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Abstract  Epstein-Barr virus nuclear antigens EBNA3A, EBNA3B and EBNA3C 
are a family of three large latency-associated proteins expressed in B cells induced 
to proliferate by the virus. Together with the other nuclear antigens (EBNA-LP, 
EBNA2 and EBNA1), they are expressed from a polycistronic transcription unit 
that is probably unique to B cells. However, compared with the other EBNAs, 
hitherto the EBNA3 proteins were relatively neglected and their roles in EBV biol-
ogy rather poorly understood. In recent years, powerful new technologies have 
been used to show that these proteins are central to the latency of EBV in B cells, 
playing major roles in reprogramming the expression of host genes affecting cell 
proliferation, survival, differentiation and immune surveillance. This indicates that 
the EBNA3s are critical in EBV persistence in the B cell system and in modulat-
ing B cell lymphomagenesis. EBNA3A and EBNA3C are necessary for the effi-
cient proliferation of EBV-infected B cells because they target important tumour 
suppressor pathways—so operationally they are considered oncoproteins. In con-
trast, it is emerging that EBNA3B restrains the oncogenic capacity of EBV, so it 
can be considered a tumour suppressor—to our knowledge the first to be described 
in a tumour virus. Here, we provide a general overview of the EBNA3 genes and 
proteins. In particular, we describe recent research that has highlighted the com-
plexity of their functional interactions with each other, with specific sites on the 
human genome and with the molecular machinery that controls transcription and 
epigenetic states of diverse host genes.
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Abbreviations

4HT	� 4-Hydroxytamoxifen
ABC	� Activated B cell
BAC	� Bacterial artificial chromosome
BARTs	� BamH1-A rightward transcripts
BL	� Burkitt’s lymphoma
CaHV3	� Callitrichine herpesvirus 3
CBF	� C promoter binding factor
CCC	� Chromatin conformation capture
CDK	� Cyclin-dependent kinase
ChIP	� Chromatin immunoprecipitation
ChIP-Seq	� Chromatin immunoprecipitation coupled to high-throughput DNA 

sequencing
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1 � The Biology of EBV in B Cells

EBV has co-evolved with its hominid and prehominid hosts for millions of years 
and is now a uniquely successful intracellular parasite that persists asympto-
matically after childhood infection in >90  % of the human population. Despite 
this benign relationship with most humans, EBV is classified as a tumour virus 
because of its firmly established association with several cancers of B, NK/T 
and epithelial cell origin, its ability to induce B cell tumours in non-human pri-
mates and its capacity to growth transform primary human B cells in culture. 
This capacity of EBV to ‘transform’ resting B cells into continuously proliferat-
ing lymphoblastoid cell lines (LCLs) was discovered about 3 years after the virus 
was identified in samples of Burkitt’s lymphoma (BL) 50  years ago (reviewed 
in Crawford 2001; Epstein 2001; Thorley-Lawson and Allday 2008; Young and 
Rickinson 2004). This remarkably efficient process has subsequently been used 
countless times to establish ‘normal’ human B cell lines for genetic, epigenetic 
and immunological studies (see, for example, ENCODE, the 1000 genomes pro-
ject and the HapMap project). It has also been the focus of intensive research 
because the process produces limitless amounts of material for study and because 
of the general belief that the molecular mechanisms involved in the transformation 
of explanted B cells might explain aspects of EBV-associated cancer in humans. 
Today, after several decades of study, the general strategies utilised by EBV to 
drive mature B cells from quiescence into the cell cycle and maintain cell pro-
liferation and survival (while preventing the activation of lytic virus replication) 
are largely understood—however, many of the biochemical details are poorly 
characterised.

When EBV induces the activation of resting B cells, it exploits the cellular 
transcription and translation machineries to express nine viral latency-associated 
proteins. There are six nuclear proteins (Epstein-Barr nuclear antigens (EBNAs) 
1, 2, 3A, 3B, 3C and LP) and three membrane proteins (latent membrane pro-
teins (LMPs) 1, 2A and 2B). In addition, two types of untranslated RNAs are 
expressed (EBV-encoded RNAs (EBERs) and the microRNAs (miRs) derived 
from the BamHI-A rightward transcripts (BARTs) and the BHRF1 transcript). The 
BART and BHRF1 RNAs can be processed into many miR species that probably 
target multiple host and viral mRNAs (comprehensively reviewed in the chapter 
authored by Skalsky and Cullen). This pattern of viral gene expression in B cells 
is known as latency III (sometimes referred to as the growth or proliferation pro-
gramme) and is necessary to drive quiescent B cells into the cell cycle and sustain 
proliferation, while maintaining the EBV genome as extra-chromosomal 172  kb 
episomes (reviewed in Cai et al. 2006; Young and Rickinson 2004). The proliferat-
ing cells resemble, at least superficially, antigen-activated B cells (B blasts). As a 
consequence, it was a widely held view that when EBV transforms normal B cells 
into LCLs, the small number of viral latency-associated gene products exploits the 
physiological process of activation normally achieved by the interaction of a B cell 
with its specific antigen together with cognate T cell help. While in principle, this 
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might be correct, it has gradually become apparent that LCLs are trapped at a B 
blast-like stage of differentiation, but they have a distinctive EBV-specific pheno-
type. In addition, the process of EBV-induced proliferation is ‘sensed’ by B cells 
as abnormal and so activates various innate responses that cells have evolved to 
prevent non-physiological DNA replication and proliferation and which have 
to be circumvented in order to establish latent infection. Several of the latency-
associated viral factors, including EBNA3C—a major focus of this review—have 
evolved functions that overcome cellular checkpoints and pathways that trigger 
anti-proliferative or suicidal responses.

During lifelong persistence in healthy seropositive individuals, extra-chromo-
somal EBV episomes are largely found in non-dividing (Ki67−ve), long-lived, 
class-switched (IgD−ve), CD27+ve memory B cells (MBCs) in the peripheral cir-
culation—and they do not appear to express the latency III proteins. However, in 
tonsils, naïve (IgD+ve) B cells can be found that express the latency III programme 
and proliferate as LCL-like B blasts; so it seems that, in vivo as in vitro, EBV-
infected naïve B cells undergo multiple divisions—at least transiently—as part of 
the normal viral life cycle. A compelling explanation of how some of the prolifer-
ating B blasts end up as memory cells was provided by Thorley-Lawson and col-
leagues and is reviewed elsewhere in this volume. Briefly, cells in the expanding B 
blast population are thought to enter a germinal centre in lymphoid tissue such as 
tonsil. In this microenvironment, these cells differentiate to become centroblasts, 
then centrocytes and finally resting memory B cells that enter the peripheral cir-
culation (Babcock et al. 2000; Roughan and Thorley-Lawson 2009 and reviewed 
in Thorley-Lawson and Gross 2004; Thorley-Lawson et al. 2013). While the pre-
cise series of events that the EBV-positive B cells undergo to reach the memory 
compartment remains unknown, the consensus view is that it involves regulated 
shutdown of EBV latency-associated gene expression from the initial latency III 
state to latency II (in which EBNA2, EBNA-LP, and the EBNA3 family have 
been switched off by promoter switching from Cp to Qp—Fig.  1). In quiescent 
MBCs, Qp also becomes silenced and no EBV proteins can be detected—a state 
called latency 0. If MBCs periodically divide, then EBNA1 is switched back on 
to facilitate episome maintenance (this state is known as latency I). However, it is 
still unclear whether or not the differentiation of EBV-infected B blasts to mem-
ory B cells is absolutely dependent on the microenvironment of a germinal centre, 
although a role for T cells is indicated. T cell-derived cytokines provide signals 
that trigger the repression of the EBNA promoter, Cp, and reduce the expression 
of EBNA2 in LCLs and a mouse model (Kis et al. 2006, 2010; Nagy et al. 2012; 
Salamon et al. 2012)—however, it has yet to be proven that this occurs during per-
sistence. In normal healthy individuals, the EBV-infected B blasts are targets for 
EBV-specific cytotoxic lymphocytes (CTLs) that can recognise and destroy these 
latently infected cells. Stable persistence depends, therefore, on the equilibrium 
established between the proliferation of B blasts—on the one hand—and immune 
elimination or differentiation to the resting memory compartment on the other 
(Babcock et al. 1999; Hawkins et al. 2013).
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Primary infection with EBV during adolescence can sometimes result in the rel-
atively benign illness infectious mononucleosis (IM), but disruption of components 
of the immune system by co-infections, genetic/epigenetic aberrations or iatro-
genic causes can result in EBV-associated B cell neoplasia including post-trans-
plant lymphoproliferative disease (PTLD), Burkitt’s lymphoma (BL), Hodgkin’s 
lymphoma (HL) and some diffuse large B cell lymphoma (DLBCL) (reviewed 
in Crawford 2001). Details of the pathogenesis of IM and these tumours are dis-
cussed elsewhere in the volume. Because, as far as we know, the EBNA3 family 
of proteins (along with EBNA2 and EBNA-LP) is only expressed in B cells from 

Fig. 1   The B cell transcription unit. Top is an overview of the EBV genome (B95-8 strain), indi-
cating major repeats and the nuclear antigens, with the Bam HI digest map (which defines the 
names of exons, promoters and most EBV ORFs) above. Below the map is a transcript summary, 
indicating the overall nature of the B cell transcription unit. Numbers (i)–(iii) indicate the major 
splicing ‘decisions’ that define the alternative transcripts that can be generated from the B cell 
transcription unit that are defined in detail in the boxes below. No coordination between these 
splicing events has been reported. i Early after infection, transcription begins from promoter Wp 
(exon W0), but promoter Cp is activated by EBNA2 (Exons C1C2). Exon W0 (and exon C2—not 
shown) can splice to either splice acceptor W1 or W1’. Splice acceptor W1’ completes a start 
codon across the splice junction, allowing EBNA-LP translation from an array of exons W1W2 
followed by Y1Y2. Splice acceptor Exon W1 does not generate an AUG codon, enabling transla-
tion from the next AUG codon that initiates EBNA2. ii Within exon YH (encoding EBNA2) is a 
splice donor (generating exon Y3) that can splice to the internal ribosome entry site within exon 
U. Exon Y2 can splice to either YH/Y3 or directly to exon U. Alternatively, the transcript is poly-
adenylated at the end of EBNA2 as shown. iii The IRES within the downstream U exon allows 
the translation of the EBNA3s and EBNA1 as shown. Polyadenylation has been observed after 
EBNA3A, EBNA3C and EBNA1. Curiously, EBNA3B transcripts also contain the EBNA3C 
open reading frame. Not only can the splice junction from exon U to the EBNA3s define the tran-
scribed protein, but also failure to splice the internal introns within the EBNA3s has also been 
reported. Switching from the Cp/Wp to using Qp (not shown) results in the loss of expression 
of all EBNAs except the EBNA1 transcript. Theoretically, it would be possible to also generate 
EBNA3 transcripts from Qp, but this has not been reported
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the unique B cell-specific transcription unit (Fig. 1 and below), here we have only 
described the biology of EBV latency in B cells. The biology and pathology of 
EBV in epithelial cells and NK/T cells are also described elsewhere in the volume.

2 � The EBNA3 Family of Genes and Proteins

The EBV latency-associated genes EBNA3A, EBNA3B and EBNA3C (histori-
cally also called EBNA3, EBNA4 and EBNA6, respectively) are a family that 
probably arose during primate gamma-herpesvirus evolution by a series of gene 
duplication events since they have a similar gene structure, are arranged in tan-
dem in the EBV genome and share partial sequence homology. EBNA3 transcripts 
are alternatively spliced from very long primary transcripts generally initiated at 
a single latency promoter and LCLs have only a few copies of these transcripts 
per cell, suggesting that their expression is tightly regulated. Although it is related 
to one another, there is nothing to suggest that the large nuclear proteins encoded 
by these genes have redundant functions; moreover, they possess no obvious sim-
ilarities to any known cell or viral proteins—other than their localisation to the 
nucleus—that provide clues to their biological roles. Genetic studies using recom-
binant viruses originally indicated that EBNA3A and EBNA3C are essential for 
efficient in vitro transformation and immortalisation of B cells, whereas EBNA3B 
is dispensable. However, under the appropriate conditions with feeder cells in the 
culture, it has more recently been possible to establish EBNA3A-negative LCLs 
with relative ease (Hertle et  al. 2009; Skalska et  al. 2010). From an increasing 
number of studies that have made use of bacterial artificial chromosome (BAC)-
derived EBV recombinants carrying deletions, fusions or mutations in the EBNA3 
locus, the molecular details underlying these roles in B cell transformation are 
gradually emerging and will be reviewed herein.

2.1 � Genomic Organisation, the B Cell Transcription Unit 
and Regulation of Expression

The EBNA3 coding exons share a common structure, with a short 5′ exon, of 
approximately 360 nucleotides, and a longer 3′ exon of around 2.5  kb, sep-
arated by an intron of under 100  bp (Fig.  1). The coding regions of the longer 
exons are partially repetitive—with EBNA3B and EBNA3C containing variable 
length imperfect repeat regions (60  bp repeats for EBNA3B, and 45  bp repeats 
for EBNA3C). The C-terminal half of the EBNA3A gene comprises sequences 
that show evidence of historic duplication events followed by diversification, 
leaving regions with partial homology to each other (Baer et al. 1984; Hennessy 
et al. 1986). Expansions and contractions of these repetitive regions lead to EBV 
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isolate-specific differences in the size, hence electrophoretic mobility, of each 
EBNA3 protein, allowing EBV clinical isolates to be distinguished by the apparent 
size of their EBNAs (EBNA-type—Yao et al. 1991).

All of the EBNAs are transcribed from extended transcripts originating at 
a common promoter. Initially after infection, the multiple copies of the B cell-
specific promoter located in the BamH1W repeats (Wp) are used, but this soon 
switches to a single promoter just upstream of these repeats (Cp), which remains 
the dominant promoter during latency type III. Cp can be epigenetically silenced 
in the transition to latency states type II, type I and type 0 (reviewed in Tempera 
and Lieberman 2014 and Lieberman in this volume). Synthesis of the various 
EBNA proteins from this promoter is dependent in the first instance on a com-
plex array of alternative splicing events. For clarity, these are labelled i, ii and iii 
in Fig.  1. Our current understanding is that the splicing event between the pro-
moter exon (generated by either Cp or Wp) and the W1 exon (i in Fig.  1) can 
select either of two splice acceptors, 5 bases apart. The most downstream of these 
splice acceptors (W1′) creates the start codon of EBNA-LP across the splice site, 
facilitating the translation of EBNA-LP. The upstream splice acceptor (W1) does 
not generate an AUG, and as a result, the first start codon in the transcript is that 
of EBNA2. Regulation of this splice is thus believed to define the balance of 
EBNA-LP and EBNA2 translation in the cell.

A second alternative splicing event (ii in Fig. 1) links the upstream exons to the 
U exon. Both the Y2 and Y3 exons splice to the U exon with similar frequencies. In 
so doing, the splice to the U exon necessarily excises the EBNA2 ORF. Upstream 
of an open reading frame, the U exon is thought to function as an internal ribosome 
entry site (IRES) (Isaksson et al. 2003). Thus, its splicing to downstream exons (iii 
in Fig. 1) allows the translation of one of the EBNA3s or EBNA1 from a second 
cistron of the transcript (i.e. after EBNA-LP) with the EBNA1 splice site being 
favoured (Arvey et al. 2012). It has further been suggested that the internal intron 
of each EBNA3 may not splice with perfect efficiency in LCLs, which may consti-
tute another mechanism to modulate EBNA3 protein levels (Kienzle et al. 1999). 
In addition to this already complex transcriptional profile, other splice variants 
have been observed at lower frequency (Arvey et al. 2012), but there is no indica-
tion that these are functionally relevant to the biology of the virus.

