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Abstract: The Epstein–Barr nuclear antigen 3 (EBNA3) family of proteins, comprising EBNA3A,
EBNA3B, and EBNA3C, play pivotal roles in the asymptomatic persistence and life-long latency of
Epstein–Barr virus (EBV) in the worldwide human population. EBNA3-mediated transcriptional
reprogramming of numerous host cell genes promotes in vitro B cell transformation and EBV
persistence in vivo. Despite structural and sequence similarities, and evidence of substantial
cooperative activity between the EBNA3 proteins, they perform quite different, often opposing
functions. Both EBNA3A and EBNA3C are involved in the repression of important tumour
suppressive pathways and are considered oncogenic. In contrast, EBNA3B exhibits tumour
suppressive functions. This review focuses on how the EBNA3 proteins achieve the delicate balance
required to support EBV persistence and latency, with emphasis on the contribution of the Allday
laboratory to the field of EBNA3 biology.
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1. Epstein–Barr Virus

The lymphotropic gamma-herpesvirus Epstein–Barr virus (EBV) asymptomatically and
persistently infects the majority of the worldwide human population. Despite being a ubiquitous virus,
it is one of the most transforming viruses identified, and is aetiologically associated with a variety of B
cell malignancies, including Burkitt’s lymphoma (BL), Hodgkin’s lymphoma (HL), and diffuse large
B cell lymphoma (DLBCL), alongside post-transplant lymphoproliferative disease, nasopharyngeal
carcinomas, and some gastric carcinomas [1]. Upon infection of mature B lymphocytes in vitro, EBV
efficiently induces transformation of B cells into continuously proliferating lymphoblastoid cell lines
(LCLs). These LCLs express nine latency associated viral proteins; there are six nuclear antigens
(EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, and EBNA-LP) and three latent membrane proteins
(LMP1, LMP2A, and LMP2B), alongside several RNA species [2]. In vivo, the biology of EBV is
intimately linked to that of B cell differentiation. It is thought that EBV infection drives naïve B cells
to proliferate and differentiate into activated B-blasts, which phenotypically resemble LCLs. These
activated B-blasts then migrate through germinal centres where they further differentiate, resulting in
resting memory B cells that carry the EBV genome as extra-chromosomal episomes, forming long-lived
reservoirs of EBV infection [3]. During transition through the germinal centre there is a sequential
silencing of viral gene expression, so that no viral proteins are expressed in resting memory B cells [2].

2. The EBNA3 Family

The latency-associated EBNA3 family of proteins comprises 3 large proteins called EBNA3A,
EBNA3B, and EBNA3C, each composed of over 900 amino acids. These non-redundant proteins
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are thought to have arisen from tandem duplication events during the evolution of old world
lymphocryptoviruses. Their genes are structurally similar, with each consisting of a short 5′ coding
exon and long 3′ coding exon, and share limited but significant sequence homology. Each of the
EBNA3 proteins features a proline rich region, as well as a “homology domain” of approximately
220–230 amino acids near the N-terminus, in which there is 20–30% identity between the EBNA3s
(Figure 1, [4,5]). The EBNA3s are predicted to share similar secondary structures, despite having only
modest homology overall [4]. EBNA3 mRNA transcripts are initiated from the Cp latency promoter
producing large, alternatively spliced mRNAs that are only expressed in B cells. Production of EBNA3
proteins is thought to be tightly regulated, and the proteins are very stable, as protein levels and
turnover are low [6,7].
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Figure 1. Schematic showing structure of the homology domain between the Epstein–Barr virus (EBV)
EBNA3 family of proteins. Numbers denote amino acid position within the prototype strain B95.8 protein.

EBV recombinant viruses containing various EBNA3 genetic modifications have been generated
using bacterial artificial chromosome (BAC) technology, allowing detailed study of the EBNA3
proteins in the context of infection, B cell transformation and maintenance of viral latency. EBNA3
knockouts (KO) have been generated using mutations and deletions [8,9], alongside conditional
systems. These conditional systems use an oestrogen receptor fused to the open reading frames
of EBNA3A and/or EBNA3C, making functional expression dependent on the activating ligand
4-hydroxytamoxifen (HT). The HT stabilises the fusion protein, allowing nuclear localisation and
functional expression [10–14]. Epitope tagged EBNA3 fusion genes in EBV BACs have been used in
chromatin immunoprecipitation sequencing (ChIP-seq) experiments to identify thousands of EBNA3
binding sites across the genome [15–18].

EBNA3 proteins are well characterised regulators of transcription. Exon-microarray analysis using
the EBV-negative Burkitt’s lymphoma (BL) cell line BL31 infected with mutant EBNA3 viruses revealed
that the EBNA3 proteins transcriptionally regulate over 1000 host cell genes. A substantial number of
these genes show cooperative regulation between multiple EBNA3 proteins. Most of this co-regulation
involves EBNA3C working in cooperation with either EBNA3A or EBNA3B or both, with only modest
cooperation between EBNA3A and EBNA3B in the absence of EBNA3C. Moreover, deletion of EBNA3C
had the most significant impact on host gene regulation, with gene repression dominating differential
host gene expression [8]. ChIP analysis demonstrated that EBNA3A and EBNA3C have significant
colocalisation across the genome, as do EBNA3B and EBNA3C. However, colocalisation of EBNA3A
and EBNA3B in the absence of EBNA3C was extremely rare [18]. EBNA3 proteins do not bind to DNA
directly, instead, transcriptional regulation is achieved through interactions with cellular DNA binding
factors (see Section 3).

Both EBNA3A and EBNA3C are considered oncogenic. In an early demonstration of this,
EBNA3C was shown to cooperate with oncogenic (Ha-)Ras during transformation of primary rat
embryo fibroblasts [19]. The oncogenic functions of EBNA3A and EBNA3C differ from the seemingly
antagonistic EBNA3B, despite clear cooperative regulation of a variety of genes [20]. Alongside
EBNA1, EBNA2, EBNA-LP, and LMP1, both EBNA3A and EBNA3C are required for the efficient
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transformation of B cells [21–25]. EBNA3C is essential for B cell transformation, and EBNA3A
is important, with EBNA3A-null cell lines exhibiting reduced proliferative capacity [10,12,14,26].
In contrast to the necessity of EBNA3A and EBNA3C for efficient B cell immortalisation, EBNA3B
is completely dispensable for the transformation of B cells in vitro, and appears to act as a tumour
suppressor in vivo ([27], see Section 7).

3. EBNA3 Regulatory Mechanisms

3.1. Recruitment

Although the EBNA3 proteins regulate many target genes and robustly associate with chromatin,
they do not bind DNA directly. Instead, the EBNA3 proteins bind many cell transcription factors to
facilitate viral regulation of host genes. Of these factors, the Notch signalling pathway DNA-binding
factor RBP-Jκ (also called CBF1) was the first to be identified as a binding partner for all EBNA3s [28,29],
with the interaction mapped to the EBNA3 homology domain (See Figure 1, [2,28,30,31]). RBP-Jκ
is also bound by the EBV transactivator EBNA2 in a mutually exclusive manner to the EBNA3s,
suggesting some interplay of functions [32]. In transient reporter assays, each EBNA3 was able to
inhibit activation of viral promoters LMP2A and Cp by EBNA2, indicating the importance of RBP-Jk
in EBNA3 function, and showing EBNA3s to be transcriptional regulators [5,29,33,34]. This led to
the hypothesis that RBP-Jκ is the recruiter of the EBNA3s to chromatin. The importance of RBP-Jk
was further corroborated when it was shown that interaction of RBP-Jκ with EBNA3A and EBNA3C
is required to achieve the genetic reprogramming of B cells that allow continuous proliferation of
LCLs [35–37]. The mechanism for this is still unclear.

RBP-Jκ is, however, absent from many known EBNA3 binding sites as revealed by ChIP-seq
experiments exploring EBNA3 genome-wide localization [16–18,38,39]. In addition, at sites where
RBP-Jk was present, it was shown to be dynamically recruited to chromatin concurrently with
EBNA3C [30]. The same studies also revealed that the EBNA3s bind at sites containing binding
motifs for other transcription factors, or sites where numerous transcription factors are known to bind
(e.g., PU.1, EBF1, RUNX3, BATF, IRF4), potentially recruiting the EBNA3s there. IRF4 has been shown
to be important for EBNA3C recruitment on to chromatin, by assessing localization of exogenously
expressed EBNA3A, EBNA3B, or EBNA3C in cells either lacking or expressing IRF4 [39]. In a separate
study, it was shown that EBNA3C and EBNA3B (and to a lesser extent EBNA3A) all bind to core
binding factor β (CBFβ), which heterodimerizes with the transcription factor RUNX3 to form the core
binding factor (CBF). EBNA3 binding to target gene loci was reduced when CBF was depleted by
shRNA against CBFβ, indicating its importance for EBNA3 recruitment to chromatin [18]. So far there
is direct evidence for only these two transcription factors (IRF4 and CBF), mediating recruitment of
EBNA3B and/or EBNA3C. It is unknown whether they are the only ones, and unclear whether they
act independently at different sites, or cooperatively at sites, where both bind together with EBNA3C.
IRF4, and to a lesser extent EBF1, were also recently shown to be important in recruitment of EBNA3A to the
EBNA3A-regulated locus STK39 [40]. It is currently unclear whether this effect is independent of EBNA3C.

