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Abstract

Like all herpesvirus, the ability of Epstein-Barr virus (EBV) to establish life-long persistent
infections is related to a biphasic viral lifecycle that involves latency and reactivation/lytic
replication. Memory B cells serve as the EBV latency compartment where silencing of viral gene
expression allows maintenance of the viral genome, avoidance of immune surveillance, and life-
long carriage. Upon viral reactivation, viral gene expression is induced for replication, progeny
virion production, and viral spread. EBV uses the host epigenetic machinery to regulate its distinct
viral gene expression states. However, epigenetic manipulation by EBV affects the host epigenome
by reprogramming cells in ways that leave long-lasting, oncogenic phenotypes. Such virally-
induced epigenetic alterations are evident in EBV-associated cancers.

Graphical abstract

Consequences of EBV-induced epigenetic reprogramming. EBV infection of B cells and epithelial
cells leads to cellular epigenetic changes that involve DNA methylation and histone modifications.
Such epigenetic changes also affect the host epigenome altering cellular gene expression to states
that are conducive for viral latency and replication, having effects on cell growth and
differentiation. However, epigenetic changes to the host persist from one generation to the next,
increasing the cellular heterogeneity of the population. In the context of cancer, virally-induced
epigenetic changes may act as preneoplastic lesions that are retained in virally silent states or after
loss of the viral genome as a mechanism for “hit-and-run” oncogenesis.
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Introduction

Epstein-Barr virus (EBV) is a herpesvirus that infects greater than 90% of adults worldwide
[1,2]. EBV is shed and transmitted in saliva infecting B cells and epithelial cells in the oral
cavity [3-7]. Memory B cells provide the lifelong site for EBV latency and persistence.
EBV can infect memory B cells directly or can navigate naive B cells through their
differentiation program to become memory B cells [8,9]. Viral latency is guided by promoter
silencing and promoter switching, which results in an increasingly restricted viral gene
expression program as B cells differentiate [10]. In naive B cells, EBV latency Il (the
growth program) is observed with the expression of EBV nuclear antigens (EBNA) 1,
EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP, latent membrane protein (LMP) 1,
LMP2A, LMP2B, and viral noncoding RNAs: EBV encoded RNAs (EBER) 1, EBER2 and
the BamH/ A rightward transcripts (BARTS). Germinal B cells show expression of EBNAL,
LMP1, LMP2A, and noncoding RNAs, known as latency Il (the default program). In
memory B cells, latent genes are restricted to EBNAL, LMP2A, and noncoding RNAs,
referred as latency I. Terminal differentiation of memory B cells into antibody producing
plasma cells signals EBV reactivation into the productive phase of the viral lifecycle [11,12].
Epithelial cells support the productive phase of the viral lifecycle, with EBV replicating in
the uppermost differentiated layers of the stratified epithelium [4,5,13-15]. Latent epithelial
cell infections have been detected in basal tonsillar epithelial cells, but the nature of such
latent infections is not well understood [16].

The distinct viral gene expression states adopted by EBV throughout the viral lifecycle are
epigenetically regulated [17]. Epigenetic modifications stably propagate gene expression
patterns in a heritable manner without affecting the DNA sequence. Epigenetic
modifications involve DNA methylation where a methyl group is added to the C-5 position
of cytosine residues, usually in the context of a CpG dinucleotide and post-translational
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modifications (acetylation, phosphorylation, ubiquitination, ADP-ribosylation) on lysine or
arginine residues in the tail region of the core histones [18,19]. Such epigenetic marks alter
the accessibility and recruitment of transcription factors and transcription machinery to
chromatin. The regulatory proteins (chromatin readers, writers, and erasers) involved in
epigenetic maintenance and reprogramming include DNA methyltransferases (DNMTSs),
methyl-CpG-binding proteins, histone modifying enzymes, and chromatin remodeling
factors. Formation of higher order chromatin structures and gene looping also contribute to
the regulation of epigenetic gene expression states. Such epigenetic states are reversible and
can be altered by environmental factors (including viruses) in ways that have long-lasting
detrimental effects on phenotype.

Epigenetic alterations acquired on the EBV genome

The EBV genome is encapsidated as a linear, double-stranded DNA that is free of
nucleosomes and as well as methylated CpG residues [20,21]. Following nuclear entry, the
viral genome circularizes by recombination of its terminal repeats present at each end of the
linear genome [22,23]. An epigenetic switch occurs where the naked viral DNA assembles
into nucleosomes and CpG methylation progressively increases over time. The circular viral
genome is maintained as an extrachromosomal element having a similar chromatin structure
as the host genome.