This cascade of alternative splicing results in the ORFs located more 3′ being 
transcribed less frequently than EBNA2 and EBNA-LP. This probably contrib-
utes to the low levels of EBNA3 mRNAs and proteins, such that their detection 
in infected B cells by immunofluorescence or immunocytochemistry has proven 
extremely difficult. However, the use of Western blotting has shown that a constant 
level of EBNA3 proteins is maintained across many LCLs, suggesting that there 
is tight control of EBNA3 protein levels in these cells. The mechanisms that bal-
ance the expression of the EBNAs are not fully understood, but EBNA3 homoe-
ostasis may involve modulation of splicing, IRES function and protein turnover. 
Our experience of engineering EBNA3 recombinants has shown that this bal-
ance of expression is easily disrupted. Specifically, we find that introducing addi-
tional sequences onto the C-terminus of EBNA3B in the virus genome disrupts 
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EBNA3C splicing, while N-terminal fusions of EBNA3B can either increase or 
decrease EBNA3B protein levels (our unpublished results). Fortunately for genetic 
analysis of both EBNA3A and EBNA3C, C-terminal fusions are well tolerated and 
have produced no unpredictable or undesirable expression patterns in LCLs. As 
is described in the following sections, there appears to be considerable functional 
and perhaps physical interaction between the EBNA3 proteins and so maintaining 
balanced stoichiometry is probably vitally important for LCL fitness. However, 
mechanisms by which RNA splicing, translation and turnover of the EBNA3s 
mediate this careful regulation of protein levels remain largely uncharacterised.

2.2 � Sequence Variation of the EBNA3 Proteins

There are two major clades of EBV—type 1 (aka type A) and type 2 (aka type 
B)—defined by the sequences of their EBNA2 and EBNA3 genes. Type 1 EBV is 
widespread worldwide, while type 2 EBV is largely confined to sub-Saharan Africa 
(Young et al. 1987). EBNA2 and EBNA3 represent the major sites of genome diver-
sity of EBV, with approximately 80  % nucleotide identity between the prototype 
type 1 and type 2 EBNA3B and EBNA3C gene sequences, and 90 % for EBNA3A. 
It is not yet clear how precisely type 2 EBNA3s are functionally equivalent to their 
type 1 counterparts or—as with EBNA2—they have distinct capabilities in B cell 
transformation. The clearest differences between type 1 and 2 EBNA3s lie in the 
sizes of their repetitive regions, with distinct insertions/deletions permitting PCR-
based identification of type 1 versus type 2 EBNA3s (Sample et al. 1990).

The diversity of EBNA3 sequences is further complicated by recombination 
between distinct virus strains. Examples of EBV from both Chinese and Korean 
samples have been identified with a type 1 EBNA2 and type 2 EBNA3s, or type 
1 EBNA2 and EBNA3A with type 2 EBNA3B and EBNA3C (Kim et  al. 2006; 
Midgley et al. 2000, 2003). An even more complex combination was found in the 
DNA isolated from the blood of an Austrian post-transplant lymphoproliferative 
disorder (PTLD) patient, identifying a crossover incorporating almost 1 kb of type 
2 sequence encoding the last 200 amino acids of EBNA3A and the first exon of 
EBNA3B (Gorzer et al. 2006). We also observed a recombination between distinct 
type 1 genotypes in the EBNA3B of a Hodgkin’s lymphoma sample, although 
in this case, it results in a small deletion within EBNA3B (White et al. 2012). It 
may be that this event is unique to this tumour, but it underlines the likelihood that 
interstrain recombination is a driver of EBV, and EBNA3, diversity.

Overall, it is clear that the EBNA3s are (with EBNA2) the most diverse of the 
EBV proteins and that, although it appears to be uncommon, linkage between 
EBNA3 and EBNA2 subtypes can be disrupted by recombination between diverse 
strains. Despite the significant amino acid sequence variation, the biological and 
immunological consequences of this diversity remain largely unexplored—for a 
more detailed consideration of EBV DNA and protein sequence variation, see the 
chapter authored by Paul Farrell.
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2.3 � The EBNA3 Counterparts in EBV-Like Primate Viruses 
and Their Evolution

The lymphocryptovirus (LCV) genus—to which Epstein-Barr virus belongs—
appears to be restricted to primates. Evolutionary studies on LCV genes for the 
DNA-binding protein BALF2 and the fusion-mediating glycoprotein gB support 
the hypothesis that the viruses have evolved mainly through co-speciation with 
their hosts, with occasional horizontal transmission events, such as the appar-
ent crossing of an ancestral LCV from macaques to hominoid apes (Orangutans; 
Gibbons) in Indonesia (Ehlers et  al. 2003, 2010). Of the primate LCVs, only 
two—the Macacine herpesvirus 4 (better known as the rhesus lymphocrypto-
virus (RhLCV) as it was isolated from immunosuppressed rhesus macaques) 
and Callitrichine herpesvirus 3 (CaHV3, isolated from a common marmoset)—
have been sequenced in full. EBNA3A and EBNA3C have also been cloned and 
sequenced from Papiine herpesvirus 1 (paHV1, host: Baboon). The EBNA3 gene 
sequences of these herpesviruses are among the most divergent of all the LCV 
genes. The EBNA3s of paHV1 and RhLCV have only 30–50  % amino acid 
sequence conservation with their EBV homologues, and this is predominantly in 
the N-terminal half of the protein that includes the so-called homology domain 
(see Sect.  2.4 and Fig.  2) and—for EBNA3C—the terminal 100 amino acids 
(Jiang et al. 2000; Zhao et al. 2003). Initial analysis of the more distantly related 
CaHV3 genome—originating from a new world primate—failed to identify any 
EBNA3 homologues. Only by determining the DNA sequence corresponding to 
the latency-associated transcripts of CaHV3 was the EBNA3 paralogue identi-
fied, through the conserved transcript structure—an exon pair downstream of the 
EBNA-LP-like repeats. However, CaHV3 has only a single EBNA3 homologue, 
supporting the long-held supposition that the EBNA3s of EBV arose through gene 
duplication events in an ancestral virus with a single EBNA3 gene (Rivailler et al. 
2002). Functionally, the LCV EBNA3s share many properties of human EBV, 
such as the ability to compete with EBNA2 to suppress gene activation, and to 
bind RBP-JK/CBF1 (Jiang et al. 2000; Zhao et al. 2003; see Sects. 2.5 and 2.7.1). 
However, they are sufficiently distinct that the RhLCV EBNA3s could not support 
sustained transformation of human B cells when genetically substituted within the 
P3HR1 strain of EBV (Jiang et al. 2000).

2.4 � Limited Homology but Shared Structural Features 
Between the EBNA3 Proteins

Immunofluorescence staining of cells ectopically expressing each of the EBNA3s 
revealed an exclusively nuclear distribution that at low expression levels can be 
speckled or punctate (particularly EBNA3C) and may spare the nucleolus (Allday 
et  al. 1988; Hennessy et  al. 1985; Krauer et  al. 2004b; Petti et  al. 1988, 1990; 
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Ricksten et  al. 1988; Young et  al. 2008 and our unpublished results). This is of 
no great surprise since it has been demonstrated that each of these large proteins 
(all are >900 aa) includes multiple nuclear localisation signals [NLS, (Fig. 2a)]: 
EBNA3A contains six NLSs (Buck et al. 2006; Le Roux et al. 1993), EBNA3B at 
least two (Burgess et al. 2006) and EBNA3C includes three (Allday et al. 1988; 
Krauer et  al. 2004a). As well as having an exclusively nuclear distribution, the 
EBNA3s also associate tightly with chromatin and/or the nuclear matrix, even 
under high salt extraction conditions, but appear not to bind directly to DNA (Petti 
et  al. 1990; Sample and Parker 1994 and our unpublished results). In LCLs, the 
proteins are remarkably stable, with a half-life of at least 24 h, and although it has 
been suggested that they are probably subject to ubiquitin-mediated proteosomal 
degradation in the production of peptides recognised by cytotoxic T cells (CTL) 
(Hislop et al. 2007), there is also evidence that the EBNA3s can directly bind to 
components of the 20S proteasome prior to degradation (Touitou et al. 2005).

(a) 

(b) 

Fig. 2   The EBNA3 family of proteins. a Schematic representation of the EBNA3 domains. The 
secondary structures of the EBNA3 proteins have been predicted using the phyre2 protein fold 
recognition server. Domains and structural motifs are shown by the filled green and blue rec-
tangles as indicated. The locations of nuclear localisation signals (NLS) that have been demon-
strated in each protein are represented by stars. Similar coloured arrows represent similar amino 
acid repeats, and regions rich in proline are also indicated. The position of the putative leucine 
zipper (LZ) in EBNA3C is shown. These schematics are not drawn accurately to scale. b The 
central homology domain of the EBNA3s. Homologous amino acids are shown in red. The red 
rectangle highlights the WΦP motif of EBNA3C
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Although the primary amino acid sequence of the EBNA3 proteins has 
diverged considerably during the course of their evolution from a common ances-
tor, the three proteins include an ‘homology domain’ near their N-terminus 
(Fig.  2). Within this region, EBNA3A and 3B share 28  % amino acid identity, 
EBNA3A and 3C share 23 %, and EBNA3B and 3C share 27 % identity (Le Roux 
et  al. 1994). Comparative informatics analyses of the three proteins suggest that 
despite the very modest overall homology, there are similarities in their predicted 
secondary structures. Indeed, the predicted percentage similarity in secondary 
structure is 88 % between EBNA3A and EBNA3B, 72 % between EBNA3A and 
EBNAC and 72  % between EBNA3B and EBNA3C (Yenamandra et  al. 2009). 
Predicted structural motifs are mainly alpha-helices, with few beta-strands, and are 
distributed primarily towards the N-terminus in the homology domain (Fig.  2a). 
Large regions of all three proteins have no obvious secondary structure. Other 
similarities between all three proteins include a proline-rich region (Fig. 2a) and 
repeat sequences as discussed in Sect.  2.2. A predicted structural feature that 
appears to be unique to EBNA3C, but for which no function has been established, 
is a leucine zipper (LZ (aa244-291) embedded within the homology domain (West 
2006; West et al. 2004; Fig. 2a). Because of their large size and the prediction that 
much of each protein is disordered or flexible, structural analysis of the EBNA3s 
is going to be difficult. It is unlikely to be possible until functional domains can be 
precisely delineated, expressed and purified.

2.5 � Relationship to EBNA2 and RBP-JK/CBF1—Initial 
Clues that the EBNA3s Are Regulators of Transcription

When EBNAs 3A, 3B and 3C were identified as nuclear proteins and mapped 
to the BamHI-E region of the EBV genome (Allday et  al. 1988; Hennessy 
et  al. 1985, 1986; Petti and Kieff 1988; Petti et  al. 1988; Ricksten et  al. 1988), 
the EBNA2 protein was already characterised as an essential transactivator of 
viral and cellular genes during B cell transformation. It was soon established 
that although EBNA2 does not bind DNA directly, it can be targeted to genomic 
response elements by binding to cellular DNA sequence-specific transcription fac-
tors including RBP-JK [also called C promoter binding factor (CBF1)]; EBNA2 
then recruits multiple co-activators of transcription to these binding sites (Zimber-
Strobl and Strobl 2001). Subsequently, all three EBNA3 proteins were shown to 
bind to the same site on RBP-JK/CBF1 as EBNA2 (Robertson et al. 1995, 1996) 
and that EBNA3C can probably bind PU.1/SPI1 (Jimenez-Ramirez et  al. 2006; 
Zhao and Sample 2000). When it was shown that, in transient reporter assays, 
each of the EBNA3s could inhibit EBNA2-mediated activation of viral promot-
ers (LMP2A (aka TP-1) and Cp), it was proposed that all the EBNA3s might 
act in a regulatory loop as functional antagonists negatively regulating all genes 
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activated by EBNA2 (Johannsen et al. 1996; Le Roux et al. 1994; Radkov et al. 
1997; Robertson et al. 1995). For example, in the case of the EBV latency III pro-
moter Cp, this would be a mechanism to prevent uncontrolled transactivation of 
the EBNA transcription unit and perhaps be involved in promoter switching during 
differentiation of B blasts to germinal centre B cells in vivo (Kis et al. 2010; Nagy 
et al. 2012; Thorley-Lawson and Allday 2008). Consistent with EBNA3s acting as 
repressive antagonists of EBNA2-mediated transactivation, it was discovered that 
when EBNA3A or EBNA3C was targeted directly to a reporter gene—by fusion 
to a GAL4 DNA-binding domain—both proteins exerted very robust repressor 
activity (Bain et al. 1996; Bourillot et al. 1998; Cludts and Farrell 1998). We have 
subsequently found that a Gal4-EBNA3B fusion has similar repressor activity 
(P. Young, PhD thesis, 2007, Imperial College London). Further support for the 
model came when it was shown that EBNA3A and EBNA3C interact with vari-
ous repressive transcription co-factors including histone deacetylases (HDACs) 
HDAC-1 and HDAC-2, C-terminal binding protein (CtBP), Sin3A and NCoR 
(Hickabottom et al. 2002; Knight et  al. 2003; Radkov et  al. 1999; Touitou et  al. 
2001). However, the picture of EBNA3-mediated gene regulation became more 
complicated when it was shown in transient reporter assays that—in some cir-
cumstances—rather than exhibiting repressor activity, EBNA3C can activate tran-
scription from viral (e.g. LMP1 Jimenez-Ramirez et  al. 2006; Zhao and Sample 
2000) and cellular gene promoters (e.g. COX-2 Kaul et al. 2006). This might be 
associated with its reported capacity to form complexes with transcriptional co-
activators such as the histone acetyltransferase p300 (Cotter and Robertson 2000). 
Subsequent microarray studies have revealed the activation, as well as repression, 
of host genes by EBNA3A, EBNA3B and EBNA3C; so these proteins might all 
act as transactivators in some circumstances (see Sects.  3.2 and 4). However, in 
general, the molecular mechanisms of EBNA3-mediated transactivation are poorly 
understood.