3.2. Changes in Chromatin Architecture

All EBNA3s localise to chromatin with histone marks characteristic of enhancer elements [16–18,38,39],
indicating that long distance chromatin interactions are a prominent feature of gene regulation by
EBNA3. EBNA3 binding sites found distal to promoters of regulated genes (CXCL10/CXCL9 [41],
ADAM28/ADAMDEC1 [38]) further corroborated this, and EBNA3-mediated chromatin looping
was eventually directly shown by chromosome conformation capture experiments for EBNA3A
and EBNA3C (reviewed in [32]). Specifically, EBNA3C, and in part, EBNA3A, are thought to
facilitate repression of the ADAM28-ADAMDEC1 locus by promoting a long-range interaction between
an intergenic enhancer and their respective promoters [30,38]. Additionally, EBNA3C promotes
chromosome looping between the downstream enhancer and promoter of WEE1, leading to gene
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repression [38]. In contrast, BCL2L11 (BIM) and CTBP2 repression are thought to result from
EBNA3-mediated disruption of enhancer–promoter interactions [38,42]. Furthermore, EBNA3A and
EBNA3C can also activate transcription by promoting chromosome looping between distal enhancer
elements and the transcription start site of the pri-miRNA of the miRNA 221/222 cluster [12]. Together,
these observations suggest that EBNA3C and probably EBNA3A can both engage and disrupt long
range chromatin interactions, and that these structural changes can either enhance or repress gene
transcription, probably in ways that can only be ascertained on a gene-by-gene basis.

3.3. Repressors and Activators

The ability of the EBNA3s to mediate both host gene activation and repression was clear from a
series of microarray experiments that interrogated the transcriptional profile of cells with or without
expression of each EBNA3 [8,26,43]. This is despite results from transient reporter assays mentioned
above that suggested all EBNA3s are repressors. For EBNA3A/EBNA3C [12] and EBNA3C [30],
direct transcriptional activation of host genes has been shown, but not for EBNA3B. Not surprisingly,
EBNA3A and EBNA3C binding sites have been identified within ”contact domains” (genomic regions
shown to come into contact through looping) of both up- and downregulated target genes. In contrast,
EBNA3B binds significantly only within contact domains of genes identified as downregulated by
EBNA3B, suggesting that EBNA3B functions directly only as a repressor [18].

How the different outcomes of repression or activation are determined for EBNA3A and EBNA3C
is unclear. One could envisage that the EBNA3 proteins act always in the same way, and the
chromatin context of each gene determines the outcome, but this has not yet been shown. It seems
that the outcome of looping (i.e., facilitation or disruption of looping) is not the only determinant.
There can be facilitation of looping and two different outcomes, for example, miRNA221/222 with
activation [12] and ADAM28/ADAMDEC1 with repression [38]; in both these cases, EBNA3A and
EBNA3C regulate. There can also be repression by either facilitation or disruption of looping,
notably at ADAM28/ADAMDEC1 with facilitation, and at BCL2L11 with disruption [38], under
EBNA3A/EBNA3C regulation.

3.4. EBNA3 Interactors That Facilitate Regulation

Regulatory mechanisms of EBNA3C are much better characterised than those of EBNA3A,
and less is known about EBNA3B, with the current lack of an EBNA3B-ERT2 conditional virus limiting
investigation. Part of their action is explained by their antagonism with the viral transactivator EBNA2
for binding to RBP-Jκ. This, however, is not the whole story, because of EBNA3 binding elsewhere
and EBNA3A and EBNA3C also acting as activators themselves. Several transcription cofactors that
could facilitate regulation have been found to interact with EBNA3A and EBNA3C. These include the
histone deacetylases (HDAC1 and HDAC2) and the co-repressor CtBP for EBNA3A, and HDAC1/2,
CtBP, SIN3 transcription regulator family member A (SIN3A), nuclear receptor co-repressor (NCoR)
and histone acetyltransferase p300 for EBNA3C [44–48]. Of these, only CtBP has been confirmed to
be directly involved in EBNA3-mediated gene repression by genetic analysis using recombinant EBV
viruses expressing mutant EBNA3A and/or EBNA3C that cannot bind to CtBP. Here, the requirement
for CtBP interaction was demonstrated for EBNA3-mediated repression of p16INK4a in B cells, but the
mechanistic basis of this requirement remains uncertain [10].

The p300 histone acetyltransferase is a co-activator, and its association with EBNA3C might
explain EBNA3C’s ability to activate. Enrichment of p300 at EBNA3C-activated gene AICDA was
found in response to EBNA3C presence [49], but more EBNA3 activated genes will have to be studied
to clarify whether additional undiscovered factors may also contribute.

HDACs, NCoR, and SIN3A are generally thought of as repressors, and are all associated
with histone deacetylation—a primary epigenetic mark associated with repression. In all cases
of EBNA3-mediated repression investigated on a gene-by-gene basis, histone deacetylation has
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been observed. Importantly, when the process of histone deacetylation was tracked together with
establishment of repression, they were found to be concurrent [30,41].

EBNA3-mediated gene silencing through association with transcription factors often involves
localising polycomb repressive complexes 1 and 2 (PRC1, PRC2) to target genes. Interestingly,
PRC1 component BMI1 was found to be recruited to genes during establishment of repression,
with kinetics that matched those of histone deacetylation, suggesting that it might be important
at the initial stage [30]. BMI1 knockdown has also been shown to lead to de-repression of the
EBNA3A/3C-repressed gene BIM [15], although it should be noted that PRC1 has also been implicated
in gene activation [50]. It remains to be shown if this is relevant in the EBNA3 context.

In contrast to PRC1, the involvement of PRC2 in repression of EBNA3 target genes is well
established, and can often result in deposition of the repressive histone mark H3K27me3, catalysed by
the methyltransferase subunit (EZH2) of PRC2 [10,13,15,30,40,41,51,52]. However, ChIP-seq analyses
have shown that H3K27me3 colocalises with very few EBNA3 binding sites. In addition, H3K27me3
deposition was found to lag behind establishment of repression, suggesting that this epigenetic
mark is a consequence, rather than the driver of initial repression in these cases [30,41]. This lag
might also explain why for most EBNA3-regulated genes the timeframe of regulation is several
days, with differently timed waves of epigenetic marks that have an additive effect. The additive
effect of H3K27me3 in repression has been suggested by knockdown of PRC2 component SUZ12 or
treatment with an inhibitor of EZH2 (the catalytic subunit of PRC2)—both causing de-repression [15,42].
Importantly, a recent study of the STK39 gene (the only gene described in detail so far that is solely
repressed by EBNA3A) showed that PRC2 and H3K27me3 are important for the initial establishment
of repression [40].

The apparent complexity of EBNA3 mechanisms of action is probably the result of the many
transcription factors they seem to interact with. Regardless, general principles have emerged. Their
association with chromatin is usually mediated by more than one DNA-binding transcription factor,
probably in a locus-specific manner. They are mostly recruited to enhancer elements, distal to the
promoters they regulate, which means that changes in chromatin architecture are necessary for their
action. This can be either by enhancing or disrupting chromatin loop formation. There is evidence for
direct activation only by EBNA3A and EBNA3C, whereas EBNA3B seems to act only as a repressor.
The regulation they confer is epigenetic, primarily through changes in histone acetylation, which in
some cases lead to changes in histone methylation with additive effects on repression.

4. EBNA3A and EBNA3C Regulate Anti-Proliferative and Tumour Suppressive Pathways

A complex system of phosphorylation and feedback loops regulates cell division to prevent
aberrant proliferation and cancer progression. EBNA3A and EBNA3C have been shown to circumvent
these pathways by interfering with intrinsic cell cycle associated factors that prevent anti-proliferation
and suicidal response pathways. The best characterised is EBNA3A- and EBNA3C-mediated repression
of various cyclin-dependent kinase inhibitors (CDKIs) [20]. Deregulation of the complex and tightly
coordinated molecular machinery that controls the cell cycle, mediated through the concerted activity
of EBNA3A and EBNA3C, likely plays a vital role in efficient EBV-mediated B cell transformation and
subsequent viral persistence [43,53].

4.1. Direct Epigenetic Repression of the Tumour Suppressor and CDKI p16INK4a

EBV-mediated repression of the CDKI and tumour suppressor p16INK4a was first shown using
a recombinant virus containing EBNA3C fused to oestrogen receptor. This showed that functional
EBNA3C is essential to restrain expression of p16INK4a [11]. Inactivation of EBNA3C in conditional
LCLs leads to progressively increased levels of p16INK4a mRNA and protein, with correspondingly
reduced levels of hyperphosphorylated forms of the retinoblastoma protein (Rb), a cessation of
proliferation, and more cells in the G1 phase of the cell cycle [10,11,43]. Increased p16INK4a levels
were ablated by transfection of a plasmid expressing EBNA3C and by stabilisation of the conditional
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EBNA3C [11]. The CDKN2A gene encodes p16INK4a, and also (by an alternative reading frame)
encodes p14ARF, which is also repressed by EBNA3C [54]. However, the consequences are functionally
distinct. The p16INK4a protein interacts with the cyclin dependent kinases CDK4 and CDK6, preventing
phosphorylation of the retinoblastoma (Rb) protein leading to cell cycle arrest, whereas p14ARF interacts
with MDM2, resulting in p53 activation and subsequent cell cycle arrest or apoptosis [55]. Analysis
of EBNA3A knockout and conditional LCLs has demonstrated that EBNA3A also plays a role in
repressing both p16INK4a and p14ARF [10,26,54]. There is a cumulative effect on p16INK4a when both
EBNA3A and EBNA3C are inactivated, with elevated levels of p16INK4a mRNA compared to when
EBNA3A or EBNA3C are inactivated independently [13]. The importance of p16INK4a repression
during B cell transformation by EBV was highlighted by evidence that EBNA3C becomes unnecessary
for transformation and sustained proliferation when p16INK4a is functionally inactive. In an elegant
experiment, Skalska et al. showed that EBNA3C-null LCLs can be readily produced from B cells
derived from an individual with a homozygous deletion in CDKN2A that inhibits all known p16INK4a

functions. This demonstrated that EBNA3C-mediated repression of p16INK4a plays a crucial role in the
transformation of B cells by EBV [43].