The acquired epigenetic modifications on the viral genome are essential for latency and
regulation of the productive phase of the viral lifecycle [24]. Formation of heterochromatin
and DNA methylation restrict viral gene expression to latency genes. Epigenetic
modifications, including DNA methylation, are also required for the productive phase of the
viral lifecycle. Despite expression of the EBV immediate early transcription factors BZLF1
and BRLF1 required for initiation of the lytic replication cascade at early times post
infection of B cells, a block in late viral gene expression and progeny virus production was
shown to occur up to a week following infection [25]. Transfection of unmethylated viral
DNA genomes showed a similar block, yet transfection of methylated viral genomes fully
activated the lytic cascade producing progeny virus within 2 days [25-27]. These results
suggested that DNA methylation is a necessary epigenetic modification that protects viral
genomes from abruptly entering the lytic cycle being required for reactivation and long term
persistence of the virus.

The pattern of histone modifications and chromatin conformations are complex, with
variations noted between latency and productive phases of the viral lifecycle. In general,
active latency promoters associate with euchromatin marks, such as acetylated histone 3
lysine 9 (H3K9ac), H3K27ac, and H3K4ac, while heterochromatin marks such as tri-
methylated H3K9 (H3K9me3) and H3K27me3, associate with transcriptionally silent
promoters [17]. In latency, the BZLF1 and BRLF1 promoters are associated with the
repressive H3K27me3 chromatin mark deposited by EZH2, the catalytic subunit of the
polycomb repressive complex 2 (PRC2) [28].The EBV genome also folds into distinct loops
that separate transcriptionally active and repressed regions. The cellular CCCCTC-binding
factor (CTCF), which regulates chromatin organization of the host genome, binds the EBV
genome at least 19 mapped sites organizing the EBV genome into loops that differ between
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latency 11 and latency I. CTCF association promotes long-range interactions between
enhancers and promoters on the EBV genome [29]. Long-range interactions between the
viral and host genomes likely occur, but have yet to be mapped. CTCF also acts as a
boundary factor insulating euchromatin/transcriptionally-active regions from
heterochromatin/transcriptionally-inactive regions. In sum, EBV gene expression is complex
with layers of epigenetic control that involve chromatin composition and chromatin
organization, and EBV is well adapted to use the host epigenetic machinery for completion
of its lifecycle.

EBV manipulation of the host epigenetic machinery

EBV encodes a number of viral factors that interact with chromatin and chromatin
remodelers. EBNAL is an essential multi-functional viral protein that binds the latent origin
of replication, OriP, is required for EBV episome replication, and tethers the viral episome to
mitotic chromosomes for genome segregation and partitioning in dividing cells [30-33].
EBNAL1 is also a viral transactivator with known effects on both viral and cellular promoters
[34,35]. As a chromatin modifier, EBNA1 can change nucleosomal positioning and recruit
chromatin remodeling factors [36]. EBNAL participates in gene looping at OriP, and EBNA1
binding keeps OriP in an unmethylated state [30,37]. EBNAZ is a viral transactivator that
does not directly bind DNA, but interacts with cellular DNA binding proteins, such as
RBPJx and EBF1, that target EBNAZ2 to viral and cellular promoters [38]. EBNAZ2 also
interacts with transcriptional activators such as histone acetyltransferases and SWI/SNF
chromatin remodeling factors. EBNA2 localizes to over 5000 sites on the cellular genome
including super-enhancer regions, which are richly bound with transcription factors involved
in the regulation of cell growth [39]. The EBNA3 proteins are transcriptional activators or
repressors of viral and cellular genes [40]. The EBNA3 proteins also do not bind DNA
directly, but interact with cellular DNA binding proteins and chromatin remodelers to
regulate transcription [41]. The EBNAS proteins interact with RBPJx at distinct sites from
EBNAZ2, and repress EBNA2/RBPJx activation of gene expression [42,43]. As epigenetic
modifiers, EBNA3A and EBNA3C were shown to recruit PRC2 to cellular promoters, such
as proapoptotic BCL2L11 and p16i"k4 tumor suppressor genes (TSGs), catalyzing H3K27
methylation and formation of heterochromatin [44,45].

LMP1 and LMP2A are integral membrane proteins that mimic CD40 and B cell receptor
signaling, respectively. As epigenetic modifiers, LMP1 and LMP2A signaling can induce the
expression and activity of DNMT1, 3A and 3B. LMP1 activation of DNMT1 involved the
JNK-AP-1 pathway, while LMP1 activation of DNMT3B involved NF-xB signaling.
LMP2A activated DNMT1 through the STAT3 signaling pathway [46—48]. In germinal
center B cells, LMP1 expression induced a single DNMT (DNMT3A) and the H3K27
demethylase, KDM6B, [49,50]. In addition, reduced global levels of the repressive
H3K27me3 mark were observed in LMP1-expressing B cells, where LMP1 activation of
PARP1 was shown to inhibit EZH2, blocking the accumulation of H3K27me3 [51,52].