Although there appear to be many sites across the human genome where 
EBNA2 and EBNA3s can apparently co-localise (see Sects.  3 and 4), it is still 
not known how widely EBNA2 and the EBNA3s have antagonistic roles in the 
regulation of host genes. Furthermore, no formal proof has been produced that 
the EBNA3s are involved in the negative regulation or silencing of the latency-
associated EBNA promoter Cp, via RBP-JK/CBF1 response elements during 
viral infection and persistence. It is probable that the interaction of EBNA3s with 
RBP-JK/CBF1 plays an important role in the regulation of multiple genes, but 
until recently, no bona fide cellular targets that depend on this interaction had been 
identified (see Sects. 2.7.1 and 4.5). Even now, although genetic studies strongly 
indicate that the EBNA3A and EBNA3C binding to RBP-JK/CBF1 are impor-
tant for B cell transformation (Lee et al. 2009; Maruo et al. 2005, 2009), the crit-
ical targets remain elusive and the molecular details of both protein:protein and 
protein:DNA interactions at regulatory loci are only now being explored (for more 
details, see Sects. 2.7.1 and 4).
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2.6 � Roles of EBNA3A and EBNA3C in Cell Cycle 
Regulation and as Potential Oncogenes

The initial indication that EBNA3C has activities associated with the cell cycle 
came from a study of its ectopic expression in Raji BL-derived cells that carry a 
virus with a deletion of EBNA3C. Complementation of the deleted gene by sta-
ble, constitutive expression from a transfected plasmid revealed that EBNA3C 
influences LMP1 expression only in G1 of the cell cycle (Allday and Farrell 
1994). Although the basis of this phenotype was never established, it suggested 
that EBNA3C might have a G1-related activity. Shortly, thereafter EBNA3C was 
shown to ‘cooperate’ with oncogenic mutant Ras (Ha-Ras) in the immortalisation 
and transformation of primary rat embryo fibroblasts (REFs, Parker et al. 1996). In 
this type of assay, Ha-Ras alone induces exit from the cell cycle to a state called 
‘premature senescence’ (Serrano et  al. 1997) and other oncogenes that cooperate 
with Ha-Ras (e.g. adenovirus E1A; papillomavirus E7; SV40 TAg; cMyc) all sub-
vert components of the G1 checkpoint modulated by the RB/p53 axis (reviewed 
in Lowe et  al. 2004; Sherr 2012). This, therefore, indicated that EBNA3C might 
possess a similar anti-senescence activity in REFs, and perhaps also in B cells. 
The demonstration several years later that this activity depends on EBNA3C bind-
ing the transcriptional co-repressor CtBP (see Sect. 2.7.2) was consistent with the 
anti-senescence phenotype—at least in part—being linked to EBNA3C-mediated 
repression of transcription. The most direct and compelling evidence that EBNA3C 
modulates a G1 arrest checkpoint in B cells was to come from a study using an 
LCL established with a recombinant Akata EBV encoding a conditional EBNA3C 
(Maruo et al. 2006). Here, removing the inducer of EBNA3C activity from the cells 
resulted in the accumulation of p16INK4a mRNA and protein, accompanied by a sub-
stantial reduction in proliferation and considerable cell death. The molecular details 
and significance of these observations are discussed in detail in Sects. 4.2 and 5.

Additional evidence that EBNA3C can disrupt the regulation of the cell cycle 
came when it was shown that, in both rodent and human cells, constitutive over-
expression of EBNA3C could induce aberrant cell division resulting in multi-nucle-
ation, polyploidy and eventually cell death. EBNA3C also appeared to suppress the 
pro-metaphase arrest induced by drugs such as nocodazole that activate the mitotic 
spindle checkpoint (Parker et al. 2000). Together, these results suggested that unreg-
ulated expression of EBNA3C might disrupt cell cycle checkpoints occurring after 
DNA synthesis (S), perhaps in both G2 and mitosis. While these results raised inter-
esting questions about the normal physiological role of EBNA3C in B cell prolifera-
tion, to date there have been no convincing genetic studies that have confirmed roles 
for EBNA3C in G2 or mitosis nor biochemical studies that have identified robust 
molecular interactions explaining these over-expression of phenotypes. A reported 
down-regulation of CHK2 by EBNA3C and interaction between the two pro-
teins could have a role in facilitating the transition from G2 to mitosis (Choudhuri 
et al. 2007), but this has not been confirmed and it does not explain why, in LCLs, 
CHK2 is expressed at the same level as in mitogen-activated B cells and appears to 
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function normally following DNA damage (O’Nions et al. 2006). Although it has 
been reported that EBNA3C might repress the transcription of the mitotic regula-
tor BUBR1 in BJAB cells, this has not been extended to LCLs nor confirmed with 
EBV recombinants (Gruhne et  al. 2009; Skalska et  al. 2013 and our unpublished 
data). Several reports during the past decade indicate that EBNA3C can physically 
associate with a variety of other factors involved in the regulation of cell cycle pro-
gression and/or the G1/S checkpoint—most of these appear to be via amino acids 
located at the N-terminus of EBNA3C (aa100–200). The factors include the ubiq-
uitin ligase SCFSKP2, the tumour suppressor retinoblastoma (RB), the oncoprotein 
MYC, MDM2, p53, cyclin A, cyclin D1, E2F1, CHK2 and Aurora kinase B (Bajaj 
et al. 2008; Choudhuri et al. 2007; Jha et al. 2013; Kashuba et al. 2008; Knight and 
Robertson 2004; Knight et al. 2004, 2005a, b; Saha et al. 2009, 2011, 2012; Yi et al. 
2009). It remains to be established, by reverse genetic studies of mutants that spe-
cifically and independently disrupt these binding sites, which of these interactions 
are functionally important in vitro during B cell transformation or in vivo during the 
establishment of persistence and/or in B cell lymphomagenesis.

EBNA3A was also shown to cooperate with Ha-Ras in the transformation and 
immortalisation of REFs, and again, there was a remarkably good correlation 
between EBNA3A binding to CtBP and rescue from Ha-Ras-induced senescence 
(Hickabottom et al. 2002). The earliest evidence that EBNA3A might affect cell 
cycle regulation in B cells came from two related studies in which EBNA3A was 
either over-expressed (by twofold–fivefold) in an LCL from an inducible plasmid 
(Cooper et  al. 2003) or—as with EBNA3C—using a recombinant virus condi-
tional for EBNA3A to establish an LCL (Maruo et al. 2003). The take-home mes-
sage from these experiments was that a precisely controlled level of EBNA3A was 
critical for optimum LCL proliferation. An excess of EBNA3A appeared to pro-
duce the down-regulation of MYC and cyclin D2 leading to a prolonged G0/G1 
cell cycle arrest, but when EBNA3A was inactivated in the conditional LCL, the 
outcome was a gradual decline in proliferation; however, the underlying molecu-
lar mechanisms were not identified (Cooper et al. 2003; Maruo et al. 2003). Also, 
consistent with EBNA3A having a role in cell cycle regulation, was the recent 
report of an interaction between EBNA3A and MYC-interacting zinc-finger pro-
tein-1 (MIZ1) being necessary for the down-regulation of the cyclin-dependent 
kinase inhibitor p15INK4b in LCLs. Because p15INK4b has the potential to inhibit 
cell cycle progression, this could contribute to the maintenance of EBV-infected B 
cell proliferation. However, currently—since the role of p15INK4b in human B cells 
is unknown—the biological significance in EBV biology is still subject to specula-
tion (Bazot et al. 2014; also see Sect. 4.2 for further discussion).

2.7 � Proteins that Can Interact with the EBNA3C

EBNA3C is by far the most studied member of the EBNA3 family and has been 
reported to interact with many cellular proteins. In most cases, this refers to the 
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ability of a protein to co-immunoprecipitate with EBNA3C from EBV-infected 
B cells (or after co-transfection) using standard immunoprecipitation lysis buffer 
extraction and/or the ability to associate with EBNA3C in pull-down assays using 
polypeptides fused to glutathione-s-transferase (GST). To our knowledge, there is 
no case of a direct biochemical interaction being confirmed using proteins puri-
fied to homogeneity. Some proteins reported to associate with EBNA3C by one or 
both of the above criteria are listed in Table 1; however, due to constraints on the 
length of the review, only the interactions between EBNA3C and RBP-JK/CBF1 
and CtBP will be considered in more detail. This is because (a) these two proteins 
associate with more than one EBNA3 (RBP-JK/CBF1 with all three; CtBP with 
EBNA3A and EBNA3C), (b) these are the only interactions for which essential 
EBNA3C amino acids have been precisely identified and—most importantly—(c) 
have binding mutants been analysed by reverse genetics or complementation to 
show a change in phenotype in EBV-infected B cells. It is perhaps no coincidence 
that these two proteins have also consistently been detected as ‘interactors’ in 
various EBNA3 yeast two-hybrid screens (e.g. Bazot et al. 2014; Lin et al. 2002; 
our unpublished results). It should be noted that EBNA3C can be co-immuno-
precipitated with both EBNA3A and EBNA3B (Paschos et  al. 2012; our unpub-
lished results); however—although there is good evidence for functional crosstalk 
between these proteins (see Sects. 3.2 and 4)—the critical domains/residues have 
not yet been mapped; therefore, genetic analyses to test the significance of these 
potential biochemical associations have not yet been possible.

2.7.1 � RBP-JK/CBF1

As indicated previously, EBNA2 and all three EBNA3 proteins can bind the 
conserved DNA-binding factor RBP-JK/CBF1, which is also an effector com-
ponent of the Notch signalling pathway and is equivalent to Drosophila mela-
nogaster Suppressor of Hairless, Su(H). In Drosophila, Notch pathways regulate 
cell fate determination, cell differentiation and developmental pattern forma-
tion. The pathways are highly conserved and are thought to play similar roles in 
human cells (Guruharsha et  al. 2012; Zimber-Strobl and Strobl 2001). Once lib-
erated from cellular membranes by proteolytic cleavage, the cleaved domains of 
Notch (Notch-IC, for intracellular) can bind to Su(H) to activate gene transcrip-
tion. This process can be antagonised in Drosophila by competitive binding of 
Su(H). Hairless protein then itself recruits conserved co-repressors Groucho 
and dCtBP (Barolo et al. 2002; Morel et al. 2001). In EBV-transformed B cells, 
EBNA2 can mimic aspects of  activated Notch signalling by binding—like 
Notch-IC—to RBP-JK/CBF1, recruiting co-activators and enhancing tran-
scription of both viral and cellular genes that include RBP-JK/CBF1-binding 
sequences. In Drosophila, Notch signalling is antagonised by Hairless, so it has 
been proposed that EBNA3A, EBNA3B and EBNA3C could function in a simi-
lar manner to Hairless and repress activation of transcription mediated by EBNA2 
bound to RBP-JK/CBF1 (Thorley-Lawson and Allday 2008; Zimber-Strobl and 
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Table 1   Factors reported to interact with EBNA3C

Interacting cellular 
proteinsa

Proposed outcome Genetic confirmation 
using recombinant 
EBV in B cells

References

RBP-JK (CBF1) Directing EBNA3C 
to a subset of target 
genes

Yes Robertson et al. 
(1996); Maruo et al. 
(2009); Lee et al. 
(2009); Calderwood 
et al. (2011); Harth-
Hertle et al. (2013)

SPI1/PU1 Directing EBNA3C 
to a subset of target 
genes

Indirect evidence Zhao and Sample 
(2000); Jiang et al. 
(2014); McClellan 
et al. (2013)

CtBP Repression of some 
target genes (e.g. 
p16INK4a)

Yes Touitou et al. (2001); 
Skalska et al. (2010)

HDACs 1/2 Repression of target 
genes

Indirect evidence Radkov et al. (1999); 
Knight et al. (2003); 
Paschos et al. (2009)

Sin3A Repression of target 
genes

Indirect evidence Knight et al. (2003); 
Jiang et al. (2014)

NCoR Repression of target 
genes

No Knight et al. (2003)

SUMO-1/3 Sumoylation of 
EBNA3C?

No Rosendorff et al. 
(2004); Touitou et al. 
(2005)

Cyclin A Increased cdk activity No Knight et al. (2004); 
Knight and Robertson 
(2004)

Cyclin D1 Cyclin D1 stabilisedb No Saha et al. (2011)

SCFSKP2 Recruited to RB No Knight et al. (2005b)

RB RB degraded and 
release of E2F1

No Knight et al. (2005a)

MYC MYC stabilised No Bajaj et al. (2008)

p300 Recruited in a tran-
scription complex

No Cotter and Robertson 
(2000)

Prothymosin-α Recruited in a tran-
scription complex

No Cotter and Robertson 
(2000)

MRS18-2 Releases E2F1 from 
RB

No Kashuba et al. (2008)

NM23-H1 Recruited to nucleus No Subramanian et al. 
(2001)

MDM2 MDM2 stabilised No Saha et al. (2009)

ING4/5 Blocks interaction of 
ING4/5 with p53

No Saha et al. (2011)

p53 Inhibits p53-mediated 
transcription

No Yi et al. (2009)

(continued)
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Strobl 2001). Furthermore, since EBNA3A and EBNA3C can recruit mammalian 
CtBP (discussed in the next section), EBV might mimic several components of 
the Notch effector pathway to precisely control the expression of host genes in an 
analogous manner to Notch in Drosophila. However, despite the functional simi-
larities between Notch-IC/Hairless and EBNA2/3s, it has been shown that EBNA2 
and Notch-IC are not interchangeable in regulating human genes (Kohlhof et  al. 
2009)—this is discussed further in the chapter authored by Kempkes and Ling.

Although there is not complete agreement on the precise details, there is an 
emerging consensus that the most important region of each EBNA3 in the inter-
action with RBP-JK/CBF1 is located in the middle of the homology domain 

aIn some cases, this is probably direct, but for others, the interaction might involve a multi-pro-
tein complex—none of these interactions has been confirmed with purified proteins
bIt should be noted that Cyclin D1 is not generally expressed in EBV-transformed B cells 
Palmero et al. (1993) and Pokrovskaja et al. (1996)

Table 1   (continued)

Interacting cellular 
proteinsa

Proposed outcome Genetic confirmation 
using recombinant 
EBV in B cells

References

CHK2 Blocks CHK2 kinase 
activity, might restrict 
DDR

Indirect evidence Choudhuri et al. 
(2007)
Nikitin et al. (2010)

GADD34 Counteracts unfolded 
protein response

No Garrido et al. (2009)

DP103 (Gemin3) DP103 degraded No Cai et al. (2011)

Aurora Kinase B Aurora B stabilised No Jha et al. (2013)

E2F1 Inhibits E2F1 binding 
to DNA

No Saha et al. (2012)

IRF4 IRF4 stabilised, 
perhaps recruits 
EBNA3C to DNA

Indirect evidence Banerjee et al. (2013); 
Jiang et al. (2014); 
McClellan et al. 
(2013)

H2AX Relocalisation of 
H2AX, might restrict 
DDR

Indirect evidence Jha et al. (2014), 
Nikitin et al. (2010)

EBNA3A Collaboration with 
EBNA3C in gene 
regulation

Indirect evidence Calderwood et al. 
(2007); Anderton et al. 
(2008); Skalska et al. 
(2010); White et al. 
(2010); Paschos et al. 
(2012); McClellan 
et al. (2013)

EBNA3B Collaboration with 
or antagonism of 
EBNA3C in gene 
regulation

Indirect evidence White et al. (2010); 
White et al. (2012); 
McClellan et al. 
(2013); our unpub-
lished data
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(central homology domain) between amino acid 170-221 for EBNA3A, 176-227 
for EBNA3B and 180-231 for EBNA3C (Fig. 2; Bourillot et al. 1998; Calderwood 
et  al. 2011; Dalbies-Tran et  al. 2001; Lee et  al. 2009; Maruo et  al. 2005, 2009; 
Robertson et al. 1996). EBNA3A and EBNA3C mutants deleted for those regions 
no longer interact with RBP-JK/CBF1 and fail to repress EBNA2-mediated tran-
scriptional activation of reporter genes (Maruo et  al. 2005, 2009). It should be 
noted, however, that mutations near, but not within, the central homology region 
might also affect the interaction between the EBNA3s and RBP-JK/CBF1 (Maruo 
et al. 2005; West et al. 2004). Sequence alignment of the EBNA3 central homol-
ogy regions identified three amino acid clusters conserved between the EBNA3s 
(Fig. 2). A refined analysis of RBP-JK/CBF1 binding to EBNA3C performed by 
Calderwood and colleagues revealed that residues 211–233 of EBNA3C include 
an amino acid sequence (WTP) that resembles the WΦP motif of Notch-IC (WFP) 
and EBNA2 (WWP) that interacts with RBP-JK/CBF1 (Calderwood et al. 2011). 
They showed using EBNA3C mutated at ATFGC and/or WΦP that both regions 
are involved in the interaction with RBP-JK/CBF1 (Fig. 2).