ChIP analysis indicates EBNA3A and EBNA3C directly repress p16INK4a through epigenetic
chromatin modification, via deposition of the polycomb-associated repressive mark H3K27me3,
and reduction of the activation mark H3K4me3 at the CDKN2A locus [10,54]. Moreover, epigenetic
regulation of CDKN2A by EBNA3s is maintained in the absence of functional p16INK4a, further
indicating CDKN2A is a direct target of EBV [43]. The chromatin remodelling of CDKN2A by EBNA3A
and EBNA3C was shown to require interaction with the transcriptional co-repressor CtBP [10].
CtBP is the collective term for the proteins CtBP1 and CtBP2, which promote cell survival and
are associated with repression of various tumour suppressors (as reviewed in [56]). EBNA3A
and EBNA3C, but not EBNA3B, have been shown to interact with CtBP, and they are readily
immunoprecipitated together from LCL extracts [44,47]. Mutating the CtBP binding sites within
EBNA3A and EBNA3C compromises transformation of primary B cells infected with recombinant
EBV, and similarly compromises transformation of rodent embryo fibroblasts following transfection
with EBNA3A or EBNA3C [10,44,47]. In B cells, mutation of CtBP binding sites within EBNA3A and
EBNA3C correlates with significantly reduced H3K27me3 at the CDKN2A locus, alongside increased
H3K4me3. The resulting increases in p16INK4a mRNA and protein are thought to contribute to the
impaired outgrowth of primary B cells infected with EBV containing mutated CtBP binding sites in
EBNA3A and EBNA3C, and the reduced proliferative capacity of resulting LCLs [10].

Alongside CDKN2A, EBNA3 proteins have also been shown to repress the adjacent gene CDKN2B.
This gene encodes the related INK4 family protein p15INK4b, which performs similar functions to
p16INK4a [55]. EBNA3A-mediated transcriptional repression was shown to occur via interactions with the
transcriptional factor MIZ1, leading to subsequent deposition of the repression histone mark H3K27me3
in close proximity to the transcription start site, as seen with p16INK4a repression [43,57]. Furthermore,
increased p15INK4b mRNA transcription has been reported following EBNA3C inactivation in
conditional systems, demonstrating EBNA3C involvement in p15INK4b repression [13,58]. As with
CDKN2A, ChIP analyses have indicated EBNA3A and EBNA3C bind near the transcription start
sites of the CDKN2B locus, suggesting EBNA3A and EBNA3C play a direct repressive role [16,43,58].
In addition to p15INK4b and p16INK4a, EBNA3A and EBNA3C have also been shown to repress the
INK4 family member p18INK4c through PRC2-mediated deposition of H3K27me3 ([13]).

4.2. EBNA3A- and EBNA3C-Mediated Transactivation of Oncogenic miRNAs That Target CDKIs

As well as directly repressing genes of the CDKI INK4 family, EBNA3A and EBNA3C can
indirectly repress cell cycle components through transcriptional activation of repressive microRNA
(miR). EBNA3A and EBNA3C were recently shown to mediate transactivation of the oncogenic miR
cluster miR221 and miR222 (miR221/222), leading to repression of the CDKI p57KIP2, and to a lesser
extent, p27KIP1 [12].
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Screening LCLs, where EBNA3A and EBNA3C were either conditionally expressed or knocked
out, identified modified expression of various miRNAs by the EBNA3 proteins. Expression of the
oncogenic miR221/222 cluster was shown to be reduced when either EBNA3A or EBNA3C was
non-functional, with a significant increase in miR221/222 mRNA when EBNA3A and EBNA3C were
conditionally activated. ChIP analysis confirmed EBNA3A and EBNA3C binding sites within an
enhancer element of the pri-miR221/222 locus, from which miR221 and miR222 are processed. ChIP
analysis further revealed an altered epigenetic profile in which the transcriptional activation markers
H3K4me3, H3K9ac, H3K27ac, and phospho-Ser5 Pol II were elevated at the transcription start site only
when EBNA3A and EBNA3C were functionally expressed. Furthermore, chromosome confirmation
capture established that long range chromatin interactions between EBNA3A and EBNA3C binding
sites within the predicted enhancer site of pri-miR221/222 and its promoter only occur when EBNA3A
and EBNA3C are functionally active. The miRNA221/222 cluster targets the CDKIs p57KIP2 and
p27KIP1; transcriptional activation of the miRNAs by EBNA3A and EBNA3C leads to repression of
p57KIP2, and to a lesser extent, p27KIP1. This provides a novel indirect method of cell cycle regulation
mediated by EBNA3A and EBNA3C gene activation [12].

Alongside indirect repression of p27KIP1 and p57KIP2, EBNA3A and EBNA3C have also been
associated with repression of the CDKI and CIP/KIP family member p21WAF1/CIP1 [59,60]. In contrast
to the direct polycomb-mediated transcriptional repression of the INK4 proteins, or miRNA-mediated
translational regulation of p57KIP2 and p27KIP1, EBNA3C works directly though interactions with
the oncogenic kinase Pim-1 to result in proteasomal degradation of p21WAF1/CIP1 [59]. There is
compelling evidence that transcriptional repression of p16INK4a is the dominant factor in EBNA3A-
and EBNA3C-mediated cell cycle control during B cell transformation by EBV [43]. However, EBNA3A
and EBNA3C have been shown to target many CDKIs, employing diverse mechanisms that encompass
regulation at the transcriptional, translational, and protein level (summarised in Figure 2). This
suggests the EBNA3 proteins function to achieve a specific molecular balance that allows control of the
cell cycle by EBV, enabling establishment of viral latency.

Figure 2. EBNA3A and EBNA3C regulate CDKI at a transcriptional, translational, and protein levels.
EBNA3A and EBNA3C bind cell transcription factors (TFs) including RBP-Jκ, CBF, and IRF4. This results in
polycomb complex recruitment and deposition of chromatin marks on the loci of target genes. These chromatin
marks can either repress transcription (the CDKIs p16INK4a, p15INK4b, and p18INK4c) or activate transcription
(miRNA221/222). EBNA3-mediated activation of miRNA221/222 leads to subsequent repression of the
CDKI p27KIP1 and p57KIP2 via translation inhibition. EBNA3A and EBNA3C can also repress CKDI by
targeting them for degradation. EBNA3A mechanisms are unclear, but EBNA3C has been shown to mediate
Pim-1 catalysed phosphorylation and subsequent proteasomal degradation of p21WAF1/CIP1.
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5. Anti-Apoptotic Functions of EBNA3A and EBNA3C

Concurrent with manipulation of CDKI and cell cycle control, EBNA3A and EBNA3C further
facilitate virally-induced proliferation and oncogenesis by repressing apoptotic responses to viral
infection and transformation. Using a panel of EBNA3KO viruses in BL31 BL-derived cells,
EBNA3A and EBNA3C were found to cooperatively repress the tumour suppressor and pro-apoptotic
BCL-2-family member BIM (Bcl-2-interacting mediator of cell death) encoded by BCL2L11 [9].
EBNA3-mediated regulation of BIM was also observed in LCLs, with repression shown to be reversible
using an EBNA3C conditional system, whereby inactivating EBNA3C for three weeks led to elevated
BIM mRNA levels [15,43]. BIM becomes upregulated during unscheduled cellular proliferation
and directly initiates apoptosis through inhibition of BCL2 and other pro-survival proteins. This is
particularly important during the development of lymphocytes, as BIM mediates negative selection of
auto-reactive B cells, and initiates programmed cell death in B cells expressing low-affinity antibodies
in the germinal centre [61–63]. Furthermore, BIM is activated by the protooncogene MYC, which is
expressed by B cells following EBV infection and induces hyperproliferation. A hallmark of BL is
translocation of MYC and subsequently constitutively elevated expression [64]. BIM is the effector of
one of the accumulative apoptotic pathways triggered by MYC overexpression (the other being the
p14ARF–MDM2–p53 pathway) and it has been shown that even loss of a single BIM allele accelerates
B lymphomagenesis [65]. The epigenetic mode of BIM repression by EBNA3A and EBNA3C may
be important for Burkitt’s lymphoma development, since it can create an environment permissive
for MYC overexpression, even after EBNA3A and EBNA3C expression is shut down, as the virus
progresses through different stages of latency [9,66,67].

Analogous with the epigenetic repression of INK4 family proteins, detailed ChIP analysis of
EBV-positive B cells indicated that EBNA3-mediated repression of BIM involves modification of
chromatin marks. This includes a reduction of histone acetylation and deposition of the H3K27me3
repressive mark within the BCL2L11 locus, facilitating transcriptional repression [66]. Direct
participation of EBNA3 proteins in repression of BIM was subsequently demonstrated when binding
of EBNA3C to sites proximal to the BCL2L11 transcriptional start site was confirmed by ChIP analysis,
with later studies showing concurrent EBNA3A binding sites [15,42]. Furthermore, EBNA3A and
EBNA3C were found to recruit the PRC2 subunits SUZ12 and EZH2 to BIM regulatory elements,
facilitating H3K27me3 deposition [15]. A requirement for the polycomb system in EBV-mediated
repression of BIM was further confirmed as BIM repression was found to be disrupted by lentiviral
delivery of shRNA against PRC2 components, and reversed by an EZH2 inhibitor [15,42]. EBNA3A-
and EBNA3C-mediated repression of BIM was also recently shown to involve long range chromatin
interactions between the BIM promoter and enhancers bound by EBNA3A and/or EBNA3C [42].

