla and I1b. However, it has become acceptable to acknowledge that
there are always exceptions to the rule as it relates to EBV latency programs. A number of
the targets have been validated and include a wide range of factors involved in transcription
regulation, IFN induced chemokine CXCR3 and an NK ligand MICB (20), which is thought
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to allow for a degree of stealth in terms of avoidance of the immune surveillance system
(See Figure 1). Thus, these small RNAs probably provide a degree of survivability to the
infected cells for long-term maintenance of the viral genome in the immune competent host.

Open questions and future perspectives

Based on availability of the biological material, the use of recombinant EBV strains and the
wealth of information provided by public knowledge bases for EBV infected B cells, the
control mechanisms defining latency I11 have been thoroughly studied and provided
important insights into the function of individual viral factors. Future studies will need to
quantify the equilibrium and transitional stages between the different types of transcription
programs and further mechanistically define the contribution of B cell specified transcription
factors in EBV controlled B cell enhancers. Comparable genome wide studies will need to
be launched investigating the different states of latency in B cell malignancies, or epithelial
host cells and their malignant counterparts. The contribution of the microRNAs and the
EBERSs continue to shed some light on the role of these viral encoded RNAs. How distinct
are their roles and expression in the latency programs and how important are their individual
contributions in terms of B cell transformation, epithelial cell infection and latent or lytic
infection? The recent studies on super-enhancers provides important clues as to the
cooperation of the latent nuclear antigens with cellular transcription factors. The
mechanisms related to their activities and level of contributions in the context of the latent
viral transcriptome is yet to be fully understood. Importantly, the regulatory functions of the
LMPs working in consort with the EBNAS needs further exploration. One area that is still
relatively unexplored is lytic infection in epithelial cells and the contribution to
pathogenesis. It would not be a complete surprise if lytic antigens play a greater role
contributing to progression of the multitude of EBV associated diseases. There is still so
much more that is yet to be explored to fully comprehend the complexities related to EBV-
driven malignancies.
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Highlights
EBV is an oncogenic gammaherpesvirus that transforms human primary B-cells.

EBV encoded transcription factors assemble at primed enhancers to activate cell
promoters.

Phosphorylation and degradation of p21 mediated by the Pim-1 kinase is enhanced
by EBNA3C.

Growth and survival of infected B cells by latent membrane protein 1 is induced
by LUBAC and TRAFL.

Latent membrane protein 2 regulates the autophagosome to block death of
infected cells.
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Figure 1.
The schematic shows a comprehensive view of the many components of the latent life cycle

of EBV involving the latent membrane proteins (LMPs) and nuclear antigens (EBNAS) as
well as the small RNAs encoded by EBV. EBV infection of resting B-lymphocytes lead to
expression of the complete set of latent transcripts. The LMPs are involved in dysregulating
a number of number of major cellular pathways including JNK, PI3K and NF-KB as well as
reactivation of the virus. The small RNAs are now shown to be involved in a number of
different activities including replication and apoptosis. EBNAs target a wide range of
cellular processes from gene expression, genome maintenance, tumor suppression and cell
cycle regulation. These activities contribute the EBV mediated B-lymphocyte transformation
of infected cells and suggest that a coordinated set of these activities are critical for driving
the linked pathologies.
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