An important observation that linked EBNA3:RBP-JK/CBF1 complexes to 
EBV biology was the demonstration that the interaction between RBP-JK/CBF1 
and EBNA3A or EBNA3C is not only necessary for the regulation of EBNA2-
mediated activation in reporter assays, but also essential for maintaining LCL 
proliferation. The ectopic expression of wild-type EBNA3A can maintain prolif-
eration in an LCL conditional for EBNA3A when it is cultured in non-permis-
sive conditions, whereas an EBNA3A mutant deleted for RBP-JK/CBF1 binding 
cannot (Maruo et  al. 2005). In comparable complementation experiments using 
an EBNA3C-conditional LCL, the results were similar: no interaction with RBP-
JK/CBF1 and no rescue of proliferation (Lee et al. 2009; Maruo et al. 2009). So 
it appears that EBNA3A and EBNA3C mutants that are deficient in their capac-
ity to repress EBNA2-mediated activation of reporters are also unable to sustain 
LCL proliferation. However, it is not known whether these two functions are 
directly linked or precisely how EBNA3A and EBNA3C (and possibly EBNA3B) 
antagonise gene activation by EBNA2. Two mechanisms have been proposed, 
but neither confirmed: either the EBNA3s might destabilise the interaction of 
EBNA2:RBP-JK/CBF1 complexes with DNA (Robertson et  al. 1995, 1996; 
Waltzer et al. 1996) or alternatively the EBNA3s could replace EBNA2 on DNA-
bound RBP-JK/CBF1 and recruit co-repressors (see next section and Sect. 4). It is 
possible that both of these mechanisms could operate, but perhaps at different tar-
gets. These issues will only be resolved when the details of molecular complexes 
at the regulatory elements of fully validated target genes have been determined. 
Remarkably, it appears that only a few (about 16  %) of the many thousands of 
sites across the human genome that bind EBNA3s have been shown to coincide 
with reported RBP-JK/CBF1 sites. However, many coincide with sites where 
EBNA2 can bind (Jiang et al. 2014; McClellan et al. 2013; see Sect. 4 for more 
detailed discussion).
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2.7.2 � CtBP

EBNA3A and EBNA3C, but not EBNA3B, interact with the co-repressor CtBP 
(Hickabottom et  al. 2002; Touitou et  al. 2001), a protein initially discovered as 
a cellular factor interacting with the C-terminal region of the adenovirus E1A 
oncoprotein and subsequently identified as one of a highly conserved family of 
co-repressors of transcription (reviewed in Chinnadurai 2007). CtBP is now 
a generic term used to refer to two proteins, CtBP1 and CtBP2. These closely 
related regulators of transcription are encoded in vertebrates by separate genes 
(located on human chromosomes 4p16.3 and 10q23.13, respectively). While 
CtBP1 and CtBP2 share significant amino acid homology overall, CtBP2 includes 
a unique N-terminal domain that probably contributes to its nuclear localisation 
(Chinnadurai 2007; Zhao et al. 2014). It remains largely unexplored to what extent 
these proteins are functionally redundant, but there is evidence that at some devel-
opmental stages, they might play unique roles (Chinnadurai 2007). Both appear to 
act primarily as transcriptional co-repressors in the process of gene silencing and 
both interact with factors that have the conserved, prototypical CtBP-binding Pro-
Leu-Asp-Leu-Ser (‘PLDLS’) motif. Proteomic analysis of mammalian CtBP1 and 
CtBP2 complexes has shown each can interact with a similar array of transcrip-
tional co-repressors including HDAC-1 and HDAC-2, CoREST, G9a/GLP and 
LSD1; they have also been implicated in polycomb group (PcG) protein-mediated 
repression (Sewalt et al. 1999; Shi et al. 2003, 2004; Sundqvist et al. 1998; Zhao 
et al. 2014). Genetic evidence indicates that CtBP2 might also activate transcrip-
tion in a context-dependent manner—this could account for some of its unique 
properties (Chinnadurai 2007). Since both CtBP1 and CtBP2 bind NAD+ and 
NADH, it has been proposed that their transcriptional regulatory capacity is modu-
lated by the ratio of nuclear NAD+:NADH and that they play a role in monitoring 
the redox status of a cell (Zhang et al. 2006).

Touitou and colleagues identified a perfect PLDLS motif in the C-terminal 
region of EBNA3C and demonstrated that this motif (aa 728-732) was essen-
tial and sufficient for EBNA3C to interact with CtBP1 (Touitou et  al. 2001). 
Subsequently, EBNA3A was shown to interact with CtBP1 through two non-con-
sensus motifs, ALDLS (aa 857-861) and VLDLS (aas 891-895), also located at the 
carboxyl terminus. In vitro studies suggested that EBNA3A binds with a higher 
affinity than EBNA3C—perhaps because it includes the bipartite site—but this has 
not been confirmed (Hickabottom et al. 2002). Because EBNA3C and EBNA3A 
interact with CtBP1 via PLDLS (or a variant), it has been assumed that they can 
interact with both CtBP proteins, but—to our knowledge—this has not been for-
mally tested. Although both CtBPs could be present simultaneously in human B 
cells, most available data suggest that CtBP2 is not expressed in EBV-infected B 
cells and this silencing is probably related to the expression of EBNA3A (Hertle 
et  al. 2009; McClellan et  al. 2012; White et  al. 2010) (see Sect.  4.5 for a more 
detailed discussion).

The ability of EBNA3C to bind CtBP correlates only partially with the ability 
of EBNA3C to repress transcription when targeted to DNA in transient reporter 
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assays, but correlates extremely well with EBNA3C’s ability to behave as a coop-
erating nuclear oncoprotein when expressed in primary REFs with oncogenic 
Ha-ras (Touitou et  al. 2001). Binding of CtBP to EBNA3A correlates well with 
both reporter repression and oncogenic cooperation (Hickabottom et  al. 2002). 
Furthermore, since Marek’s disease virus—a herpesvirus that induces T cell lym-
phoma in poultry—requires its nuclear oncoprotein MEQ to bind chicken CtBP 
for tumorigenesis (Brown et  al. 2006), it seems likely that the interactions with 
EBNA3A and EBNA3C might be involved in human B cell transformation and 
lymphomagenesis. The importance of these EBNA3:CtBP interactions in B cell 
transformation became apparent when analysis of p16INK4a expression in LCLs 
established by using each of three different CtBP-binding mutant viruses (3ACtBP; 
3CCtBP and a 3A/3C double CtBP-binding mutant called E3CtBP) showed that 
CtBP is involved in the EBNA3A/3C-mediated epigenetic repression of the 
p16INK4a-encoding gene locus (Skalska et al. 2010 and discussed in more detail in 
Sect. 4.2). Taken together, the data suggest that binding of EBNA3A and EBNA3C 
to CtBP augments transformation efficiency and LCL outgrowth at least in part 
by aiding the establishment or maintenance of repressive chromatin around the 
p16INK4a transcription start site (TSS). Both EBNA3A and EBNA3C can be read-
ily immunoprecipitated from LCLs with CtBP (Hickabottom et al. 2002; Touitou 
et al. 2001); however, no EBNA3A/3C-CtBP complexes have been demonstrated 
on the p16INK4a promoter (Skalska et  al. 2010). It is unclear whether this is 
because of technical limitations of the available reagents or whether the promoter 
is not actually a direct target of such complexes. Although we do not yet under-
stand this requirement for CtBP binding, the data are consistent with reports that 
the C-terminus of EBNA3C—and specifically the PLDLS CtBP-binding site—is 
necessary to completely rescue proliferation in EBNA3C-conditional LCLs cul-
tured without the appropriate activator (Lee et al. 2009; Maruo et al. 2009).

3 � New Technologies and the Analysis of EBNA3 Function

3.1 � BAC-Derived EBV Recombinants Facilitate Robust 
Genetic Analysis

The earliest strategy for the genetic analysis of EBV functions entailed recombi-
nation between the non-transforming P3HR1 strain, which lacks EBNA2, and 
fragments of B95-8 virus. This system relied on selecting recombinants that had 
incorporated B95-8 EBNA2 that enabled the virus to transform B cells. Inclusion 
of second site targeting constructs induced a remarkably high proportion (around 
10–15 %) of selected virus clones that also incorporated this second change, thereby 
allowing the modification of other EBV genes under selection of EBNA2 inclu-
sion. Using this strategy, it was found that incorporating a type 1 region including 
the EBNA3s in place of the type 2 EBNA3s of P3HR1 had no significant effect 
on the virus’s ability to transform B cells (Tomkinson and Kieff 1992b). Parallel 
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attempts to generate EBNA3 knockouts—by incorporating stop codons into each 
EBNA3 independently within the type 1 EBNA3 cassette—found that EBNA3B 
knockouts could be generated with the same frequency as incorporation of the intact 
type 1 cassette (Tomkinson and Kieff 1992a). In contrast, recombinants containing 
either EBNA3A- or EBNA3C-knockout DNA grew out in <2 % of transformants, 
and then only where cells were co-infected with the non-transforming P3HR1 virus. 
In addition, these dually infected cells were prone to spontaneous reversion of the 
mutation through recombination with the complementing P3HR1 virus (Tomkinson 
et al. 1993). These data were interpreted to mean that EBNA3A and EBNA3C are 
essential for B cell transformation, whereas EBNA3B is dispensable.

The requirement for transformation- and replication-competent recombi-
nant viruses, and the technical challenges of the first-generation recombina-
tion system, limited its use as a tool for the genetic analysis of EBV. However, 
cloning the genome of the B95-8 strain of EBV into an F factor-derived plasmid 
(Delecluse et al. 1998)—more commonly known as a bacterial artificial chromo-
some (BAC)—facilitated the generation and characterisation of EBV recom-
binants that lacked the ability to transform B cells (reviewed in detail in Feederle 
et al. 2010 and the chapter authored by H-J. Delecluse). Subsequently, the Akata 
strain of EBV was also cloned as a BAC, and both strains have now been used to 
analyse the functions of the EBNA3s. Two main modification strategies have been 
used to reveal functional contributions of the EBNA3s to the biology of EBV in 
B cells: first, introducing truncating mutations into the EBNA3s to create EBNA3 
knockouts (KO) and second, creating proteins conditional for function by fusing 
EBNA3s to a modified oestrogen receptor (ER) in the viral genome. The resulting 
fusion protein is then functional only in the presence of oestrogen or its related 
analogue, 4-hydroxytamoxifen (4HT) that prevents the sequestration and degrada-
tion of the protein that would otherwise be mediated by the inactive ER (Maruo 
et al. 2006; Skalska et al. 2010). More recently, fusions of EBNA3s with epitope 
tags have proved to be very useful in locating sites to which individual EBNA3s 
are targeted on host chromatin using chromatin immunoprecipitation (ChIP) strat-
egies (Jiang et al. 2014; Paschos et al. 2012; see below).

In the past, we and others have attempted to determine the roles of the EBNA3s 
in gene regulation and EBV biology by expressing single EBNA3 genes or cDNAs 
transiently, constitutively or from inducible vectors in B and non-B cells (for 
example Gruhne et al. 2009; Knight et al. 2005a; Parker et al. 2000; Yi et al. 2009; 
Young et al. 2008). However, while this approach provided some clues to EBNA3 
functions, it was sometimes unhelpful and could potentially produce mislead-
ing data because the protein is generally over-expressed, often not in B cells and 
always in the absence of other EBV latency factors—that is out of its physiologi-
cal context. Constructing recombinant viruses with mutations or deletions of the 
EBNA3 locus using EBV-BAC technology and using the resultant viruses to infect 
B cells has allowed the investigation of host phenotypes and transcriptomes asso-
ciated with each EBNA3, in the context of latency-associated EBV gene expres-
sion in B cells. This strategy has already produced many surprising results and 
provided a wealth of information for future research.
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3.2 � Microarrays Reveal the Extent and Complexity  
of EBNA3-Mediated Regulation of Host Genes

A second strategic advance in the study of EBNA3 function was the determination of 
genome-wide gene expression patterns using microarray technology in conjunction 
with the knockout, conditional or mutant EBNA3 viruses. To date, around 100 or more 
independent B cell lines have been analysed to produce unbiased views of how the 
host transcriptome is modified by EBNA3 expression (Chen et al. 2006; Hertle et al. 
2009; Kelly et al. 2013; McClellan et al. 2012; Skalska et al. 2010; White et al. 2010; 
Zhao et al. 2011). Several of these data sets (derived from BL lines and LCLs in our 
and the Kempkes’ laboratories) describing the expression of genes that are regulated 
by EBV in an EBNA3-dependent manner are available in a searchable format at the 
Website http://www.epstein-barrvirus.org.uk. Together, these analyses have revealed 
the extent and complexity of EBNA3-mediated host gene control. It is now well estab-
lished that the regulation of well over a 1000 host genes by EBV requires EBNA3 
expression, and a considerable number of these genes appear to be regulated by com-
binations of EBNA3s. Confirming this original observation, many genomic loci are 
bound by multiple EBNA3s, and also EBNA2, but surprisingly, relatively few of these 
locations are also bound by RBP-JK/CBF1 (see Sect. 3.3 for further discussion).

Using the EBV-BAC system and microarrays to analyse the regulation of host 
genes by EBNA3s has highlighted a number of underlying principles that should be 
considered when interpreting the gene expression analyses undertaken to explore 
the function of EBV proteins. First, using the same recombinant viruses in different 
cell backgrounds can give very different results. For instance, only a quarter of the 
genes identified as regulated by EBNA3B in LCLs were also EBNA3B regulated in 
the Burkitt’s lymphoma cell line BL31 (White et al. 2010). There are many possible 
reasons for such differences. They may be due to the different differentiation states 
of the cell or changes associated with the mutations or other transformation events 
that produced the BL31 cell line. Since these analyses have been carried out on cell 
lines that have been established with mutant viruses, selection pressures during out-
growth can also distort the transcriptome. For instance, a loss/reduction of retino-
blastoma protein (RB) expression appears to assist the outgrowth of EBNA3A-KO 
and CtBP-binding mutant LCLs (Hertle et al. 2009; Skalska et al. 2010). Also, dif-
ferences in regulation of target genes due to host genetic background have also been 
observed. We, and others, have found that the regulation of CXCR4 by EBNA3B 
occurs only in a subset of donors (Chen et  al. 2006; White et  al. 2010). These 
issues are discussed in greater depth in the relevant reports, including Hertle et al. 
2009; Kelly et  al. 2013; McClellan et  al. 2012; Skalska et  al. 2010, 2013; White 
et al. 2010; and Zhao et al. 2011. Nevertheless, using microarray data as an indi-
cator of potential EBNA3 targets—that are then rigorously validated—has proven 
to be remarkably fruitful, and existing data sets probably still have more to offer. 
Examples of some host genes that reveal different features of EBNA3-mediated 
gene regulation and provide novel insights into viral regulation of host transcription 
are considered in detail in Sect. 4 and are summarised in Table 2.

http://www.epstein-barrvirus.org.uk
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3.3 � ChIP and ChIP-Seq Analyses and Mechanisms of Gene 
Regulation

The biological significance of interactions of nuclear proteins, such as the 
EBNA3s, with specific DNA fragments of defined sequence has been immensely 
enhanced by the advent of chromatin immunoprecipitation (ChIP) techniques. 
ChIP is a method by which proteins are selectively immunoprecipitated and the 
associated DNA sequences are determined—usually by methods involving quan-
titative PCR (QPCR) and/or high-throughput sequencing (ChIP-seq). This tech-
nique has been used to map the binding of transcription factors, co-factors and 
chromatin-modifying enzymes at particular loci and across the genome. It has also 
proven to be a very powerful tool for identifying the distribution of post-transla-
tionally modified histones and their spatial and functional relationship to individ-
ual genes.