In addition to EBNA3A- and EBNA3C-mediated repression of the important tumour suppressors
p16INK4a and BIM, alongside others mentioned in this article, EBNA3C has been shown to attenuate the
DNA damage response (DDR), which functions to limit aberrant proliferation by inducing senescence
and apoptosis [68]. The DDR is transiently activated in response to the hyperproliferation of EBV
infected cells during primary infection. However, EBNA3C was shown to attenuate this response
by inhibiting the DDR kinases CHK2 and ATM [68]. Induction of the DDR temporally correlates
with the transient increase in p16INK4a expression seen following primary infection [43]. This is
associated with oncogene activation, but is also speculated to be a consequence of DNA damage due
to hyperproliferating cells inappropriately entering the cell cycle S phase [43,53]. The continuation
of the DDR, as well as p16INK4a and BIM activation, is subsequently prevented by the expression of
functional EBNA3C and EBNA3A, which help to prevent apoptosis and cell cycle arrest pathways
and allow outgrowth of LCLs [43,53,68]. Furthermore, EBNA3C has also been associated with the
repression of other factors involved in the cell cycle, DNA damage response, apoptotic pathways and
the oncogenic stress response, including MDM2, p53, H2AX, pRb, E2F1, Cyclin A, ubiquitin ligase
SCFSKP2 and c-Myc [69–76]. This well-documented oncogenic activity of both EBNA3A and EBNA3C
is in stark contrast to the functions of the third EBNA3 protein, EBNA3B.
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6. EBNA3B: The Antagonistic Tumour Suppressive EBNA3 Protein

Despite structural and partial sequence homology, EBNA3B has distinctly different functions
from those of the oncogenic EBNA3A and EBNA3C. It is completely dispensable in vitro, and B cells
infected with EBV in the absence of EBNA3B exhibit elevated proliferative capacity compared to
WT [20,27,77]. This phenotype contrasts with that of the reduced efficiency of B cell transformation by
EBNA3A-null EBV and the inability of EBNA3C-null EBV to cause LCL outgrowth [14,23,26,43].

In contrast to the oncogenic functions of EBNA3A and EBNA3C, EBNA3B appears to have
tumour suppressive activity in vivo [27]. In NOD-scid-IL2Rγnull mice engrafted with human immune
system components, which are susceptible to EBV infection, those infected with EBNA3B-KO
exhibited increased splenomegaly and a higher frequency of large tumour masses than WT and
EBNA3B-revertant infections after four weeks. These tumours destroyed splenic architecture, and by
immunohistochemistry were monomorphic and highly proliferative, resembling the activated B cell
(ABC) subtype of DLBCL. Furthermore, tumours derived from EBNA3B-deficient infections lacked
infiltrating T cells. This was despite these infections priming a stronger systemic immune response
compared to WT and revertant virus infections, with a higher percentage of splenic T cells, including
CD8+ve T cells capable of killing EBV-positive cells in vitro [27]. This is potentially a result of an absence
of EBNA3B-mediated activation of the T cell migratory chemokine CXCL10, although microarray
studies have identified other chemokine, chemokine receptor, and integrin genes whose expression is
altered in EBNA3B-KO LCLs that could also contribute to the exclusion of T cells from the tumour [8,27].
Together, this indicates that EBNA3B plays a role in immunological trafficking and T cell surveillance
of tumours. Furthermore, EBV-positive ABC-DLBCL with non-sense mutations in the EBNA3B gene,
and BL and HL with in frame deletions, have also been identified in humans, suggesting that EBV
mutations can contribute to occurrence of these cancers [27].

Despite the seemingly opposite basic functions of EBNA3B compared to EBNA3A and
EBNA3C, EBNA3B cooperatively regulates some genes with EBNA3C, sometimes with the additional
contribution of EBNA3A [8]. This is consistent with the extensive colocalisation of the EBNA3 proteins
across the genome [18]. The EBNA3 proteins, working independently and in combination, seem
to provide a complex balance during infection between the pro-proliferative functions of EBNA3A
and EBNA3C, against the seemingly anticancer functions of EBNA3B. This compromise between the
EBNA3 proteins has likely evolved to minimise the oncogenic risk to latent carriers while establishing
persistence within the population.

7. Suppression of Plasma Cell Differentiation: An Additional Role for the Oncogenic
EBNA3 Proteins

Aside from manipulating regulation of cell cycle factors, microarray analysis has also indicated
that EBNA3 proteins may alter the regulation of various factors associated with B cell differentiation [8].
Recently, insight into this alternative EBNA3 function was demonstrated when EBNA3A and EBNA3C
were shown to directly epigenetically repress the CDKI and plasma cell differentiation factor p18INK4c,
encoded by CDKN2C [13,78–80], and BLIMP-1, the major transcriptional regulator of plasma cell
differentiation and tumour suppressor, encoded by PRDM1 [13,81–83].

Using a recombinant virus, in which EBNA3A and EBNA3C are both expressed conditionally,
simultaneous inactivation of EBNA3A and EBNA3C during primary B cell infection was shown to lead
to elevated levels of p18INK4c and BLIMP-1 mRNA and protein [13]. In contrast to the INK4 proteins
p15INK4b and p16INK4a, functional expression of either EBNA3A or EBNA3C individually is largely
sufficient to repress p18INK4c and BLIMP-1 transcription [13,43,54,58]. The increased levels of p18INK4c

and BLIMP-1 in EBNA3A/EBNA3C-null cells were physiologically comparable to those of plasma cell
models, and transcription of the BLIMP-1 target genes XBP-1, LMO2, and SPIB responded as expected
to the elevated BLIMP-1 levels. Concurrent with the roles of p18INK4c and BLIMP-1 in promoting
plasma cell differentiation, flow cytometric analysis of EBNA3A/EBNA3C-null cells showed the
development of a plasma cell-like phenotype, with elevated surface markers characteristic of plasma
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cells, including CD138 and CD38, alongside elevated IgG and IgM expression. This indicates that
EBNA3A and EBNA3C have evolved, not only as oncogenic factors, but also as repressors of plasma
cell differentiation [13]. This is likely a mechanism to promote transition of activated B-blasts through
the germinal centre and subsequent differentiation of memory B cells, allowing establishment of the
long-lived reservoirs of EBV within latently infected individuals [3].

As with the BCL2L11, CDKN2A, and CDKN2B loci, ChIP analysis showed EBNA3A and EBNA3C
bind around the transcriptional start sites of the CDKN2C (p18INK4c) and PRDM1 (BLIMP-1) genes,
where they mediate deposition of H3K27me3 catalysed by the EZH2 component of the PRC2 complex.
This leads to stable epigenetic reprogramming of these plasma cell differentiation associated genes [13].
In contrast to EBNA3-mediated repression of BIM, p15INK4b and p16INK4a, which can be reversed by
inactivation of either EBNA3A or EBNA3C, regulation of p18INK4c and BLIMP-1 was shown to be
irreversible by eight days post infection, with inactivation of EBNA3A and EBNA3C failing to lead
to reactivation of either gene, even after thirty days [10,13,15,43,54]. The mechanisms responsible
for the irreversible epigenetic reprogramming of p18INK4c and BLIMP-1 by EBNA3 proteins are
presently unknown, but may involve additional chromatin modifications. The differential regulation
of these target genes highlights the complexity of EBNA3A and EBNA3C appropriation of the
polycomb system.

EBNA3A- and EBNA3C-mediated repression of the plasma cell differentiation factors p18INK4c

and BLIMP-1 appears to be independent of EBNA3B [13]. However, microarray analysis of BL31
BL-derived cells suggests a distinct role for EBNA3B in B cell differentiation, as its deletion leads to
upregulation of a subset of genes usually repressed in the germinal centre [8]. This suggests EBNA3B
may contribute to the progression of EBV-infected cells through the germinal centre reaction, therefore
helping facilitate memory B cell differentiation. While the role of EBNA3B in this capacity has not been
investigated, it is possible that all of the EBNA3 proteins are directing differentiation towards the site
of long-term latency.

8. Summary

The complex cooperative and antagonistic functions of the EBNA3 proteins, encompassing the
critical epigenetic reprogramming of target genes, are central to achieving EBV persistence and latency.
EBV infection stimulates proliferation of infected B cells to facilitate differentiation. This aberrant
cell proliferation is permitted due to EBNA3A- and EBNA3C-mediated repression of cell cycle arrest
pathways and suppression of pro-apoptotic signals. As B cell differentiation may lead to plasma
cells, EBV must also promote transition through the germinal centre to achieve latency in memory B
cells. EBNA3A and EBNA3C thus also suppress plasmacytoid differentiation, supporting the creation
of a long-lived reservoir of EBV-infected memory B cells. It is possible that this process is further
supported by EBNA3B, through T cell interactions and additional regulation within the germinal
centre. In addition, EBNA3B plays a role in suppressing the detrimental effects of EBNA3A- and
EBNA3C-mediated oncogenic functions. Because the EBNA3s largely epigenetically reprogram genes,
the regulation of those genes is sustained following the sequential silencing of viral gene expression
during germinal centre transition. This ensures the memory B cell pathway is favoured during latency
progression, but it is possible that long-term effects may contribute to the prevalence of EBV-associated
cancers. The complex essential roles of EBNA3A, EBNA3B and EBNA3C within EBV infection thus
appear to be delicately balanced, allowing this potent oncogenic virus to achieve ubiquitous and
life-long latent infection in the worldwide population.

