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a b s t r a c t

Epstein-Barr virus, EBV, and humans have a common history that reaches back to our primate ancestors.
The virus co-evolved with man and has established a largely harmless and highly complex co-existence. It
is carried as silent infection by almost all human adults. A serendipitous discovery established that it is
the causative agent of infectious mononucleosis.

Still, EBV became known first in 1964, in a rare, geographically prevalent malignant lymphoma of B-cell
origin, Burkitt lymphoma BL. Its association with a malignancy prompted intensive studies and its capac-
ity to immortalize B-lymphocytes in vitro was soon demonstrated. Consequently EBV was classified
therefore as a potentially tumorigenic virus. Despite of this property however, the virus carrier state itself
does not lead to malignancies because the transformed cells are recognized by the immune response.
Consequently the EBV induced proliferation of EBV carrying B-lymphocytes is manifested only under
immunosuppressive conditions.

The expression of EBV encoded genes is regulated by the cell phenotype. The virus genome can be
found in malignancies originating from cell types other than the B-lymphocyte. Even in the EBV infected
B-cell, the direct transforming capacity is restricted to a defined window of differentiation. A complex
interaction between virally encoded proteins and B-cell specific cellular proteins constitute the prolifer-
ation inducing program.

In this short review we touch upon aspects which are the subject of our present work.
We describe the mechanisms of some of the functional interactions between EBV encoded and cellular

proteins that determine the phenotype of latently infected B-cells.
The growth promoting EBV encoded genes are not expressed in the virus carrying BL cells. Still, EBV

seems to contribute to the etiology of this tumor by modifying events that influence cell survival and pro-
liferation. We describe a possible growth promoting mechanism in the genesis of Burkitt lymphoma that
depends on the presence of EBV.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Epstein-Barr virus (EBV), a human gamma herpesvirus, was first
seen in cell lines derived from Burkitt’s lymphoma (BL), a B-cell de-
rived childhood malignancy that is endemic in the rain forest re-
gions of tropical Africa (for recent reviews see [1]). This confined
occurrence was taken to suggest that the disease is induced by
an insect transmitted virus. The assumption was substantiated
by the finding that the virus can immortalize B-lymphocytes
in vitro and turn them into lymphoblastoid cell lines (LCL) [2].
Three unexpected discoveries indicated, however, that the virus-
tumor relation is more complex than it was first visualized: (1) al-
most all human adults are virus carriers; (2) the virus is the etio-
logical agent of infectious mononucleosis; and (3) both EBV
positive and negative BLs carry a chromosomal translocation juxta-
ll rights reserved.
posing one of the immunoglobulin genes to the C-MYC protoonco-
gene. The constitutively activated C-MYC provides the cells with
proliferative capacity whether EBV is or is not present. This was
consistent with the fact that the proliferation driving viral program
is not expressed in the BL cells.

Thus, the translocation would be sufficient and a role of the
virus in the etiology of the tumor could be less important. Recent
developments, to which we will return later, provided, however,
new aspects and suggested a critical role of EBV in the develop-
ment of BL.

EBV infection is acquired by young children under low, by ado-
lescents under high socioeconomic conditions. Primary infection of
children is usually symptomless. Infection during adolescence or
later can cause infectious mononucleosis (IM) [3]. The clinical pic-
ture of IM is highly variable but even if it is severe and alarming, it
always subsides in immunocompetent individuals. After the pri-
mary infection a low number of B-lymphocytes carry silent viral
genomes and EBV specific cellular and humoral immunological

http://dx.doi.org/10.1016/j.bbrc.2010.02.146
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Table 1
Latency types in B-cells.

Latency
type
designation

Promoter
used

Genes
expressed

In vivo In vitro
derived
cell lines

Non-
malignant

Malignancy

0 Memory
subset

I Qp EBNA-1 Germinal
center, IM

BL; pleural
effusion
lymphoma
(PEL); PTLD

BL and
PEL

II Qp, LMP EBNA-1,
LMP-1,
LMP-2A,
LMP-2B

Germinal
center, IM

Hodgkin
lymphoma
(HL); PTLD

None
available

III Cp, Wp,
LMP

EBNA-1–
6, LMP-1,
LMP-2A,
LMP-2B

IM PTLD LCL; BL

Fig. 1. EBV promoter usage for transcription of EBNAs.
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memory is maintained. The immune response maintains the
symptomless virus carrier state, by eliminating cells that express
the virally encoded proliferation driving genes.

The proliferation of EBV carrying B-lymphocytes may become
life threatening, on the other hand, in immunodefective individu-
als, e.g., in immunosuppressed transplant recipients, and manifest
as lymphoproliferative disease, PTLD. EBV is thus a potentially dan-
gerous virus, normally checked by an efficient immune response.

Several aspects of EBV induced B-cell transformation and the
immunological recognition of the transformed cells are well under-
stood. EBV driven immunoblasts express nine virally encoded pro-
teins (EBNA-1–6 (alternative nomenclature EBNA-1, 2, 3A, 3B, LP,
and 3C) and LMP-1, -2A, -2B). The virally encoded proteins and
the phenotypic change imposed in transformed cells render the
cells immunogenic, they are readily recognized by the immune
system and are eliminated. On the other hand, the rare resting B-
cells in which the virus persists in the healthy individuals do not
express these proteins and they are not immunogenic.