Coupled with the use of EBV recombinants and transcriptome data, ChIP and 
ChIP-seq technologies have revolutionised the way we consider EBNA3 function. 
It has been possible to identify many thousands of specific genomic loci where the 
EBNA3s can be detected and, we assume, recruit cellular factors that exert effects 
on chromatin organisation. This has heralded some paradigm-shifting observa-
tions, including the EBNA3 manipulation of histone-modifying complexes to 
reprogram the epigenetic landscape and the modulation by EBNA3s of the three-
dimensional architecture of chromatin during the regulation of gene expression 
(Harth-Hertle et al. 2013; Jiang et al. 2014; McClellan et al. 2012, 2013; Paschos 
et al. 2012; Skalska et al. 2013). Some of these studies will be considered in the 
next section.

4 � Host Gene Regulation by the EBNA3s Involves 
Polycomb Proteins, Epigenetic Modifications  
and Chromatin Looping

Five host genes (or gene clusters) whose regulation by EBNA3s is particularly 
well characterised are described here in detail. Each reveals novel aspects of 
EBNA3 cooperation and/or mode of action in the regulation of transcription, and 
in some cases, how the identification of targets has provided remarkable insights 
into aspects of EBV biology and the virus’s oncogenic potential.

4.1 � BIM (BCL2L11)

The first evidence that EBNA3A and EBNA3C can cooperate to regulate spe-
cific host cell genes came using a panel of EBNA3-knockout recombinant 
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B95.8-derived EBVs to infect EBV-negative BL31 BL-derived cells. This 
revealed, among other things, that expression of both EBNA3A and EBNA3C is 
necessary to repress transcription of BIM/BCL2L11 (Anderton et al. 2008).

BIM (Bcl2-interacting mediator) is a pro-apoptotic member of the BH3-only 
family of BCL2-like proteins and is encoded by the BCL2L11 gene on human 
chromosome 2q13. BIM acts as a potent, direct initiator of apoptosis because it 
binds with high affinity to BCL2 and all the other pro-survival family members 
to inactivate them. BIM is particularly important in the immune system, acting 
as a major regulator of life-and-death decisions during lymphocyte development 
(Fischer et  al. 2007; Strasser 2005). Bim-null mice accumulate excess lymphoid 
and myeloid cells, and loss of Bim accelerates B cell lymphomagenesis induced by 
an Eμ-Myc transgene in mice (Egle et al. 2004). The connection between dereg-
ulated MYC expression and the activity of BIM in human B cells was revealed 
by Hemann and colleagues (Hemann et  al. 2005). They showed that MYC acti-
vates BIM/BCL2L11 in EBV-negative BL, and this led to the proposal that MYC-
induced apoptosis can be overridden by inactivation of any one of several MYC 
effectors—including p53, p14ARF or BIM (reviewed in Dang et  al. 2005). MYC 
is induced and becomes constitutively expressed early after the infection of pri-
mary human B cells with EBV (Fig. 4 and Sect. 5); therefore, suppression of BIM 
expression by EBV is likely to be a contributory factor in B cell transformation 
and the development of any EBV-associated B cell lymphomas.

In cultured B cells, a reduction in BIM expression occurs very soon after infec-
tion with EBV (Anderton et  al. 2008; Skalska et  al. 2013). This did not involve 
detectable CpG methylation, but correlated with loss of histone acetylation and the 
deposition of the polycomb group (PcG) protein signature H3K27me3 on chro-
matin proximal to the transcription start site (TSS) for BIM (Paschos et al. 2009, 
2012). Detailed chromatin immunoprecipitation (ChIP) analyses of the chromatin 
around the BIM/BCL2L11 promoter revealed that latent EBV triggers the recruit-
ment of polycomb repressive complex (PRC)2 core subunits and the trimethyla-
tion of histone H3 lysine 27 (H3K27me3) at this locus and represses transcription. 
In uninfected BL cells, PRC2 ancillary factors RbAp48 and JARID2 already 
associate with the chromatin proximal to the TSS, so the data suggest that at the 
BIM/BCL2L11 locus, EBV infection is necessary to recruit core components 
SUZ12 and EZH2 (the histone methyl transferase) to establish functional PRC2. 
Assembly of PRC2 at the locus was absolutely dependent on both EBNA3A and 
EBNA3C being expressed, and, using a recombinant EBV expressing an epitope-
tagged EBNA3C, ChIP showed that EBNA3C associates with chromatin near the 
TSS (Paschos et al. 2012). Subsequently, a broad EBNA3C-binding peak around 
the TSS was confirmed by ChIP-seq analyses (Jiang et al. 2014; McClellan et al. 
2013; our unpublished results; Fig. 3a). It is therefore possible that EBNA3C (and/
or EBNA3A) physically interacts with PRC2 and the transcription preinitiation 
complex, but this has not been formally demonstrated.

Since the activation mark H3K4me3 is largely unaltered at this locus irrespec-
tive of H3K27me3 or EBNA3 status, this indicates the establishment of a ‘biva-
lent’ chromatin domain. When the repressive histone modification H3K27me3 and 
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(a)

(b)

(c)

(d)

(e)

Fig. 3   Examples of EBNA3 repressed gene loci. Schematic representations of several gene loci 
to which EBNA3 binding has been mapped by ChIP-seq and ChIP-QPCR (not drawn accurately 
to scale). In each case, the result of binding is repression of transcription—for details see text. 
a Repression of BIM/BCL2L11 results from EBNA3A/EBNA3C binding proximal to the TSS. 
b Repression of p15INK4b (CDKN2B), p14ARF and p16INK4a (CDKN2A) probably involves a yet 
to be determined pattern of chromatin looping between the three TSSs, initiated by EBNA3C 
binding. c The ADAM28/ADAMDEC1 locus is repressed by EBNA3A/EBNA3C binding to an 
intergenic site between the two genes and initiating chromatin looping to the TSSs. d At CtBP2, 
EBNA3A binding to an intragenic site (an intronic enhancer) is thought to displace bound trans-
activator EBNA2 and disrupt chromatin looping between the enhancer and TSS, resulting in 
repression of transcription. e At the CXCL9/10 locus, binding of EBNA3A to three intergenic 
enhancers is thought to displace the transactivator EBNA2 and initiate repression of transcrip-
tion; this probably involves chromatin looping, but it has not been formally demonstrated
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the permissive modification H3K4me3 occur at the same promoter, the gene is 
said to be in a bivalent state that can be either activated or silenced. This is associ-
ated with low-level transcription poised to increase or decrease (Bernstein et  al. 
2006; Stock et  al. 2007). Consistent with the ‘poised’ nature of such domains, 
RNA polymerase II (Pol II) occupancy at the BIM/BCL2L11 TSS was not dimin-
ished by EBV. However, analysis of phosphorylation of serine 5 on Pol II indi-
cated that when EBNA3A and EBNA3C are both expressed, this phosphorylation 
step is inhibited and BIM transcripts are not initiated. It was not determined 
whether this involves the direct action of an EBV protein on the kinase CDK7 or 
is a consequence of the recruitment of PRC2 and/or PRC1 (the second PcG com-
plex) to this particular locus. Conditional expression of EBNA3C revealed that 
this epigenetic repression of BIM expression was reversible, but took more than 
30  days from when EBNA3C was inactivated to fully return to its active state, 
emphasising the stability of these chromatin modifications through rounds of cell 
division. Lentiviral delivery of shRNAs against polycomb complex subunits dis-
rupted EBV repression of BIM/BCL2L11, thus confirming the requirement for the 
PcG system in maintaining the repression of BIM by EBV (Paschos et al. 2012). 
The mechanisms by which the PcG complexes are recruited to this locus are 
still unknown and the factor(s) responsible for the targeting of EBNA3C and/or 
EBNA3A to this specific site are also unidentified. The biological significance of 
BIM/BCL2L11 repression is considered in more detail in Sect. 5.

4.2 � P16INK4a and the INK4a-ARF-INK4b Locus

Maruo and colleagues, using a recombinant Akata EBV encoding a condi-
tional EBNA3C fused to a  modified oestrogen receptor, revealed that functional 
EBNA3C is essential to repress expression of the CDK inhibitor p16INK4a—but 
not the CIP/KIP family inhibitors p21WAF1 or p27KIP1—in LCLs. Within the 
INK4a-ARF-INK4b locus at human chromosome 9p21, CDKN2A encodes two 
potent tumour suppressors, p16INK4a and p14ARF (p19ARF in mice); these proteins 
are crucial negative regulators of cell proliferation (Fig. 3b). Although exons 2 and 
3 of CDKN2A are shared by INK4a and ARF, the proteins result from differential 
splicing but have no amino acid similarity because they are encoded in alterna-
tive reading frames (reviewed in Gil and Peters 2006; Sherr 2012). Adjacent to 
CDKN2A is the gene CDKN2B that encodes a protein closely related to p16INK4a 
called p15INK4b. The cyclin-dependent kinase (CDK) inhibitor p16INK4a acts on 
the cyclin D-dependent kinases (CDK4 and CDK6) abrogating their binding to 
D-type cyclins and so inhibiting CDK4/6-mediated phosphorylation of the retin-
oblastoma protein (RB). By binding CDKs and blocking RB hyperphosphoryla-
tion, increased p16INK4a expression causes a G1 cell cycle arrest and senescence 
(Gil and Peters 2006; Sherr 2012). The CDK inhibitor p15INK4b has about 85 % 
amino acid similarity to p16INK4a and biochemically behaves in much the same 
way, but in mammalian hematopoietic cells—for reasons unknown—it has 
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differentiation-associated functions that are distinct from those of p16INK4a and 
the two CDK inhibitors are not generally interchangeable (Humeniuk et al. 2013). 
In contrast to these CDK inhibitors, the p14 and p19 ARF proteins regulate p53 
by inactivating MDM2, thus stabilising and activating of p53. This leads to cell 
cycle arrest by inducing the p53-dependent CDK regulator p21WAF1 or apoptosis 
by inducing p53-dependent pro-apoptotic factors such as BAX and NOXA (Sherr 
2012; Vousden and Prives 2009).

Inactivating the conditional EBNA3C resulted in an accumulation of both 
p16INK4A mRNA and protein, dephosphorylation of RB and concomitant cell 
cycle arrest (Maruo et al. 2006, 2011; Skalska et al. 2010, 2013). The CDKN2A 
locus encoding p16INK4a had been identified as a target of polycomb-mediated 
repression in proliferating fibroblasts and epithelial cells (Gil and Peters 2006), 
so it was not a surprise to discover that the EBNA3C-mediated repression of 
CDKN2A in cycling B cells was accompanied by the deposition of the repressive 
H3K27me3 epigenetic mark across the locus—primarily around the p16INK4a TSS 
(Maruo et al. 2011; Skalska et al. 2010, 2013). Analysis of LCLs established with 
EBNA3A knockout and conditional viruses revealed that EBNA3A also plays a 
role in creating the H3K27me3 modification and the repressed state of CDKN2A 
(Maruo et al. 2011; Skalska et al. 2010). In the absence of EBNA3A, cells con-
sistently expressed higher levels of p16INK4a concomitant with lower levels 
of H3K27me3. These data were consistent with the earlier report of a microar-
ray analysis that showed CDKN2A to be a target of EBNA3A-mediated repres-
sion (Hertle et al. 2009). Furthermore, establishing LCLs with recombinant EBV 
encoding CtBP-binding mutants of EBNA3C and/or EBNA3A showed that their 
interaction with this co-repressor was also necessary for the efficient deposi-
tion of H3K27me3 and repression of p16INK4a expression (Skalska et  al. 2010). 
As with BIM/BLC2L11, B cell lines carrying EBV encoding the conditional 
EBNA3C modified oestrogen receptor fusion revealed that this epigenetic repres-
sion of CDKN2A was reversible by adding or removing 4HT from the medium 
(Skalska et  al. 2010). The repression of CDKN2A by EBNA3C is likely to be 
direct because ChIP analysis of epitope-tagged EBNA3C expressed in LCLs iden-
tified binding peaks localised proximal to not only the TSS of p16INK4A and ARF, 
but also the CDKN2B gene encoding p15INK4b (Skalska et al. 2013). Subsequent 
ChIP-seq studies using tagged EBNA3C suggested that the major EBNA3C peak 
is adjacent to ARF (Jiang et  al. 2014; our unpublished results; Fig.  3b). Taken 
together, all the various results indicate that EBV via EBNA3C (cooperating 
with EBNA3A) co-ordinately regulates the whole INK4b-ARF-INK4a locus by 
binding, repressing and directing the recruitment of PRC2 to sites near the three 
transcriptional start sites. Although this coordinated regulation might involve inter-
actions between EBNA3C and IRF4/BATF-containing complexes (Jiang et  al. 
2014), the precise mechanism of targeting to the locus has not yet been identi-
fied. The role CtBP plays is also unknown. Consistent with all these data indi-
cating that the whole 40  kb locus is co-regulated, we have found that p15INK4b 
mRNA is co-ordinately expressed with p16INK4a mRNA in EBNA3C-conditional 
and EBNA3A-conditional LCLs (our unpublished data) and it has recently been 
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shown that EBNA3A can repress CDKN2B transcription via an interaction with 
MIZ1 and deposition of the H3K27me3 repressive histone modification around its 
TSS (Bazot et al. 2014).

Our current understanding of the CDKN2A/CDKN2B locus in EBV-infected 
B cells is far from complete. For instance, CDKN2A/CDKN2B regulation by 
the ‘looping’ of chromatin has been reported at the locus in various non-B cells 
(Kheradmand Kia et al. 2009), but this remains to be assessed after EBV infection 
or generally in B cells. Similarly, the roles of non-coding RNAs, such as ANRIL, 
that can regulate CDKN2A (Yap et al. 2010) require exploration in EBV-infected 
B cells. What determines the requirement for EBNA3A in addition to EBNA3C 
and what defines their relative contributions are recurring, unanswered questions. 
Regulation of the locus by EBNA3C in an RB-null LCL (Skalska et al. 2010) for-
mally established that EBNA3C-mediated epigenetic control is quite independ-
ent of the degree of cell proliferation. The specific role of p16INK4a (rather than 
p14ARF or p15INK4b) as a target for EBNA3C and as the major barrier to B cell 
transformation was further explored by making use of an ‘experiment of nature’ 
in the form of ‘Leiden’ B cells carrying a homozygous genomic deletion that spe-
cifically ablates production of functional p16INK4a (Brookes et al. 2002). A com-
parison of p16INK4a-null LCLs with LCLs established from normal B cells showed 
that if p16INK4a is not functional, then active EBNA3C is unnecessary to sustain 
proliferation (Skalska et  al. 2013). Consistent with these observations—and pro-
viding formal proof that p16INK4a is the main target of EBNA3C that enables the 
establishment of LCLs in vitro—it was possible to transform p16INK4a-null pri-
mary B cells into stable LCLs with EBV lacking functional EBNA3C. Although 
EBV (via EBNA3A and EBNA3C) appears to epigenetically regulate expression 
of both p15INK4a and p14ARF together with 16INK4a, it is unclear precisely what 
role p15INK4b and p14ARF play in the inhibition of B cell transformation, in prolif-
erating LCLs, or more generally in human B cell biology.