EBV encodes noncoding viral RNAs (EBER1, EBER2 and viral miRNAs) which regulate
viral and host gene expression. Noncoding RNAs have been implicated as epigenetic
regulators by recruiting transcriptional factors and chromatin regulators to target sites or by

Curr Opin Virol. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Scott

Page 5

modulating the expression of chromatin remodelers [53]. EBER2 was shown to target the B
cell specific transcription factor PAX5 to the viral genome through an RNA:RNA
interaction, establishing the possibility that EBV noncoding RNAs may guide the
recruitment of transcription factors to not only the viral genome, but also the cellular
genome [54].

The lytic cycle transactivators BZLF1 and BRLF1 are influenced by the DNA methylation
state of the viral genome. BZLF1 preferentially binds to methylated DNA and interacts with
histone acetyltransferases to reverse the repressive chromatin marks at lytic promoters
[55,56]. BRLF1 can bind methylated and unmethylated DNA, but DNA methylation reduces
the ability of BRLF1 to acetylate H3K9 when bound to the promoters of lytic genes [27].
Overall, EBV encodes the capacity to manipulate the host epigenetic machinery through a
number of viral effectors. The activities of these viral factors have the potential to affect the
host epigenome as well.

Virally-induced epigenetic alterations to the host genome

EBV is a tumor virus associated with various lymphoid and epithelial malignancies. The
oncogenic process is a result of not only genetic mutations, but also epigenetic changes
involving DNA methylation and chromatin structure that in turn alter the expression of
growth promoting or suppressing genes. Given such capacity to regulate its own
transcriptional programs, and with latency as its default setting, EBV may induce epigenetic
reprogramming of host chromatin with potential oncogenic consequences to infected cells.

EBV’s oncogenic activity is illustrated by its ability to immortalize B cells in culture into
lymphoblastoid cells (LCLs) [57-59]. B cell immortalization requires the expression of
several EBV latent proteins (EBNAL, EBNA2, EBNA3A, EBNA3C, LMP1, and LMP2),
which interact with components of the host epigenetic machinery and have the potential to
alter the host cell as well [60]. DNA methylation analysis of LCLs using whole genome
bisulfite sequencing showed a global DNA hypomethylation affecting two-thirds of the B
cell genome, which was not observed in activated or quiescent EBV-negative B cells [61]. At
the gene level, DNA hypomethylation affected one-third of genes, including a subset of
genes associated with the conversion of resting B cells to LCLs [61,62]. Localized CpG
island DNA hypermethylation of TSG promoters was observed within 15 days of infection
consistent with viral activation of DNMTs [63]. LCLs also showed global decreases in
repressive histone modifications (H3K9me3, H3K27me3, and H3K20me3) and increased
chromatin accessibility [64]. Such global changes in DNA methylation and chromatin
structure indicate a virally-induced reprogramming of B cells that supports long term cell
renewal through changes in differentiation, survival, and senescence required for the
establishment of immortal growth.

Several EBV-associated lymphomas display distinct epigenetic changes not evident in EBV-
negative counterparts. In Hodgkin’s lymphoma (HL), latent EBV (latency I1) is present in
~50% of tumors. The malignant Reed-Sternberg (RS) cell of HL comprises less than 2% of
the overall tumor in a background of non-neoplastic cells. The scarcity of the RS cells in HL
and the mixed cellularity have limited the analysis of EBV-induced epigenetic effects in
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tumor tissue. Thus, in vitro infection of germinal center B cells, thought to be the cell of
origin of the RS cell, and HL cell lines have been used as surrogates for EBV-positive RS
cells. In HL cell lines and EBV-infected germinal center B cells, only DNMT3A levels
increased while DNMT1 and DNMT3B levels were decreased, consistent with a possible
DNA hypomethylation phenotype as seen in LCLs [50]. The EBV DNMT modulators,
LMP1 and LMP2, were shown to reprogram germinal center B cells with characteristics of
the malignant RS cells of HL [65,66].