Acknowledgments: This paper is dedicated to the memory of Professor Martin Allday, and the authors would
like to thank all past and present members of the Allday group. Research performed in the Allday laboratory was
funded by the Wellcome Trust. C.T.S. was funded by an MRC PhD Studentship. All microarray data discussed
here is available at www.Epstein-Barrvirus.org.uk.

Author Contributions: C.T.S. wrote the manuscript. K.P., R.E.W. and P.J.F. edited and reviewed the manuscript.

www.Epstein-Barrvirus.org.uk


Pathogens 2018, 7, 31 11 of 15

Conflicts of Interest: The authors declare no conflict of interest. The funding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Klein, G. Perspectives in studies of human tumor viruses. Front. Biosci. 2002, 7, d268–d274. [CrossRef]
[PubMed]

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

3. Roughan, J.E.; Thorley-Lawson, D.A. The intersection of Epstein-Barr virus with the germinal center. J. Virol.
2009, 83, 3968–3976. [CrossRef] [PubMed]

4. Yenamandra, S.P.; Sompallae, R.; Klein, G.; Kashuba, E. Comparative analysis of the Epstein-Barr virus
encoded nuclear proteins of EBNA-3 family. Comput. Biol. Med. 2009, 39, 1036–1042. [CrossRef] [PubMed]

5. Le Roux, A.; Kerdiles, B.; Walls, D.; Dedieu, J.F.; Perricaudet, M. The Epstein-Barr virus determined nuclear
antigens EBNA-3A, -3B, and -3C repress EBNA-2-mediated transactivation of the viral terminal protein 1
gene promoter. Virology 1994, 205, 596–602. [CrossRef] [PubMed]

6. Touitou, R.; O’Nions, J.; Heaney, J.; Allday, M.J. Epstein-Barr virus EBNA3 proteins bind to the c8/alpha7
subunit of the 20s proteasome and are degraded by 20s proteasomes in vitro, but are very stable in latently
infected B cells. J. Gen. Virol. 2005, 86, 1269–1277. [CrossRef] [PubMed]

7. Davies, M.L.; Xu, S.; Lyons-Weiler, J.; Rosendorff, A.; Webber, S.A.; Wasil, L.R.; Metes, D.; Rowe, D.T. Cellular
factors associated with latency and spontaneous Epstein-Barr virus reactivation in B-lymphoblastoid cell
lines. Virology 2010, 400, 53–67. [CrossRef] [PubMed]

8. White, R.E.; Groves, I.J.; Turro, E.; Yee, J.; Kremmer, E.; Allday, M.J. Extensive co-operation between the
Epstein-Barr virus EBNA3 proteins in the manipulation of host gene expression and epigenetic chromatin
modification. PLoS ONE 2010, 5, e13979. [CrossRef] [PubMed]

9. Anderton, E.; Yee, J.; Smith, P.; Crook, T.; White, R.E.; Allday, M.J. Two Epstein-Barr virus (EBV) oncoproteins
cooperate to repress expression of the proapoptotic tumour-suppressor BIM: Clues to the pathogenesis of
Burkitt’s lymphoma. Oncogene 2008, 27, 421–433. [CrossRef] [PubMed]

10. Skalska, L.; White, R.E.; Franz, M.; Ruhmann, M.; Allday, M.J. Epigenetic repression of p16(INK4a) by
latent Epstein-Barr virus requires the interaction of EBNA3A and EBNA3C with CtBP. PLoS Pathog. 2010, 6,
e1000951. [CrossRef] [PubMed]

11. Maruo, S.; Wu, Y.; Ishikawa, S.; Kanda, T.; Iwakiri, D.; Takada, K. Epstein-Barr virus nuclear protein EBNA3C is
required for cell cycle progression and growth maintenance of lymphoblastoid cells. Proc. Natl. Acad. Sci. USA
2006, 103, 19500–19505. [CrossRef] [PubMed]

12. Bazot, Q.; Paschos, K.; Skalska, L.; Kalchschmidt, J.S.; Parker, G.A.; Allday, M.J. Epstein-Barr virus proteins
EBNA3A and EBNA3C together induce expression of the oncogenic microRNA cluster miR-221/miR-222
and ablate expression of its target p57KIP2. PLoS Pathog. 2015, 11, e1005031. [CrossRef] [PubMed]

13. Styles, C.T.; Bazot, Q.; Parker, G.A.; White, R.E.; Paschos, K.; Allday, M.J. EBV epigenetically suppresses
the B cell-to-plasma cell differentiation pathway while establishing long-term latency. PLoS Biol. 2017, 15,
e2001992. [CrossRef] [PubMed]

14. Maruo, S.; Johannsen, E.; Illanes, D.; Cooper, A.; Kieff, E. Epstein-Barr virus nuclear protein EBNA3A is
critical for maintaining lymphoblastoid cell line growth. J. Virol. 2003, 77, 10437–10447. [CrossRef] [PubMed]

15. Paschos, K.; Parker, G.A.; Watanatanasup, E.; White, R.E.; Allday, M.J. BIM promoter directly targeted
by EBNA3C in polycomb-mediated repression by EBV. Nucleic Acids Res. 2012, 40, 7233–7246. [CrossRef]
[PubMed]

16. Jiang, S.; Willox, B.; Zhou, H.; Holthaus, A.M.; Wang, A.; Shi, T.T.; Maruo, S.; Kharchenko, P.V.;
Johannsen, E.C.; Kieff, E.; et al. Epstein-Barr virus nuclear antigen 3C binds to BATF/IRF4 or SPI1/IRF4
composite sites and recruits SIN3A to repress CDKN2A. Proc. Natl. Acad. Sci. USA 2014, 111, 421–426.
[CrossRef] [PubMed]

http://dx.doi.org/10.2741/A726
http://www.ncbi.nlm.nih.gov/pubmed/11779700
http://dx.doi.org/10.1038/nrc1452
http://www.ncbi.nlm.nih.gov/pubmed/15510157
http://dx.doi.org/10.1128/JVI.02609-08
http://www.ncbi.nlm.nih.gov/pubmed/19193789
http://dx.doi.org/10.1016/j.compbiomed.2009.08.006
http://www.ncbi.nlm.nih.gov/pubmed/19762010
http://dx.doi.org/10.1006/viro.1994.1687
http://www.ncbi.nlm.nih.gov/pubmed/7975264
http://dx.doi.org/10.1099/vir.0.80763-0
http://www.ncbi.nlm.nih.gov/pubmed/15831937
http://dx.doi.org/10.1016/j.virol.2010.01.002
http://www.ncbi.nlm.nih.gov/pubmed/20153012
http://dx.doi.org/10.1371/journal.pone.0013979
http://www.ncbi.nlm.nih.gov/pubmed/21085583
http://dx.doi.org/10.1038/sj.onc.1210668
http://www.ncbi.nlm.nih.gov/pubmed/17653091
http://dx.doi.org/10.1371/journal.ppat.1000951
http://www.ncbi.nlm.nih.gov/pubmed/20548956
http://dx.doi.org/10.1073/pnas.0604919104
http://www.ncbi.nlm.nih.gov/pubmed/17159137
http://dx.doi.org/10.1371/journal.ppat.1005031
http://www.ncbi.nlm.nih.gov/pubmed/26153983
http://dx.doi.org/10.1371/journal.pbio.2001992
http://www.ncbi.nlm.nih.gov/pubmed/28771465
http://dx.doi.org/10.1128/JVI.77.19.10437-10447.2003
http://www.ncbi.nlm.nih.gov/pubmed/12970429
http://dx.doi.org/10.1093/nar/gks391
http://www.ncbi.nlm.nih.gov/pubmed/22584624
http://dx.doi.org/10.1073/pnas.1321704111
http://www.ncbi.nlm.nih.gov/pubmed/24344258


Pathogens 2018, 7, 31 12 of 15

17. Schmidt, S.C.; Jiang, S.; Zhou, H.; Willox, B.; Holthaus, A.M.; Kharchenko, P.V.; Johannsen, E.C.; Kieff, E.;
Zhao, B. Epstein-Barr virus nuclear antigen 3A partially coincides with EBNA3C genome-wide and is
tethered to DNA through BATF complexes. Proc. Natl. Acad. Sci. USA 2015, 112, 554–559. [CrossRef]
[PubMed]

18. Paschos, K.; Bazot, Q.; Ho, G.; Parker, G.A.; Lees, J.; Barton, G.; Allday, M.J. Core binding factor (CBF) is
required for Epstein-Barr virus EBNA3 proteins to regulate target gene expression. Nucl. Acids Res. 2016, 45,
2368–2383. [CrossRef] [PubMed]

19. Parker, G.A.; Crook, T.; Bain, M.; Sara, E.A.; Farrell, P.J.; Allday, M.J. Epstein-Barr virus nuclear antigen
(EBNA)3C is an immortalizing oncoprotein with similar properties to adenovirus E1A and papillomavirus
E7. Oncogene 1996, 13, 2541–2549. [PubMed]

20. Allday, M.J.; Bazot, Q.; White, R.E. The EBNA3 family: Two oncoproteins and a tumour suppressor that are
central to the biology of EBV in B cells. Curr. Top. Microbiol. Immunol. 2015, 391, 61–117. [PubMed]

21. Lee, M.A.; Diamond, M.E.; Yates, J.L. Genetic evidence that EBNA-1 is needed for efficient, stable latent
infection by Epstein-Barr virus. J. Virol. 1999, 73, 2974–2982. [PubMed]