4.3 � ADAM28/ADAMDEC1 Locus

ADAM28 and ADAMDEC1 form part of a metalloproteinase gene cluster on chro-
mosome 8p12 (McClellan et al. 2012, 2013; Fig. 3c). ADAM28 is a disintegrin/
metalloproteinase expressed by lymphoid cells and in its cleaved, soluble form 
is thought to be a regulator of B cell adhesion and migration through endothelial 
cells. ADAMDEC1 (also known as Decysin-1) is also a metalloproteinase, but of 
unknown function. The available gene expression data derived from several micro-
array studies are largely consistent with both EBNA3A and EBNA3C playing a 
role in repressing these genes in EBV-infected B cells—probably by regulation of 
the whole locus (Hertle et  al. 2009; McClellan et  al. 2012; Skalska et  al. 2013; 
White et al. 2010; http://www.epstein-barrvirus.org.uk). Furthermore, although in 
B cells infected with EBV, both EBNA3A and EBNA3C appear to be necessary 
for repression, when they are ectopically over-expressed, either can independently 

http://www.epstein-barrvirus.org.uk
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repress the expression of ADAM28 and ADAMDEC1 in EBV-negative B cells 
(McClellan et  al. 2012). Since ADAM28 and ADAMDEC1 probably modulate 
cell:cell and cell:stroma interactions, their regulation is likely to be of greatest bio-
logical significance in vivo during viral persistence or possibly EBV-associated 
disease.

ChIP-seq analysis and confirmatory ChIP-QPCR, using both a latency III 
BL-derived cell line and LCLs, showed robust EBNA3C and EBNA3A (but 
not EBNA3B) binding peaks at the same site in an intergenic regulatory ele-
ment located between the ADAM28 and ADAMDEC1 genes, approximately 
70  kb downstream of the ADAM28 promoter and about 16  kb upstream of the 
ADAMDEC1 promoter (McClellan et  al. 2012, 2013; our unpublished results; 
Fig. 3c). As with BIM/BCL2L11 and CDKN2A, repression of this complete locus 
by EBNA3A and EBNA3C is associated with the distribution of H3K27me3 
around the ADAMDEC1 transcription start site and within ADAM28. Chromatin 
conformation capture (CCC—a method that reveals contact between two defined 
regions on a genome Naumova et al. 2012) was used to show that chromatin loop-
ing to bring the intergenic element that binds EBNA3s into close proximity with 
the ADAM28 and ADAMDEC1 promoters requires the presence of EBNA3C 
(McClellan et  al. 2013). This coincides with the deposition of H3K27me3 that 
is presumably mediated by PcG repressor complexes and sustained repression 
of both genes. It is not known how or why EBNA3C and EBNA3A are both 
involved in EBV-infected cells, nor what cell factors are responsible for targeting 
the EBNA3s to the intergenic binding site, nor what facilitates enhancer ‘looping’ 
to specific promoters. Also, in common with the regulation of BIM/BCL2L11 and 
CDKN2A/CDKN2B, we do not know what triggers recruitment of PcG complexes 
or the repression of transcription—or which comes first. Nevertheless, although 
the molecular details are still awaited, these important experiments have provided 
some of the first examples (along with genes described below) of host gene repro-
gramming via viral modulation of long-range interactions requiring chromatin 
looping between promoters and distal regulatory elements.

4.4 � CtBP2

As described in Sect. 2.7.2, ‘CtBP’ consists of two proteins encoded by two sepa-
rate genes—CtBP1 and CtBP2—and therefore in theory, any vertebrate cell could 
express either protein or both proteins. Microarray expression studies of EBV-
infected cells indicate that in human B cells expressing the complete latency III 
pattern of viral proteins (e.g. BL31-B95.8 and various LCLs), CtBP2 mRNA 
is transcribed at very low levels or the gene is silent. The exception to this was 
identified by Hertle and colleagues by analysing EBNA3A-deficient LCLs. 
Consistently, LCLs established with EBV recombinants carrying a deletion of the 
whole EBNA3A open reading frame expressed relatively high levels of CtBP2 
mRNA (Hertle et  al. 2009). In contrast, studies of LCLs deficient in EBNA3B 
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or lacking functional EBNA3C did not produce this apparent derepression phe-
notype (Skalska et  al. 2013; White et  al. 2010; http://www.epstein-barrvirus.org.
uk). Similar analyses of CtBP1 expression showed that in all EBV-infected cells 
investigated (irrespective of EBNA3 expression), the levels of CtBP1 transcrip-
tion are relatively high and consistent with the level of protein detected by Western 
blotting.

Subsequently, McClellan and colleagues produced intriguing ChIP-seq and 
ChIP-QPCR data that partially explain this differential regulation of CtBP1 and 
CtBP2. Specifically, they reported that while no EBNA3-enriched sites were seen 
at or anywhere near the CtBP1 locus, EBNA3A, EBNA3B and EBNA3C could all 
be found at an intronic site (predicted by histone marks to be an enhancer) located 
in CtBP2 (McClellan et  al. 2013; Fig.  3d). Consistent with EBNA3A playing a 
central role in the repression of this locus, they were able to show by CCC that 
only in the absence of EBNA3A expression was there chromatin looping that jux-
taposed the enhancer adjacent to the CtBP2 promoter, thus facilitating transcrip-
tion. That is, at this locus, EBNA3A prevents enhancer–promoter looping. Since 
not only EBNA3A, but also EBNA3B, EBNA3C and EBNA2 could be found 
binding to the intronic enhancer, a model was proposed in which the transactivator 
EBNA2 binding to the intragenic site would facilitate enhancer–promoter loop for-
mation (although the role of EBNA2 was not experimentally assessed) and CtBP2 
activation, only when an EBNA3 was absent. These observations provide another 
convincing example of EBNA3A (it was only demonstrated for EBNA3A) modu-
lating the looping of chromatin between a distal site and a gene promoter—in this 
case inhibiting loop formation (McClellan et  al. 2013). However, in the current 
model, it remains to be determined why EBNA3A acts negatively in the modula-
tion of looping, while EBNA3B and 3C appear uninvolved despite their apparent 
binding to the locus. Because so little is known about the functional difference(s) 
between CtBP1 and CtBP2, the biological significance of this EBV-mediated pat-
tern of expression cannot currently be assessed.

4.5 � CXCL9/10 Locus

CXCL9, CXCL10 and CXCL11 are a family of CXC chemokine genes tandemly 
located on chromosome 4q21.1 (Fig.  3e). The chemokines they encode are gen-
erally interferon-inducible and upon secretion attract leucocytes to sites of infec-
tion and inflammation and probably attract anti-tumour cytotoxic T cells to cancer 
tissue—which correlates with improved clinical outcome (Dufour et  al. 2002; 
Mlecnik et al. 2010). Therefore, regulation of this locus is likely to be important 
in vivo, in EBV persistence and disease pathogenesis (see for example Sect. 6.3). 
The consensus of various microarray expression studies of this gene cluster has 
indicated that in LCLs carrying EBV that is wild type for EBNA3s, the locus is 
generally repressed, but in EBNA3A-deficient LCLs, CXCL9/10 is strikingly 
derepressed; in EBNA3C-deficient conditional LCLs, it is slightly derepressed; 
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and in EBNA3B-deficient LCLs, it is more profoundly repressed. In all the 
LCLs, CXCL11 transcripts are barely detectable and not regulated by EBNA3s 
(Hertle et  al. 2009; Skalska et  al. 2013; White et  al. 2010; http://www.epstein-
barrvirus.org.uk). These data are largely consistent with those derived from the 
tumour-derived B cell line, BJAB ectopically expressing individual EBNA3 
genes—that is EBNA3A and EBNA3C both repress CXCL10, whereas EBNA3B 
induces modest activation (McClellan et al. 2012).

Studying in detail the regulation of CXCL9 and CXCL10 expression by 
EBNA3A, Kempkes and colleagues developed a model wherein EBNA3A binds 
three intergenic enhancers located between CXCL9 and CXCL10 that can be occu-
pied by RBP-JK/CBF1 and the transactivator EBNA2 (Harth-Hertle et  al. 2013; 
Fig.  3e). The binding of EBNA3A to RBP-JK/CBF1 displaces EBNA2 and by 
impairing enhancer activity rapidly inhibits recruitment of Pol II and transcription 
from both the CXCL9 and CXCL10 promoters. Studying the kinetics of repression 
and chromatin modifications indicated that here silencing by EBNA3A precedes 
the deposition of H3K27me3, which subsequently sustains the genes in an inactive 
configuration; this is the steady state in LCLs unless EBNA3A is absent in which 
case EBNA2 binds and substantially activates the locus (Harth-Hertle et al. 2013).

Summarising what is known about the action of the EBNA3s at this gene clus-
ter, EBNA3A clearly plays a major role in silencing intergenic enhancers between 
CXCL9 and CXCL10. EBNA3C can probably bind at the same locations and con-
tribute to the repression (McClellan et al. 2012), although a binding peak has not 
yet been reported. As with most of the target genes we have considered here, it is 
not clear why EBNA3A and EBNA3C are not equivalent and interchangeable. In 
the absence of EBNA3A or EBNA3C, this enhancer can be bound by EBNA2, 
resulting in transactivation. EBNA3B appears to potentiate the activation of the 
locus, but whether to do this it binds at the same enhancer sites or acts by a novel 
mechanism is currently unknown. Since regulation could not be recapitulated 
in RBP-JK/CBF1-negative DG75 BL cells, the binding of EBNA3A (probably 
EBNA3C) and EBNA2 is likely to be mediated by RBP-JK/CBF1 binding to mul-
tiple response elements within the enhancers (Harth-Hertle et al. 2013). Although 
it has not been proven, the data strongly suggest that EBNA3A (and EBNA3C?) 
simultaneously inhibits chromatin looping between distal intergenic enhancers and 
the promoter of two genes. When the level of EBNA3A (or EBNA3C) is reduced, 
EBNA2 gains access to these regulatory elements and promotes enhancer–pro-
moter looping and transcription—but this remains to be formally tested.

4.6 � Overview of Gene Regulatory Mechanisms Mediated  
by the EBNA3s

The gene loci with specific EBNA binding sites described above are illustrated 
schematically in Fig.  3. They show how EBNA3-mediated repression can be 
achieved by a variety of topologically different mechanisms. Furthermore, putting 
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these data on specific gene loci into perspective, analyses of genome-wide distri-
butions have revealed >20,000 EBNA2 binding sites and (by using in ChIP-seq 
an antibody that recognises all three EBNA3 proteins) >7000 EBNA3 binding 
sites. Only a small proportion of all these binding sites are proximal to the TSS 
of genes, with the closest EBNA3 binding sites typically 10–50 kb from the near-
est TSS—suggesting the modification of long-range interactions is common (Jiang 
et al. 2014; McClellan et al. 2013). Comparing EBNA2 and EBNA3 binding sites 
revealed that there was considerable overlap. At gene-proximal sites (<2 kb from 
TSS), about 60  % of EBNA3 binding peaks were overlapping with sites bound 
by EBNA2 and overall—including distal sites—about 80 % of genes closest to an 
EBNA3 binding peak were also closest genes to an EBNA2 binding peak. This is 
a strong indication that many genes targeted by EBNA3 proteins are co-regulated 
by EBNA2. It is interesting that (as indicated above in Sect. 2.7.1) probably only a 
small percentage of these overlapping sites correspond to RBP-JK/CBF1 response 
elements; however, many of the sites are enriched for multiple transcription fac-
tors, including PU1, SP1, EBF1, BATF, IRF4, PAX5 and p300. For detailed analy-
ses of the available EBNA3/EBNA2 ChIP-seq data, the reader is referred to (Jiang 
et al. 2014; McClellan et al. 2012, 2013).

A comparison of EBNA3 binding sites with the genome-wide chromatin land-
scape (in LCL GM12878) available from the ENCODE database showed EBNA3s 
associated with active enhancers (defined as H3K4me1+ve; H3K27Ac+ve) or 
in many cases ‘poised’ enhancers (H3K4me1+ve; H3K27Ac-ve) consistent with 
EBNA3 functioning as both repressors and activators of transcription (McClellan 
et al. 2013). As we have seen above, specific repression mechanisms are starting 
to be understood; however, activation by EBNA3s remains largely unexplored. 
Adding to the global picture, Kempkes and colleagues performed a comprehensive 
data-mining analysis of genes regulated by EBNA3A (Harth-Hertle et  al. 2013; 
Hertle et al. 2009). By comparing the data on EBNA3A-repressed genes with data 
from the ENCODE studies of genome-wide histone modifications, they made the 
following observations: (a) about 70  % of genes repressed by EBNA3A carried 
the PcG-associated signature H3K27me3; (b) 90 % of these genes were associated 
with PcG-mediated silencing in multiple cell types and contexts—that is, they may 
have an inherent capacity to undergo PcG-mediated silencing when repressed by a 
variety of mechanisms—and (c) about 20 % of genes repressed by EBNA3A were 
grouped in clusters of up to 4 genes and often H3K27me3 was enriched across 
the whole locus after repression by EBNA3A. It was concluded that EBNA3A-
repressed genes were commonly associated with PcG modification of chromatin 
and that the target genes are often arranged in gene clusters (Harth-Hertle et  al. 
2013). As a result of these observations, the group performed the detailed study 
on the CXCL9, CXCL10 and CXCL11 gene cluster and its regulation by EBNA3A 
described above and in Fig. 3e.

These studies have highlighted the unexpected complexity of EBNA-mediated 
gene regulation, since CXCL9 and CXCL10 appear to be genes co-ordinately 
regulated by the functional interaction of at least four EBNA proteins—EBNA2, 
EBNA3A, EBNA3B and EBNA3C. It is also possible that EBNA-LP might 
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be involved, as it can in some circumstances cooperate with EBNA2 to activate 
transcription (Peng et al. 2005). The study of this locus has also raised the impor-
tant question of whether polycomb-mediated chromatin modifications such as 
H3K27me3 are a cause of the gene repression induced by EBNA3s or a conse-
quence. At the CXCL9/10 locus, analysis of the kinetics and sequence of events 
made a strong case for the latter, with displacement of EBNA2 probably being the 
primary cause of repression (or strictly speaking deactivation). However, not all 
genes repressed by EBNA3 activity are transactivated by EBNA2. For example, at 
BIM/BCL2L11, there is no indication that EBNA2 is involved and—because this 
has all the characteristics of a poised ‘bivalent’ gene, where Pol II is always pre-
sent—PcG complexes may play a much more direct role in repression by block-
ing transcription initiation (Bernstein et  al. 2006; Stock et  al. 2007). Consistent 
with this, at BIM/BCL2L11, the recruitment of core PRC2 factors is unambigu-
ously dependent on the expression of both EBNA3A and EBNA3C. Nevertheless, 
because repression of BIM/BCL2L11 also involves removal of histone H3 and H4 
acetylation (Paschos et al. 2009, 2012), the association of EBNA3A and EBNA3C 
with HDACs is also likely to be important. So, although some of the details are 
emerging, the overall picture of EBNA3-mediated gene regulation gets even more 
complicated. It will be exciting to see what general principles emerge as we dis-
cover more about the interactions between EBNA3s and components of the 
multi-factor complexes that regulate epigenetic modifications of chromatin and 
programmes of transcription.