A different EBV-induced epigenetic pattern is observed in Burkitt’s lymphoma (BL), a
rapidly proliferating tumor characterized by a hallmark c-myc translocation and elevated c-
myc expression. In BL, EBV displays the restricted, type | latency program. Methylome
analysis of an EBV-positive BL cell line showed up to 60% of CpGs were methylated [67].
EBV-positive BL tumors show frequent DNA hypermethylation of the PRDM1/BLIMP1
gene, expressed during terminal B cell differentiation, when compared to EBV-negative BL
[68]. In addition, EBV-positive BL carry fewer mutations than EBV-negative BL, suggesting
that EBV-induced epigenetic changes could replace mutation [69].

EBV is also well associated with undifferentiated nasopharyngeal carcinoma (NPC) and a
subset of gastric carcinomas (GC). In these tumors, EBV displays a latency type Il infection
with variable LMP1 expression. Methylome analysis has shown that EBV-positive GC and
NPC are among the most highly DNA methylated tumors, with fewer mutations than other
carcinomas [70-73]. EBV-positive NPC and GC display a CpG island DNA hypermethylator
phenotype (CIMP) at promoters of TSGs not evident in the EBV-negative counterparts [74—
76]. EBV-positive NPC and GC tumors show a unique profile of frequently DNA
hypermethylated genes, sharing some common gene targets [77]. Chromosome 6p21.3 was
DNA methylated in both EBV-positive NPC and EBV-positive GC, potentially serving as an
epigenetic signature of EBV infection [71,77]. Chromatin modifications are also altered in
NPC, with high levels of H3K27me3 and EZH2 observed [78,79]. An overlap between DNA
hypermethylation and the bivalent marks H3K27me3 and H3K4me3 was also observed on
chromosome 6, indicating epigenetic deregulation in NPC involves both DNA methylation
and histone modifications [71].

EBV epigenetic reprogramming of epithelial cells is also evident in vitro. Expression of
LMP1 has been shown to induce DNMTSs resulting in DNA hypermethylation and silencing
of the CDH1 and PTEN promoters, TSGs also shown to be DNA methylated in NPC and
GC [46,47,80]. To define the epigenetic consequence of EBV epithelial infection, we used a
transient infection model based on the observation that EBV is not stably maintained in
cultured epithelial cells and requires selection pressure for episomal maintenance. As
epigenetic changes are heritable, cellular phenotypes retained following loss of the viral
genome would be epigenetic in nature. In a lung carcinoma cell line and telomerase-
immortalized normal oral keratinocytes (NOK), EBV infection resulted in a delayed
responsiveness to differentiation and increased invasiveness that was maintained upon loss
of the virus [81,82]. Methylome analysis showed that EBV infection of NOK induced CIMP
at 28 genes, with RARRES1 being a common methylated target also found in NPC tumors
[81,83]. Epigenetic reprogramming of gene expression was also evident with 260
differentially expressed genes being common to EBV-infected NOK and clones that lost
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EBV. Ontological classification revealed gene associations with cancer, cell-to-cell
signaling, cell movement, and development [81]. The members of the WNT signaling
pathway, LEF1 and WNT5A, were among the top upregulated genes. Aberrant expression
and activation of the Wnt signaling pathway has also been reported in NPC tumors [84].
Thus, these studies support that transit of EBV through a cell can leave an epigenetic imprint
on gene expression that also permanently alters the biological properties of the cells,
conferring features found in EBV-associated carcinomas that includes poor differentiation,
metastasis, oncogenic gene expression alterations, and CIMP.

Conclusion

EBV carries out its lifecycle in the context of epigenetics, being well versed in using the host
epigenetic machinery to establish latency and overcoming an epigenetically repressed state
during viral reactivation. Virally-encoded epigenetic modulators can also affect the host
epigenome resulting in cellular changes that likely benefit viral persistence. Such epigenetic
changes typically occur without any appreciable effects to the host, yet can have detrimental
effects in the context of cancer. Epigenetic silencing of TSGs through DNA methylation and
repressive chromatin are frequently observed in EBV-positive cancers providing a selective
advantage during tumor evolution. EBV-associated cancers display a high frequency of
epigenetic changes and lower mutation frequencies, suggesting that epigenetic changes may
substitute for mutations. Whether these epigenetic changes arise from stochastic events or
are targeted to specific gene loci is still unclear. However, virally-induced epigenetic
changes would be maintained in the absence of continued viral gene expression as is the
case in latency or after loss of the viral genome. Such epigenetic changes would be lasting
contributions to the oncogenic process and act as a mechanism for viral “hit-and run”
oncogenesis.
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Highlights
. EBV encodes viral epigenetic effectors that alter viral and host epigenomes.
. EBV-induced epigenetic changes to the host epigenome have oncogenic
consequences.
. Epigenetic changes can maintain phenotypes in latency or after viral genome
loss.
. EBV epigenetic changes provide a framework for viral “hit-and-run”

oncogenesis.
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