22. Cohen, J.I.; Wang, F.; Mannick, J.; Kieff, E. Epstein-Barr virus nuclear protein 2 is a key determinant of
lymphocyte transformation. Proc. Natl. Acad. Sci. USA 1989, 86, 9558–9562. [CrossRef] [PubMed]

23. Tomkinson, B.; Robertson, E.; Kieff, E. Epstein-Barr virus nuclear proteins EBNA-3A and EBNA-3C are
essential for B-lymphocyte growth transformation. J. Virol. 1993, 67, 2014–2025. [PubMed]

24. 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]

25. Mannick, J.B.; Cohen, J.I.; Birkenbach, M.; Marchini, A.; Kieff, E. The Epstein-Barr virus nuclear protein
encoded by the leader of the EBNA RNAs is important in B-lymphocyte transformation. J. Virol. 1991, 65,
6826–6837. [PubMed]

26. Hertle, M.L.; Popp, C.; Petermann, S.; Maier, S.; Kremmer, E.; Lang, R.; Mages, J.; Kempkes, B. Differential
gene expression patterns of EBV infected EBNA-3A positive and negative human b lymphocytes. PLoS Pathog.
2009, 5, e1000506. [CrossRef] [PubMed]

27. White, R.E.; Rämer, P.C.; Naresh, K.N.; Meixlsperger, S.; Pinaud, L.; Rooney, C.; Savoldo, B.; Coutinho, R.;
Bödör, C.; Gribben, J.; et al. EBNA3B-deficient EBV promotes B cell lymphomagenesis in humanized mice
and is found in human tumors. J. Clin. Invest. 2012, 122, 1487–1502. [CrossRef] [PubMed]

28. Robertson, E.S.; Lin, J.; Kieff, E. The amino-terminal domains of Epstein-Barr virus nuclear proteins 3A, 3B,
and 3C interact with RBPJ(kappa). J. Virol. 1996, 70, 3068–3074. [PubMed]

29. Robertson, E.S.; Grossman, S.; Johannsen, E.; Miller, C.; Lin, J.; Tomkinson, B.; Kieff, E. Epstein-Barr virus
nuclear protein 3C modulates transcription through interaction with the sequence-specific DNA-binding
protein J kappa. J. Virol. 1995, 69, 3108–3116. [PubMed]

30. Kalchschmidt, J.S.; Gillman, A.C.; Paschos, K.; Bazot, Q.; Kempkes, B.; Allday, M.J. EBNA3C directs
recruitment of RBPJ (CBF1) to chromatin during the process of gene repression in EBV infected B cells.
PLoS Pathog. 2016, 12, e1005383. [CrossRef] [PubMed]

31. Zhao, B.; Marshall, D.R.; Sample, C.E. A conserved domain of the Epstein-Barr virus nuclear antigens 3A
and 3C binds to a discrete domain of J kappa. J. Virol. 1996, 70, 4228–4236. [PubMed]

32. West, M.J. Chromatin reorganisation in Epstein-Barr virus-infected cells and its role in cancer development.
Curr. Opin. Virol. 2017, 26, 149–155. [CrossRef] [PubMed]

33. Johannsen, E.; Miller, C.L.; Grossman, S.R.; Kieff, E. EBNA-2 and EBNA-3C extensively and mutually
exclusively associate with RBPJkappa in Epstein-Barr virus-transformed B lymphocytes. J. Virol. 1996, 70,
4179–4183. [PubMed]

34. Radkov, S.A.; Bain, M.; Farrell, P.J.; West, M.; Rowe, M.; Allday, M.J. Epstein-Barr virus EBNA3C represses
Cp, the major promoter for EBNA expression, but has no effect on the promoter of the cell gene CD21. J. Virol.
1997, 71, 8552–8562. [PubMed]

35. Maruo, S.; Johannsen, E.; Illanes, D.; Cooper, A.; Zhao, B.; Kieff, E. Epstein-Barr virus nuclear protein 3A
domains essential for growth of lymphoblasts: Transcriptional regulation through RBP-jkappa/CBF1 is
critical. J. Virol. 2005, 79, 10171–10179. [CrossRef] [PubMed]

36. Maruo, S.; Wu, Y.; Ito, T.; Kanda, T.; Kieff, E.D.; Takada, K. Epstein-Barr virus nuclear protein EBNA3C
residues critical for maintaining lymphoblastoid cell growth. Proc. Natl. Acad. Sci. USA 2009, 106, 4419–4424.
[CrossRef] [PubMed]

http://dx.doi.org/10.1073/pnas.1422580112
http://www.ncbi.nlm.nih.gov/pubmed/25540416
http://dx.doi.org/10.1093/nar/gkw1167
http://www.ncbi.nlm.nih.gov/pubmed/27903901
http://www.ncbi.nlm.nih.gov/pubmed/9000128
http://www.ncbi.nlm.nih.gov/pubmed/26428372
http://www.ncbi.nlm.nih.gov/pubmed/10074147
http://dx.doi.org/10.1073/pnas.86.23.9558
http://www.ncbi.nlm.nih.gov/pubmed/2556717
http://www.ncbi.nlm.nih.gov/pubmed/8445720
http://dx.doi.org/10.1073/pnas.90.19.9150
http://www.ncbi.nlm.nih.gov/pubmed/8415670
http://www.ncbi.nlm.nih.gov/pubmed/1658376
http://dx.doi.org/10.1371/journal.ppat.1000506
http://www.ncbi.nlm.nih.gov/pubmed/19578441
http://dx.doi.org/10.1172/JCI58092
http://www.ncbi.nlm.nih.gov/pubmed/22406538
http://www.ncbi.nlm.nih.gov/pubmed/8627785
http://www.ncbi.nlm.nih.gov/pubmed/7707539
http://dx.doi.org/10.1371/journal.ppat.1005383
http://www.ncbi.nlm.nih.gov/pubmed/26751214
http://www.ncbi.nlm.nih.gov/pubmed/8676443
http://dx.doi.org/10.1016/j.coviro.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28910751
http://www.ncbi.nlm.nih.gov/pubmed/8648764
http://www.ncbi.nlm.nih.gov/pubmed/9343213
http://dx.doi.org/10.1128/JVI.79.16.10171-10179.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051810
http://dx.doi.org/10.1073/pnas.0813134106
http://www.ncbi.nlm.nih.gov/pubmed/19237563


Pathogens 2018, 7, 31 13 of 15

37. Lee, S.; Sakakibara, S.; Maruo, S.; Zhao, B.; Calderwood, M.A.; Holthaus, A.M.; Lai, C.Y.; Takada, K.; Kieff, E.;
Johannsen, E. Epstein-Barr virus nuclear protein 3C domains necessary for lymphoblastoid cell growth:
Interaction with RBP-Jkappa regulates TCL1. J. Virol. 2009, 83, 12368–12377. [CrossRef] [PubMed]

38. McClellan, M.J.; Wood, C.D.; Ojeniyi, O.; Cooper, T.J.; Kanhere, A.; Arvey, A.; Webb, H.M.; Palermo, R.D.;
Harth-Hertle, M.L.; Kempkes, B.; et al. Modulation of enhancer looping and differential gene targeting
by Epstein-Barr virus transcription factors directs cellular reprogramming. PLoS Pathog. 2013, 9, e1003636.
[CrossRef] [PubMed]

39. Wang, A.; Welch, R.; Zhao, B.; Ta, T.; Keles, S.; Johannsen, E. Epstein-Barr virus nuclear antigen 3 (EBNA3)
proteins regulate EBNA2 binding to distinct RBPJ genomic sites. J. Virol. 2015, 90, 2906–2919. [CrossRef]
[PubMed]

40. Harth-Hertle, M.L.; Scholz, B.A.; Erhard, F.; Glaser, L.V.; Dölken, L.; Zimmer, R.; Kempkes, B. Inactivation of
intergenic enhancers by EBNA3A initiates and maintains polycomb signatures across a chromatin domain
encoding CXCL10 and CXCL9. PLoS Pathog. 2013, 9, e1003638. [CrossRef] [PubMed]

41. Wood, C.D.; Veenstra, H.; Khasnis, S.; Gunnell, A.; Webb, H.M.; Shannon-Lowe, C.; Andrews, S.;
Osborne, C.S.; West, M.J. MYC activation and BCL2L11 silencing by a tumour virus through the large-scale
reconfiguration of enhancer-promoter hubs. eLife 2016, 5. [CrossRef] [PubMed]

42. Skalska, L.; White, R.E.; Parker, G.A.; Turro, E.; Sinclair, A.J.; Paschos, K.; Allday, M.J. Induction of
p16(INK4a) is the major Barrier to proliferation when Epstein-Barr virus (EBV) transforms primary B
cells into lymphoblastoid cell lines. PLoS Pathog. 2013, 9, e1003187. [CrossRef]

43. Hickabottom, M.; Parker, G.A.; Freemont, P.; Crook, T.; Allday, M.J. Two nonconsensus sites in the
Epstein-Barr virus oncoprotein EBNA3A cooperate to bind the co-repressor carboxyl-terminal-binding
protein (CtBP). J. Biol. Chem. 2002, 277, 47197–47204. [CrossRef] [PubMed]

44. Knight, J.S.; Lan, K.; Subramanian, C.; Robertson, E.S. Epstein-Barr virus nuclear antigen 3C recruits histone
deacetylase activity and associates with the corepressors mSIN3A and NCoR in human B-cell lines. J. Virol.
2003, 77, 4261–4272. [CrossRef] [PubMed]