5 � EBNA3C and EBNA3A as Modifiers of Oncogenic Stress 
Responses and the DDR

Viruses that establish a persistent latent infection commonly stimulate cellular 
DNA synthesis and sometimes cell division early after infection. However, cells of 
many metazoans have evolved responses that normally monitor unscheduled DNA 
synthesis and prevent cell proliferation when, for instance, cell proto-oncogenes 
are ‘activated’ by mutation and/or deregulated expression. These defence strate-
gies that reduce the risk of neoplasia and cancer are collectively called oncogenic 
stress responses (OSR). Mechanisms include the activation of tumour suppres-
sor genes that together trigger pathways leading to cell cycle arrest (e.g. onco-
gene-induced senescence, OIS) or complete elimination of cells (e.g. apoptosis). 
Because viruses that can induce cellular DNA synthesis and cell division are capa-
ble of triggering OSR/OIS, they often co-evolve countermeasures for inactivating 
or bypassing OSR/OIS (Bartek et al. 2007; Braig and Schmitt 2006; Nikitin and 
Luftig 2012). As cell proto-oncogenes generally control signalling pathways and/
or gene networks that link proliferative signals to the cell cycle machinery, when 
they are deregulated, this can result in unscheduled and aberrant DNA synthesis 
(sometimes called ‘replicative stress’). Consequently, oncogene activation can 
produce the stalling of DNA replication forks that results in DNA double-strand 
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breaks. Such lesions can trigger, primarily via the ATM/CHK2-kinase signalling 
pathway, the stabilisation and activation of p53 and also the induction of p16INK4a. 
Depending on the physiological and cellular context, this leads to DNA repair, 
cell death or senescence. This complex response is known as the DNA damage 
response (DDR). The links between DDR and OSR/OIS have been extensively 
reviewed (Acosta and Gil 2012; Bartek et  al. 2007; Braig and Schmitt 2006; 
Halazonetis et al. 2008).

As detailed above, EBNA3C and EBNA3A appear to cooperate harnessing the 
PcG protein system for the sustained repression of two host tumour suppressor 
genes involved in OSR/OIS—BCL2L11 encoding BIM and CDKN2A encoding 
p16INK4a. An explanation for why EBV has evolved a mechanism for suppressing 
expression of the CDK inhibitor p16INK4a (and probably BIM) expression became 
apparent by comparing infections of normal B cells with EBNA3C-deficient EBV 
with infections by ‘wild-type’ (WT) EBV (Allday 2013; Skalska et  al. 2013; 
Fig. 4). These experiments revealed that EBV infection led to a modest increase 
in p16INK4a transcription in the first few days after infection, when EBNA2 trans-
activates regulators of cell cycle progression (e.g. MYC, Cyclins D2 and E) to 
induce a period of hyperproliferation and concomitant activation of DDR path-
ways occurs (Allday et al. 1989; Nikitin et al. 2010; Shannon-Lowe et al. 2005; 
Sinclair et al. 1994; Spender et al. 1999; Thorley-Lawson and Strominger 1978). 
It is likely that entry into S phase, when uncoupled from normal signalling path-
ways, is interpreted as oncogenic or replicative stress and p16INK4a transcription 
is a consequence. When the infecting virus expressed functional EBNA3C (and 
EBNA3A), there was no further increase of p16INK4a transcripts from about day 
7 onwards. In contrast, if functional EBNA3C was absent during infection, tran-
scription from CDKN2A continued unrestrained and the level of mRNA progres-
sively increased until most of the cells stopped proliferating and/or died. In a 
similar way, early after infection, BIM expression is down-regulated and within 
about 5 days reaches a steady state, unless EBNA3C is deleted or inactivated in 
the infecting EBV when the level of BIM mRNA also increases in parallel with 
that of p16INK4a. This increase again continues until the cells arrest or die (Allday 
2013; Skalska et al. 2013).

The EBNA3-mediated, sustained inhibition of p16INK4a and probably BIM 
transcription is therefore critical for EBV to bypass a host cell defence against 
oncogenic transformation triggered by EBNA2, acting through MYC (Nikitin 
et  al. 2010). Thus, expression of EBNA3C (and EBNA3A) ensures expan-
sion of the infected B cell population, LCL outgrowth and long-term latency. 
Strictly speaking, in this context, EBNA3C does not actually repress CDKN2A 
and BIM/BCL2L11 transcription, but rather blocks their activation. We assume 
this involves the recruitment of PcG protein complexes to the loci, leading to 
H3K27me3 modifications on chromatin around the transcription start sites, as is 
seen in established LCLs; however, this has not yet been formally demonstrated in 
newly infected cells.

It was reported that EBNA3C might specifically reduce the DDR that is active 
in the first week after EBV infection of naïve B cells in vitro, when the cells are 
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beginning to cycle very rapidly (Nikitin et al. 2010) and during the same period 
that p16INK4a is actively transcribed (Skalska et  al. 2013). It may be that this 
increase in p16INK4a is a consequence of DNA damage caused by hyperprolifera-
tion, as has been variously reported in other types of cell (reviewed in Acosta and 
Gil 2012; Gil and Peters 2006). Nevertheless, an increase in p16INK4a should acti-
vate RB, which could then lead to the repression of E2F-regulated genes, while 
MYC is constitutively active. This might enable cells to enter S phase with subop-
timal amounts of DNA precursors and/or replication enzymes and this would lead 
to stalled DNA replication that is ‘read’ as DNA damage, triggering phosphoryla-
tion of histone H2AX—a focal marker of DNA damage. When EBNA3C is func-
tional, the increase in p16INK4a is soon attenuated and the DDR will apparently 
subside. So it could be that the lack of EBNA3C exacerbates the DDR because 
of the accumulating p16INK4a. However, during primary infection, EBNA3C 
might also have a direct effect on the ATM/CHK2 signalling pathway or some 
component(s) of the DDR complex at the site of DNA strand breaks (Nikitin et al. 
2010). Although EBNA3C can apparently associate with CHK2 and/or histone 
H2AX (Choudhuri et al. 2007; Jha et al. 2013), the possibility that these interac-
tions are involved in the attenuation of the DDR early after infection requires fur-
ther investigation. Only a systematic genetic analysis of EBNA3C and its actions 
early after infection will unravel the DDR and the p16INK4a-mediated senescence 
response and establish what relative contributions each make to the inhibition of B 
cell transformation.

Through the action of EBNA3C (and EBNA3A) and interactions with the cel-
lular PcG protein system, EBV appears to have evolved a very effective counter-
measure to OSR/OIS and this is critical in the virus life cycle to establish a latent 
infection and therefore initiate long-term persistence in B cells. In vitro this mech-
anism manifestly overcomes a major early obstacle to B cell growth transforma-
tion, making EBV one of the most potent transforming/immortalising biological 
agents to have been identified. This strategy of utilising the PcG system to specifi-
cally regulate key tumour suppressor genes is—to our knowledge—unique among 
tumour viruses.

6 � The EBNA3s In Vivo

6.1 � EBNA3s in Asymptomatic Persistence

If in order to establish a persistent infection in vivo, EBV initially comman-
deers resting (naïve) B cells and drives these to proliferate as activated B blasts, 
we assume that—by analogy to what is seen in culture—repression of p16INK4a is 
necessary to permit the transient proliferation of the infected population (Fig.  4). 
Furthermore, since in vitro EBNA3C and EBNA3A expression does not seem to be 
required for the early rounds of rapid cell division (up to about day 10), and these 
proteins have clearly evolved functions that extend the proliferative life of infected 
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cells, one is tempted to speculate that prolonged B blast proliferation in vivo must 
be an important component of the persistence programme. The survivors from this 
expanding population of activated B cells might then migrate into or initiate a ger-
minal centre, where the cells differentiate to centroblasts and centrocytes and finally 
emerge as MBCs after the regulated shutdown of protein-coding EBV latency genes. 

Fig. 4   Events following infection of primary resting B cells by EBV that initiate transformation 
into continuously proliferating LCLs. Immediately after infection, viral anti-apoptotic factors 
normally associated with the EBV lytic cycle (vBCL2 factors: BHRF1 and BALF1) are tran-
siently expressed to aid the survival of newly infected B cells (Altmann and Hammerschmidt 
2005). During the first 2 days post-infection (pi) with EBV, cell genes associated with growth 
and cell cycle are transactivated and their products (e.g. MYC, cyclin D2, cyclin E) drive cells 
from G0 to G1, to become enlarged, activated and start proliferating. The whole process is driven 
by the EBV transactivator protein EBNA2, probably assisted by the co-factor EBNA-LP (Niki-
tin et  al. 2010; Sinclair et  al. 1994; Spender et  al. 1999). Cells then undergo rounds of rapid 
cell division (doubling time 8–10 h) that in some cells results in damage to DNA that can acti-
vate the DNA damage response (DDR, Nikitin et al. 2010). If the full complement of nine EBV 
latency-associated proteins is expressed, the DDR becomes attenuated (in part by EBNA3C) and 
cells continue to proliferate to produce LCLs that have a population doubling time of about 24 h. 
Early after infection, expression of BIM is down-regulated, and although the level of p16INK4a 
expression increases slightly, this soon reaches a steady state. In both cases, EBNA3C and 
EBNA3A cooperate to restrain the transcription of these tumour suppressor genes (Paschos et al. 
2012; Skalska et  al. 2013 and described in the text). EBNA3C appears more important in this 
partnership, and for reasons we do not understand. Although transcripts can be detected earlier, 
Micah Luftig and colleagues have shown that LMP1 expression and concomitant NF-κB activ-
ity are not fully evident until 3 weeks after primary B cell infection, and then, they make further 
contributions to cell survival and proliferation (Price et al. 2012). If EBNA3C is deleted or func-
tionally inactivated in the infecting EBV, levels of mRNAs corresponding to p16INK4a and BIM 
progressively increase until cells arrest and/or die (Skalska et al. 2013). In vitro, the sequence of 
events described here is probably similar whether the B cells infected are naïve, memory or ger-
minal centre-derived (Babcock et al. 2000; Siemer et al. 2008), but this is not known for cells in 
vivo. With a B cell-specific transcription unit that encodes oncogenes that collaborate in vitro to 
transform normal B cells into continuously proliferating LCLs, why is EBV not an acutely trans-
forming tumour virus in vivo? We would suggest that linking expression of this transcription unit 
to the state of B cell differentiation, having EBNA proteins that are immunodominant in CTL 
recognition and having one member of EBNA3 family that encourages immune surveillance and 
perhaps differentiation of infected cells, all contribute to a highly evolved state of equilibrium 
that is mutually beneficial to virus and host (see main text for a more detailed discussion)
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Since the repression of p16INK4a (and BIM) expression involves polycomb-mediated 
covalent histone modifications, it is possible the epigenetic memory (i.e. a heritable 
pattern of gene expression: Campos et al. 2014) of this programme will be passed 
to progeny cells and carried through into the MBC population, even if the initia-
tors, EBNA3A and EBNA3C, are no longer expressed. It is well established that 
polycomb-mediated gene repression is also a common precursor to promoter DNA 
methylation in cancer (reviewed in Cedar and Bergman 2009), so it is reasonable 
to hypothesise that the B cells reprogrammed in vivo by EBV will be particularly 
prone to aberrant DNA methylation at the CDKN2A and BIM/BCL2L11 loci during 
tumorigenesis. This is consistent with reports describing promoter methylation of 
these genes in EBV-positive B cell lymphomas and derived cell lines (Klangby et al. 
1998; Nagy et al. 2005; Paschos et al. 2009; Richter-Larrea et al. 2010). The role of 
EBNA3B in persistence and B cell lymphomagenesis is discussed in Sect. 6.3.

6.2 � Immune Responses to EBNA3 Proteins

EBV infection in humans is tightly regulated by the immune system. This has 
been extensively reviewed elsewhere (Hislop et  al. 2007) and also in several 
chapters of this volume. The role that the EBNA3 family proteins play in T cell-
mediated immunity is very well established and is generally consistent with the 
notion that immune regulation of EBV-infected B blasts is critical in maintain-
ing the virus–host balance in persistence. Indeed, the EBNA3s are the primary 
targets of CD8+ve T cells (cytotoxic T lymphocytes or CTL) in the peripheral 
circulation of healthy EBV carriers (Hislop et al. 2007) and have been shown to 
be, among all the latency-associated viral proteins, the most immunogenic. CTL 
responses against cells latently infected with EBV are primarily targeted against 
EBNA3A/3B/3C-derived epitopes that are recognised by CD8+ve CTL in asso-
ciation with specific HLA molecules (Khanna et  al. 1992, 1997; Murray et  al. 
1992; Steven et al. 1996), but the EBNA3 proteins are also a source of epitopes 
for CD4+ve T cells, with EBNA3C-derived epitopes being more abundant than 
EBNA3A and 3B. A comprehensive summary of the CD8+ve and CD4+ve T cell 
epitopes derived from the EBNA3 proteins is shown in (Hislop et al. 2007).

The strong CTL-mediated response against the EBNA3 proteins has allowed 
Moss and colleagues to develop a CD8+ve T cell epitope-based EBV vaccine 
strategy—to protect against infectious mononucleosis—using EBNA3A-derived 
epitopes (Elliott et al. 2008). Furthermore, patients with PTLD have also been suc-
cessfully treated with infusions of EBV-specific CTLs primarily directed against 
the EBNA3s (reviewed in Heslop et  al. 2010; Nikiforow and Lacasce 2014 and 
the chapter in this volume authored by Gottschalk and Rooney). This focusing of 
CTL-mediated immune surveillance on the EBNA3s ensures that potentially onco-
genic, EBV-driven, proliferating B blasts are removed before they cause morbidity 
or possibly mortality. It has been proposed that evolutionary pressures on the CTL 
epitopes in these proteins (and therefore DNA sequence variation) may be towards 
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their conservation rather than their inactivation, thus helping maintain a stable rela-
tionship between virus and host that favours both (Khanna et al. 1997). Given the 
diversity of HLA molecules in the human population, this may be one explanation of 
the considerable sequence variation seen in the EBNA3 genes. Conservation of some 
CTL epitopes across EBV subtypes and diversification of others may be driven by 
MHC variation in host populations to either enhance presentation or avoid it.

6.3 � EBNA3B: Manipulation of Immune Surveillance  
and Role as Tumour Suppressor

Exon microarray analysis of the genes differentially regulated between WT 
(B95.8) and EBNA3B-KO LCLs identified about 200 EBNA3B-regulated genes, 
including many expressed at the cell surface or as secreted chemokines—for 
example CD28, CD305 (LAIR-1), CXCR4, CXCL10, IL10 and IL19 (White 
et al. 2010, 2012; http://www.epstein-barrvirus.org.uk). This led to the speculation 
that although these changes did not have gross effects on EBV-infected B cells 
in vitro, they might alter heterotypic cell:cell interactions and possibly migra-
tion or homing properties of cells in vivo. The observation that EBNA3B has 
not been counter-selected over millions of years of virus–host co-evolution sug-
gested an important role for this gene in vivo during long-term EBV persistence. 
Furthermore, in our hands, EBNA3B-negative LCLs grow particularly robustly in 
vitro, and after long-term culture of LCLs, there appears to be a propensity for 
deletions in EBNA3B to arise. This applies to at least two widely used cord blood-
derived LCLs—IB4 (Chen et al. 2005) and X50-7 (Allday and Farrell 1994)—and 
has been observed to arise spontaneously in adult B cell-derived LCLs established 
using B95.8 EBV by us and others (unpublished observations).