45. Radkov, S.A.; Touitou, R.; Brehm, A.; Rowe, M.; West, M.; Kouzarides, T.; Allday, M.J. Epstein-Barr virus
nuclear antigen 3C interacts with histone deacetylase to repress transcription. J. Virol. 1999, 73, 5688–5697.
[PubMed]

46. Touitou, R.; Hickabottom, M.; Parker, G.; Crook, T.; Allday, M.J. Physical and functional interactions between
the corepressor CtBP and the Epstein-Barr virus nuclear antigen EBNA3C. J. Virol. 2001, 75, 7749–7755.
[CrossRef] [PubMed]

47. Cotter, M.A., II; Robertson, E.S. Modulation of histone acetyltransferase activity through interaction of
Epstein-Barr nuclear antigen 3C with prothymosin alpha. Mol. Cell. Biol. 2000, 20, 5722–5735. [CrossRef]
[PubMed]

48. Kalchschmidt, J.S.; Bashford-Rogers, R.; Paschos, K.; Gillman, A.C.; Styles, C.T.; Kellam, P.; Allday, M.J.
Epstein-Barr virus nuclear protein EBNA3C directly induces expression of AID and somatic mutations in B
cells. J. Exp. Med. 2016, 213, 921–928. [CrossRef] [PubMed]

49. Frangini, A.; Sjoberg, M.; Roman-Trufero, M.; Dharmalingam, G.; Haberle, V.; Bartke, T.; Lenhard, B.;
Malumbres, M.; Vidal, M.; Dillon, N. The aurora B kinase and the polycomb protein Ring1b combine to
regulate active promoters in quiescent lymphocytes. Mol. Cell 2013, 51, 647–661. [CrossRef] [PubMed]

50. McClellan, M.J.; Khasnis, S.; Wood, C.D.; Palermo, R.D.; Schlick, S.N.; Kanhere, A.S.; Jenner, R.G.; West, M.J.
Downregulation of integrin receptor-signaling genes by Epstein-Barr virus EBNA 3C via promoter-proximal
and -distal binding elements. J. Virol. 2012, 86, 5165–5178. [CrossRef] [PubMed]

51. Kuzmichev, A.; Nishioka, K.; Erdjument-Bromage, H.; Tempst, P.; Reinberg, D. Histone methyltransferase
activity associated with a human multiprotein complex containing the enhancer of zeste protein. Genes Dev.
2002, 16, 2893–2905. [CrossRef] [PubMed]

52. Bazot, Q.; Paschos, K.; Allday, M.J. Epstein-Barr virus latent protein EBNA3A directly targets and silences
the kinase STK39 in B cells infected by EBV. J. Virol. 2018. [CrossRef] [PubMed]

53. Allday, M.J. EBV finds a polycomb-mediated, epigenetic solution to the problem of oncogenic stress responses
triggered by infection. Front. Genet. 2013, 4, 212. [CrossRef] [PubMed]

54. Maruo, S.; Zhao, B.; Johannsen, E.; Kieff, E.; Zou, J.; Takada, K. Epstein-Barr virus nuclear antigens
3C and 3A maintain lymphoblastoid cell growth by repressing p16INK4a and p14ARF expression.
Proc. Natl. Acad. Sci. USA 2011, 108, 1919–1924. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/JVI.01403-09
http://www.ncbi.nlm.nih.gov/pubmed/19776126
http://dx.doi.org/10.1371/journal.ppat.1003636
http://www.ncbi.nlm.nih.gov/pubmed/24068937
http://dx.doi.org/10.1128/JVI.02737-15
http://www.ncbi.nlm.nih.gov/pubmed/26719268
http://dx.doi.org/10.1371/journal.ppat.1003638
http://www.ncbi.nlm.nih.gov/pubmed/24068939
http://dx.doi.org/10.7554/eLife.18270
http://www.ncbi.nlm.nih.gov/pubmed/27490482
http://dx.doi.org/10.1371/annotation/2c4b89c1-6d4a-4bf3-9467-9367227d7e74
http://dx.doi.org/10.1074/jbc.M208116200
http://www.ncbi.nlm.nih.gov/pubmed/12372828
http://dx.doi.org/10.1128/JVI.77.7.4261-4272.2003
http://www.ncbi.nlm.nih.gov/pubmed/12634383
http://www.ncbi.nlm.nih.gov/pubmed/10364319
http://dx.doi.org/10.1128/JVI.75.16.7749-7755.2001
http://www.ncbi.nlm.nih.gov/pubmed/11462050
http://dx.doi.org/10.1128/MCB.20.15.5722-5735.2000
http://www.ncbi.nlm.nih.gov/pubmed/10891508
http://dx.doi.org/10.1084/jem.20160120
http://www.ncbi.nlm.nih.gov/pubmed/27217538
http://dx.doi.org/10.1016/j.molcel.2013.08.022
http://www.ncbi.nlm.nih.gov/pubmed/24034696
http://dx.doi.org/10.1128/JVI.07161-11
http://www.ncbi.nlm.nih.gov/pubmed/22357270
http://dx.doi.org/10.1101/gad.1035902
http://www.ncbi.nlm.nih.gov/pubmed/12435631
http://dx.doi.org/10.1128/JVI.01918-17
http://www.ncbi.nlm.nih.gov/pubmed/29367247
http://dx.doi.org/10.3389/fgene.2013.00212
http://www.ncbi.nlm.nih.gov/pubmed/24167519
http://dx.doi.org/10.1073/pnas.1019599108
http://www.ncbi.nlm.nih.gov/pubmed/21245331


Pathogens 2018, 7, 31 14 of 15

55. Popov, N.; Gil, J. Epigenetic regulation of the INK4b-ARF-INK4a locus: In sickness and in health. Epigenetics
2010, 5, 685–690. [CrossRef] [PubMed]

56. Chinnadurai, G. The transcriptional corepressor CtBP: A foe of multiple tumor suppressors. Cancer Res.
2009, 69, 731–734. [CrossRef] [PubMed]

57. Bazot, Q.; Deschamps, T.; Tafforeau, L.; Siouda, M.; Leblanc, P.; Harth-Hertle, M.L.; Rabourdin-Combe, C.;
Lotteau, V.; Kempkes, B.; Tommasino, M.; et al. Epstein-Barr virus nuclear antigen 3A protein regulates
CDKN2B transcription via interaction with MIZ-1. Nucleic Acids Res. 2014, 42, 9700–9716. [CrossRef]
[PubMed]

58. Jiang, S.; Zhou, H.; Liang, J.; Gerdt, C.; Wang, C.; Ke, L.; Schmidt, S.C.S.; Narita, Y.; Ma, Y.; Wang, S.; et al.
The Epstein-Barr virus regulome in lymphoblastoid cells. Cell Host Microbe 2017, 22, 561–573. [CrossRef]
[PubMed]

59. Banerjee, S.; Lu, J.; Cai, Q.; Sun, Z.; Jha, H.C.; Robertson, E.S. EBNA3C augments Pim-1 mediated
phosphorylation and degradation of p21 to promote B-cell proliferation. PLoS Pathog. 2014, 10, e1004304.
[CrossRef] [PubMed]

60. Tursiella, M.L.; Bowman, E.R.; Wanzeck, K.C.; Throm, R.E.; Liao, J.; Zhu, J.; Sample, C.E. Epstein-Barr virus
nuclear antigen 3A promotes cellular proliferation by repression of the cyclin-dependent kinase inhibitor
p21WAF1/CIP1. PLoS Pathog. 2014, 10, e1004415. [CrossRef] [PubMed]

61. Strasser, A. The role of BH3-only proteins in the immune system. Nat. Rev. Immunol. 2005, 5, 189–200.
[CrossRef] [PubMed]

62. Enders, A.; Bouillet, P.; Puthalakath, H.; Xu, Y.; Tarlinton, D.M.; Strasser, A. Loss of the pro-apoptotic
BH3-only BCL-2 family member BIM inhibits BCR stimulation-induced apoptosis and deletion of
autoreactive B cells. J. Exp. Med. 2003, 198, 1119–1126. [CrossRef] [PubMed]

63. Fischer, S.F.; Bouillet, P.; O’Donnell, K.; Light, A.; Tarlinton, D.M.; Strasser, A. Proapoptotic BH3-only protein
BIM is essential for developmentally programmed death of germinal center-derived memory B cells and
antibody-forming cells. Blood 2007, 110, 3978–3984. [CrossRef] [PubMed]

64. Dang, C.V.; O’Donnell K, A.; Juopperi, T. The great MYC escape in tumorigenesis. Cancer Cell 2005, 8,
177–178. [CrossRef] [PubMed]

65. Egle, A.; Harris, A.W.; Bouillet, P.; Cory, S. BIM is a suppressor of MYC-induced mouse B cell leukemia.
Proc. Natl. Acad. Sci. USA 2004, 101, 6164–6169. [CrossRef] [PubMed]

66. Paschos, K.; Smith, P.; Anderton, E.; Middeldorp, J.M.; White, R.E.; Allday, M.J. Epstein-Barr virus latency in
B cells leads to epigenetic repression and CpG methylation of the tumour suppressor gene BIM. PLoS Pathog.
2009, 5, e1000492. [CrossRef] [PubMed]

67. Thorley-Lawson, D.A.; Allday, M.J. The curious case of the tumour virus: 50 years of Burkitt’s lymphoma.
Nat. Rev. Microbiol. 2008, 6, 913–924. [CrossRef] [PubMed]