In order to test the hypothesis that deletion of EBNA3B would significantly 
alter the behaviour of EBV-infected B cells in vivo, mice engineered to be sus-
ceptible to EBV infection were used. For this purpose irradiated, newborn NOD-
scid IL2γnull (NSG) immunodeficient mice were engrafted with fetal liver-derived 
CD34 +  haematopoietic progenitor cells (reviewed in the chapter by Christian 
Münz). After approximately 3 months, these mice (hu-NSG mice) were validated 
for successful engraftment of human immune cells and infected with similar 
doses of WT, EBNA3B-KO or revertant EBV-BAC-derived viruses (White et  al. 
2012). After a month, mice were killed and found to exhibit splenomegaly, with 
large tumour masses in over half of the EBNA3B-KO-infected mice, but not the 
WT or revertant virus-infected animals. Routine histology and immunocytochem-
istry confirmed that the EBNA3B-KO-infected mice had developed monomor-
phic, highly proliferative tumours (>90 % Ki67+ve)—described as DLBCL-like 
activated B cell (ABC) sub-type—that destroyed the architecture of the spleen. 
In contrast, spleens from the WT and revertant groups were not so enlarged and 
had markedly less proliferative (30–60  % Ki-67+ve), polymorphous infiltrates 
with significant numbers of immunoblasts and plasma cells—features similar to 

http://www.epstein-barrvirus.org.uk
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human polymorphic PTLD and to the plasmacytoid lesions described previously 
in both hu-NSG mice (Strowig et  al. 2009) and in SCID mice implanted with 
LCLs (Rochford et al. 1993). Furthermore, it was particularly striking that in the 
spleens of WT- and revertant-infected animals, there were substantial T cell infil-
trates, whereas the EBNA3B-KO tumours exhibited very few infiltrating T cells. 
The derepression of CXCL10 by EBNA3B indicated by microarray was confirmed 
in ELISA to facilitate CXCL10 induction by interferon. Restoration of CXCL10 
levels in culture media partially restored a migratory deficit for T cells towards 
EBNA3B-KO LCLs (White et al. 2012; see also Sect. 4.6).

Overall, these remarkable results indicated that failure to express EBNA3B: 
(a) produces aggressive B cell tumours resembling DLBCL, (b) may somehow 
reduce immune cell trafficking and T cell surveillance of the tumour cells, perhaps 
partially through loss of CXCL10 secretion, but likely also involving additional 
migratory signals and (c) could perhaps be inhibiting B cell/plasmacytoid differen-
tiation. It is significant that there were at least two cases of transplant patients with 
PTLD that fail to express EBNA3B because of a genomic deletion in the resident 
EBV, one of which was an aggressive fatal PTLD (Gottschalk et al. 2001), much 
like those seen in the animal model. Furthermore, screening of a further eleven 
EBV+ve ABC-DLBCLs revealed another tumour carrying a truncated EBNA3B 
gene. Additional tumours carried point changes that were unique to that tumour 
sample (across 100 sequences)—including small internal deletions in one of 10 
BL and one of 11 HLs. Without knowing either the original sequence of the virus, 
or having a much clearer picture of EBNA3B sequence diversity, we cannot tell 
whether these also represent mutations, or merely polymorphisms (White et  al. 
2012). It is therefore currently impossible to judge how prevalent EBNA3B muta-
tions are in lymphoma development.

Nevertheless, these data identified EBNA3B as a bone fide tumour suppres-
sor that could have evolved to encourage T cell interactions via chemokine secre-
tion. T cell contact is an essential component of the germinal centre reaction and 
B cell differentiation, so EBNA3B may also be paving the way to allow B cell 
differentiation and the switch to latency II. This is supported by the observa-
tion that EBNA3B-regulated genes include several that are repressed upon entry 
to the germinal centre (White et al. 2010). Equally, enhanced T cell surveillance 
clearly helps to limit the morbidity or mortality from lymphoproliferative disease 
caused by the proliferating B blast-like cells induced by the latency III growth pro-
gramme. Coordinating the expression of EBNA3B with the oncoproteins EBNA2, 
EBNA3A and EBNA3C from a single transcription unit would represent an evolu-
tionary adaptation to minimise oncogenic risk to the host (Fig. 4).

6.4 � EBNA3s in B Cell Lymphomagenesis

As described in various chapters of this volume, and briefly above, different 
EBV-associated tumours exhibit different viral latency gene expression profiles, 
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according to the type—and differentiation state—of the cell of origin of the 
tumour. Since the viral gene expression profile of diverse tumours in clinical 
samples is typically defined by the immunohistochemical detection of EBNA2 
and LMP1 (and in situ hybridisation of EBERs), the expression of the EBNA3s 
is assumed to correlate with EBNA2 expression. By this logic, to the best of our 
knowledge, it is only the immunoblastic lymphomas (seen in the immunosup-
pressed) and a subset of DLBCLs—that express the full latency III B cell tran-
scription unit (Fig.  1)—in which the EBNA3s are probably contributing to 
pathogenesis. The iatrogenic (i.e. immune-suppressive drug-induced) immunob-
lastic lymphomas can often be treated by removal of immunosuppression, allow-
ing the patient’s immune response to destroy the malignant cells. Where this fails, 
infusions of autologous or partially HLA-matched CTLs raised against EBV 
antigens are also able to establish an immune response that destroys the malig-
nant cells (Heslop et al. 2010; Hislop et al. 2007). Typically, these CTLs are pre-
dominantly responsive to the EBNA3s, due to the apparent immunodominance 
of EBNA3-derived epitopes. The observation that latency III cells are scarce in 
immunocompetent individuals (Babcock et  al. 1998, 1999), combined with the 
success of immunotherapy for latency III tumours, suggests that the EBNA3s 
make excellent candidates for immunotherapeutic targets, particularly once the 
diversity of EBNA3 CTL epitopes across viral strains and host HLA types has 
been fully defined (discussed in chapters by Rajiv Khanna and Gottschalk and 
Rooney in this volume).

The role of EBNA3s in lymphomagenesis is complicated by the appar-
ently opposing behaviours of EBNA3A/C and EBNA3B. Where EBNA3A and 
EBNA3C seem to play crucial oncogenic roles in suppressing senescence and 
apoptosis, and perhaps overriding cell cycle checkpoints (discussed above), 
EBNA3B appears to have an opposing, tumour-suppressing role, as indicated by 
its mutation in some immunoblastic lymphomas. Mechanistically, this may be 
mediated by enhancing the expression of factors that promote T cell interaction, 
enhancing their surveillance by the immune system (see Sect. 6.3 and White et al. 
2010) or some other as-yet unidentified function. Thus, inactivating mutation of 
EBNA3B appears to contribute to some lymphomas (White et al. 2012), whereas 
(at least for immunoblastic lymphomas) EBNA3C and EBNA3A seem likely to be 
essential.

The role of the EBNA3s in other malignancies remains much less clearly 
defined. The widely held supposition that the EBNA3s are absent from the latency 
I and latency II tumours—largely based on the assumption that EBNA3s are not 
present where EBNA2 is also absent—is supported by only a few early studies 
looking at virus gene expression in tumours or tissues. For instance, EBNA3s were 
not detected by immunoblotting in 24 nasopharyngeal cancers that had been pas-
saged in nude mice (Young et al. 1988). An analysis of the latency II profile in the 
normal germinal centre failed to detect EBNA3 transcripts (Babcock et al. 2000), 
similarly the whole IgD−ve fraction of tonsils was negative for EBNA3 transcripts 
(Joseph et al. 2000). Attempts to detect EBNA3s in HL are hard to find in the lit-
erature, with the original description of the latency II status of HL not addressing 
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the EBNA3s (Deacon et  al. 1993). Certainly, no comprehensive survey exists to 
conclusively exclude the expression in HL of any of the EBNA3s.

Nevertheless, topologically, there is no reason that those latency states that use 
Qp should not express the EBNA3s, although Qp-driven EBNA3 has not been 
reported. Indeed, related transcripts (using the lytic Fp immediately upstream of 
Qp) have been found in latency I BL cell lines induced to enter the lytic cycle 
(Touitou et al. 2003). Additionally, a subset of BLs that carry a deletion of EBNA2 
express the EBNA3s from the Wp promoter (Kelly et al. 2002). Cell lines freshly 
established from these ‘Wp-restricted’ BLs exhibit a generally BL-like gene signa-
ture, but clearly represent a distinct subset, exhibiting a less germinal centre-type 
expression profile, that was more plasmacytoid (Kelly et al. 2013). Central players 
in this profile (reduced BCL6 and raised BLIMP1 and IRF4) are all regulated by 
EBNA3s in a BL background (White et al. 2010; http://www.epstein-barrvirus.org.
uk). Notably, however, the Wp-restricted BLs are considerably more resistant 
to apoptosis in vitro than latency I BLs, through the effects of the BCL2 homo-
logue BHRF1, combined with the EBNA3s and other factors acting on pro-apop-
totic proteins including BIM and NOXA (Anderton et al. 2008; Kelly et al. 2009; 
Vereide and Sugden 2011; Watanabe et al. 2010; Yee et al. 2011). This increased 
robustness of the Wp-restricted BL may have implications for treatment strategies 
and success, but this has not yet been tested. It also remains formally possible that 
a Wp-restricted viral gene expression profile (or something similar) may also be 
found in other cancers. The expression of EBNA3s is only rarely assessed in can-
cers, and their low expression level (both of transcript and protein) and intimate 
association with chromatin make their detection potentially more challenging than 
for other antigens.

A few recent observations lend some credence to the possibility that EBNA3s 
may contribute to the onset of malignancies that do not exhibit typical latency III 
gene transcription. Analysis of the viral gene expression of a number of DLBCLs 
of the elderly identified several showing reverse transcription PCR and/or immu-
nohistochemical evidence of tumours expressing EBNA3A but not EBNA2 
(Nguyen-Van et  al. 2011). Banked CTLs, whose specificity was predominantly 
against the EBNA3s, were able to successfully treat transplant-associated EBV 
lymphomas including one BL and five out of six HLs that were negative for 
EBNA2. Unfortunately, the authors were unable to assess EBNA3 expression in 
these lymphomas (McAulay et  al. 2009). Furthermore, while potentially onco-
genic EBNA3B truncations were identified in DLBCLs (that can adopt latency 
III), small internal deletions were also seen in EBNA3B genes isolated from an 
HL and a BL, which are not conventionally thought to express EBNA3B (White 
et al. 2012).

As indicated previously, the epigenetic nature of gene regulation mediated by 
the EBNA3s may continue after they are (presumably) no longer expressed. For 
instance, BIM/BCL2L11, repressed by EBNA3A and EBNA3C, is usually methyl-
ated in latency I EBV-positive BL, but often mutated or deleted in EBV-negative 
BL (Paschos et  al. 2009; Richter-Larrea et  al. 2010). Similar phenomena have 
been observed for p16INK4a (Klangby et al. 1998; Nagy et al. 2005). In the absence 
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of validated reagents for their detection, the expression of EBNA3s in lympho-
mas remains inconclusive, but even the absence of the proteins themselves does 
not preclude essential roles, through epigenetic imprinting, in the development of 
a variety of EBV-associated tumours.

7 � Summary and Outlook

Eukaryotic gene regulation is remarkably complicated, involving very large multi-
protein complexes with enzymatic and structural functions, covalent modifica-
tions to histones and DNA, changes in the 3D organisation of chromatin and even 
the distribution of genes within nuclear space (Bickmore 2013; Bickmore and 
van Steensel 2013). Added to this enormous complexity is the problem of trans-
ferring expression patterns to progeny cells after DNA replication and mitosis—
that is, creating some kind of epigenetic memory of gene expression programmes 
(Campos et al. 2014). Our current understanding of how the EBNA3 proteins fit 
into this broad picture of gene regulation has barely scratched the surface—but the 
results so far are interesting and thought provoking. Already, it appears that these 
viral factors manipulate multiple facets of chromatin organisation and function, 
but it is obvious that many issues remain unresolved. For example:

1.	 What is the explanation for the variety of EBNA3-regulated host genes? Is it 
merely a reflection of the regulatory elements that EBNA3-targeting factors 
bind? Or is it a more coordinated manipulation of a physiological B cell tran-
scription programme(s) determined by differentiation-specific combinations and 
permutations from a group of host transcription factors (that probably includes 
among others RBP-JK/CBF1, PU1, SPI1, RUNX3, ATF2, BATF and IRF4)?

2.	 What are the features of EBNA3A, EBNA3B and EBNA3C that are responsi-
ble for their unique activities? This is particularly important for EBNA3A and 
EBNA3C that often cooperate, but do not appear to be interchangeable.

3.	 How do EBNA3s interact with the PcG protein system—is it by direct 
protein:protein contacts or by less direct means involving chromatin modifica-
tions or may be non-coding RNAs?

4.	 Are all the EBNA3 binding sites identified across the genome functionally sig-
nificant (i.e. does localisation of a particular EBNA3 as revealed by ChIP-seq 
always result in a change in gene expression that is physiologically relevant)?

5.	 Where multiple EBNAs apparently bind to the same genomic locus, what 
determines which is functionally dominant or are they always mutually exclu-
sive on a single site? What are the molecular interactions responsible for spe-
cific patterns of chromatin looping?

6.	 Do the EBNA3s bind to and regulate chromatinised EBV episomes? Although 
there are models suggesting this, so far there is little direct evidence.

7.	 Do the EBNA3s have functions distinct from their ability to regulate gene 
expression? Of particular importance is their suggested role(s) in modulation of 
the DDR.
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8.	 Do the EBNA3s function in the same way during B cell infection in vivo as 
they do in vitro? For EBNA3B, there are limited data to suggest this is the case, 
but for EBNA3A and EBNA3C so far nothing is known. Further experiments 
with mice reconstituted with components of the human immune system will 
hopefully go some way to answer this question.

Striving for complete biochemical descriptions of EBNA3 function, coupled to 
precise genetic dissection of each protein will undoubtedly answer many of these 
questions and provide unique insights into EBV biology and disease pathogenesis, 
also into fundamental mechanisms of gene regulation. However, there is an impor-
tant caveat that should not be overlooked—most of the studies described here have 
utilised the B95.8 strain of EBV or genes derived from it. This should be consid-
ered a ‘laboratory-adapted’ strain, chosen for its effectiveness in the ex vivo trans-
formation of B cells, so a long-term goal must be to determine whether the EBNA 
network of interactions is conserved in virus strains that could be considered more 
representative of a ‘wild-type’ EBV. One should keep in mind the selection pres-
sures that have created and ‘moulded’ these proteins: EBV did not evolve over 
millions of years to transform B cells into LCLs, nor to create B cell lymphomas. 
We should aim to determine what aspects of the fine virus–host equilibrium the 
EBNA3 proteins have evolved to maintain.
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