68. Nikitin, P.A.; Yan, C.M.; Forte, E.; Bocedi, A.; Tourigny, J.P.; White, R.E.; Allday, M.J.; Patel, A.; Dave, S.S.;
Kim, W.; et al. An ATM/CHK2-mediated DNA damage-responsive signaling pathway suppresses
Epstein-Barr virus transformation of primary human B cells. Cell Host Microbe 2010, 8, 510–522. [CrossRef]
[PubMed]

69. Saha, A.; Murakami, M.; Kumar, P.; Bajaj, B.; Sims, K.; Robertson, E.S. Epstein-Barr virus nuclear antigen 3C
augments MDM2-mediated p53 ubiquitination and degradation by deubiquitinating MDM2. J. Virol. 2009,
83, 4652–4669. [CrossRef] [PubMed]

70. Yi, F.; Saha, A.; Murakami, M.; Kumar, P.; Knight, J.S.; Cai, Q.; Choudhuri, T.; Robertson, E.S. Epstein-Barr
virus nuclear antigen 3C targets p53 and modulates its transcriptional and apoptotic activities. Virology 2009,
388, 236–247. [CrossRef] [PubMed]

71. Jha, H.C.; A, J.M.; Saha, A.; Banerjee, S.; Lu, J.; Robertson, E.S. Epstein-Barr virus essential antigen EBNA3C
attenuates H2AX expression. J. Virol. 2014, 88, 3776–3788. [CrossRef] [PubMed]

72. Knight, J.S.; Sharma, N.; Robertson, E.S. Epstein-Barr virus latent antigen 3C can mediate the degradation of
the retinoblastoma protein through an SCF cellular ubiquitin ligase. Proc. Natl. Acad. Sci. USA 2005, 102,
18562–18566. [CrossRef] [PubMed]

73. Saha, A.; Lu, J.; Morizur, L.; Upadhyay, S.K.; Aj, M.P.; Robertson, E.S. E2F1 mediated apoptosis induced by
the DNA damage response is blocked by EBV nuclear antigen 3C in lymphoblastoid cells. PLoS Pathog. 2012,
8, e1002573. [CrossRef] [PubMed]

http://dx.doi.org/10.4161/epi.5.8.12996
http://www.ncbi.nlm.nih.gov/pubmed/20716961
http://dx.doi.org/10.1158/0008-5472.CAN-08-3349
http://www.ncbi.nlm.nih.gov/pubmed/19155295
http://dx.doi.org/10.1093/nar/gku697
http://www.ncbi.nlm.nih.gov/pubmed/25092922
http://dx.doi.org/10.1016/j.chom.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29024646
http://dx.doi.org/10.1371/journal.ppat.1004304
http://www.ncbi.nlm.nih.gov/pubmed/25121590
http://dx.doi.org/10.1371/journal.ppat.1004415
http://www.ncbi.nlm.nih.gov/pubmed/25275486
http://dx.doi.org/10.1038/nri1568
http://www.ncbi.nlm.nih.gov/pubmed/15719025
http://dx.doi.org/10.1084/jem.20030411
http://www.ncbi.nlm.nih.gov/pubmed/14517273
http://dx.doi.org/10.1182/blood-2007-05-091306
http://www.ncbi.nlm.nih.gov/pubmed/17720882
http://dx.doi.org/10.1016/j.ccr.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16169462
http://dx.doi.org/10.1073/pnas.0401471101
http://www.ncbi.nlm.nih.gov/pubmed/15079075
http://dx.doi.org/10.1371/journal.ppat.1000492
http://www.ncbi.nlm.nih.gov/pubmed/19557159
http://dx.doi.org/10.1038/nrmicro2015
http://www.ncbi.nlm.nih.gov/pubmed/19008891
http://dx.doi.org/10.1016/j.chom.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21147465
http://dx.doi.org/10.1128/JVI.02408-08
http://www.ncbi.nlm.nih.gov/pubmed/19244339
http://dx.doi.org/10.1016/j.virol.2009.03.027
http://www.ncbi.nlm.nih.gov/pubmed/19394062
http://dx.doi.org/10.1128/JVI.03568-13
http://www.ncbi.nlm.nih.gov/pubmed/24429368
http://dx.doi.org/10.1073/pnas.0503886102
http://www.ncbi.nlm.nih.gov/pubmed/16352731
http://dx.doi.org/10.1371/journal.ppat.1002573
http://www.ncbi.nlm.nih.gov/pubmed/22438805


Pathogens 2018, 7, 31 15 of 15

74. Knight, J.S.; Robertson, E.S. Epstein-Barr virus nuclear antigen 3C regulates cyclin a/p27 complexes and
enhances cyclin a-dependent kinase activity. J. Virol. 2004, 78, 1981–1991. [CrossRef] [PubMed]

75. Knight, J.S.; Sharma, N.; Robertson, E.S. Scfskp2 complex targeted by Epstein-Barr virus essential nuclear
antigen. Mol. Cell. Biol. 2005, 25, 1749–1763. [CrossRef] [PubMed]

76. Bajaj, B.G.; Murakami, M.; Cai, Q.; Verma, S.C.; Lan, K.; Robertson, E.S. Epstein-Barr virus nuclear antigen 3C
interacts with and enhances the stability of the c-MYC oncoprotein. J. Virol. 2008, 82, 4082–4090. [CrossRef]
[PubMed]

77. Tomkinson, B.; Kieff, E. Use of second-site homologous recombination to demonstrate that Epstein-Barr
virus nuclear protein 3B is not important for lymphocyte infection or growth transformation in vitro. J. Virol.
1992, 66, 2893–2903. [PubMed]

78. Gagrica, S.; Brookes, S.; Anderton, E.; Rowe, J.; Peters, G. Contrasting behavior of the p18INK4c and
p16INK4a tumor suppressors in both replicative and oncogene-induced senescence. Cancer Res. 2012, 72,
165–175. [CrossRef] [PubMed]

79. Morse, L.; Chen, D.; Franklin, D.; Xiong, Y.; Chen-Kiang, S. Induction of cell cycle arrest and B cell terminal
differentiation by cdk inhibitor p18(INK4c) and il-6. Immunity 1997, 6, 47–56. [CrossRef]

80. Tourigny, M.R.; Ursini-Siegel, J.; Lee, H.; Toellner, K.M.; Cunningham, A.F.; Franklin, D.S.; Ely, S.; Chen, M.;
Qin, X.F.; Xiong, Y.; et al. Cdk inhibitor p18(INK4c) is required for the generation of functional plasma cells.
Immunity 2002, 17, 179–189. [CrossRef]

81. Boi, M.; Zucca, E.; Inghirami, G.; Bertoni, F. PRDM1/BLIMP1: A tumor suppressor gene in B and T cell
lymphomas. Leuk. Lymphoma 2015, 56, 1223–1228. [CrossRef] [PubMed]

82. Mandelbaum, J.; Bhagat, G.; Tang, H.; Mo, T.; Brahmachary, M.; Shen, Q.; Chadburn, A.; Rajewsky, K.;
Tarakhovsky, A.; Pasqualucci, L.; et al. BLIMP1 is a tumor suppressor gene frequently disrupted in activated
B cell-like diffuse large B cell lymphoma. Cancer Cell 2010, 18, 568–579. [CrossRef] [PubMed]

83. Minnich, M.; Tagoh, H.; Bönelt, P.; Axelsson, E.; Fischer, M.; Cebolla, B.; Tarakhovsky, A.; Nutt, S.L.;
Jaritz, M.; Busslinger, M. Multifunctional role of the transcription factor BLIMP-1 in coordinating plasma cell
differentiation. Nat. Immunol. 2016, 17, 331–343. [CrossRef] [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/10.1128/JVI.78.4.1981-1991.2004
http://www.ncbi.nlm.nih.gov/pubmed/14747563
http://dx.doi.org/10.1128/MCB.25.5.1749-1763.2005
http://www.ncbi.nlm.nih.gov/pubmed/15713632
http://dx.doi.org/10.1128/JVI.02500-07
http://www.ncbi.nlm.nih.gov/pubmed/18256156
http://www.ncbi.nlm.nih.gov/pubmed/1313908
http://dx.doi.org/10.1158/0008-5472.CAN-11-2552
http://www.ncbi.nlm.nih.gov/pubmed/22080569
http://dx.doi.org/10.1016/S1074-7613(00)80241-1
http://dx.doi.org/10.1016/S1074-7613(02)00364-3
http://dx.doi.org/10.3109/10428194.2014.953155
http://www.ncbi.nlm.nih.gov/pubmed/25115512
http://dx.doi.org/10.1016/j.ccr.2010.10.030
http://www.ncbi.nlm.nih.gov/pubmed/21156281
http://dx.doi.org/10.1038/ni.3349
http://www.ncbi.nlm.nih.gov/pubmed/26779602
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Epstein–Barr Virus 
	The EBNA3 Family 
	EBNA3 Regulatory Mechanisms 
	Recruitment 
	Changes in Chromatin Architecture 
	Repressors and Activators 
	EBNA3 Interactors That Facilitate Regulation 

	EBNA3A and EBNA3C Regulate Anti-Proliferative and Tumour Suppressive Pathways 
	Direct Epigenetic Repression of the Tumour Suppressor and CDKI p16INK4a 
	EBNA3A- and EBNA3C-Mediated Transactivation of Oncogenic miRNAs That Target CDKIs 

	Anti-Apoptotic Functions of EBNA3A and EBNA3C 
	EBNA3B: The Antagonistic Tumour Suppressive EBNA3 Protein
	Suppression of Plasma Cell Differentiation: An Additional Role for the Oncogenic EBNA3 Proteins 
	Summary 
	References