The EBV genome can be present in certain non-B-cell derived
malignancies as well, in most NK/T cell lymphomas, in low differ-
entiated or anaplastic nasopharyngeal carcinomas, and approxi-
mately 10% of gastric carcinomas. A restricted set of EBV-
encoded proteins is expressed in these malignancies and this does
not drive cell proliferation; it contributes to the development of
the tumor nevertheless by changing the cell phenotype, modifying
their interaction with the stromal cells, and their sensitivity to
growth promoting lymphokines. This is also the case of the EBV
carrying Hodgkin’s lymphomas that originate from B-lymphocytes
with faulty differentiation. These cells are normally prone to apop-
tosis, but assumed to be rescued by EBV [4].

We confine our discussion to the interaction of EBV with the B-
lymphocyte.

2. Transformation of B-lymphocytes

The EBV encoded genes expressed in the non-producing latent
infection of B-lymphocytes were characterized in the in vitro gener-
ated LCLs. The viral genomes reside as episomes in these cells. In
1973, we have discovered that all EBV-carrying cells express a
nuclear antigen that we termed EBV-encoded nuclear antigen, or
EBNA [5]. Subsequent work by other groups showed that EBNA is
a complex, consisting of six proteins. In addition to these, the
proliferating phenotype expresses three cell membrane localized
proteins, LMP-1, LMP-2A and -2B. Genetic analysis by Hammersch-
midt and Kieff [6,7–11] showed that EBNA-2, -3, -5 and -6 and also
LMP-1 [12] are essential for the immortalizing effect of the virus,
EBNA-2 and LMP-1 being the main contributors.

Depending on the type of infected cells, the virus uses different
expression programs. It is determined by the cell phenotype acting
probably through its flora of transcription factors with exquisite
specificity. Table 1 lists the EBV-encoded proteins expressed in B-
lymphocytes in the symptomless virus carrier state, in IM and in
various B-lymphocyte derived malignancies and cell lines. The full
growth transformation program (also called latency type III) is only
expressed in the B-blasts. In Fig. 1 the regulation of the EBV nuclear
protein expression is illustrated. In latency I a single protein, EBNA-
1, is transcribed from Qp. In latency III the six nuclear proteins
(EBNA-1–6) are spliced from a long primary transcript initiated
either from the W or from the C promoter. The membrane localized
proteins LMP-1, -2A and -2B have their own promoter, and it is not
depicted here.

3. The functions of EBV-encoded proteins

The B-cell activating and transforming strategy of EBV is still
incomplete. The EBV-encoded proteins and their functions are pre-
sented in Fig. 2 and Table 2 provides the list of the cellular proteins
which bind to the EBV-encoded nuclear antigens (EBNAs).

3.1. EBNA-1

EBNA-1 is a DNA binding protein [13,14] that is essential for the
persistence and replication of the viral genome [15] and the trans-
activation from the Cp viral promoter [16–18]. It binds to short se-
quences (dyad symmetry, DS) at the origin of latent replication,
oriP.

EBNA-1 controls EBV genome partition during cell division. It
does so through the binding to the EBP2 protein, associated with
mitotic chromosomes [19–21]. It was proposed, however, that
EBNA-1 contains the AT-hook domain and can therefore bind to
the scaffold-associated metaphase chromosomes without help of
EBP2 [22].

In certain conditions EBNA-1 may inhibit apoptosis [23,24].
EBNA-1 was implicated in the regulation of p53 through the

binding to an ubiquitin-specific protease, HAUSP [25].

3.2. EBNA-2

Its transcriptional activation function depends on the short (27
aa) acidic domain. EBNA-2 does not bind to DNA directly. It is in-
cluded in a complex with DNA-binding cellular transcription fac-
tors, such as SPI1 (also known as PU.1, NP_001074016) [33], and
RBP-Jj (also named CBF1, NP_005340) [32,35,65]. It acts on both
viral (Cp, LMP-1 and LMP-2) and cellular (e.g., CD21, CD23, CD25
and C-FGR) promoters (see [66]). These interactions promote cell
proliferation [67].

EBNA-2 expression requires the B-cell specific transcription fac-
tors, such as PAX5 (NP_057953) and OCT2 (also known as POU2F2,
NP_002689) [68].



Fig. 2. Some of the functions of the EBV-encoded proteins expressed in latent infection of B-lymphocytes.
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One of the important partners of EBNA-2 is RBP-Jj that binds
specifically to the consensus DNA sequence 50-RTGGGAA-3 and is
involved in the Notch signaling pathway [69]. It is the downstream
target of the intracellular fragment cleaved from the Notch 1–4
proteins. Notch genes encode cell surface receptors that regulate
development of several cell types. Mutations in Notch loci led to
abnormalities from the notching of the wing in Drosophila melano-
gaster and are involved in the development of T-cell malignancy in
humans. After ligand binding (Delta-like 1–3 and Jagged 1, 2 in hu-
mans) to the extracellular part of the Notch protein, which con-
tains EGF-like repeats, the intracellular part is cleaved off and
targeted to the nucleus, where it binds to RBP-Jj. Possible targets
are the genes of the Hairy/Enhancer of split (HES) family, cyclin
D1 (CCND1, NM_053056) and p21 (CDKN1A, NM_000389). Notch
signaling is involved in early T-cell development from the common
lymphoid progenitors in the bone marrow and adult thymus [70].
Table 2
EBNA binding proteins.

EBNA Cellular proteins

EBNA-1 Karyopherins alpha 1, 2 and 2, 3 beta [26–28];
importin-1 (NPI-1); RPA [29]; EBP2 [19]; NAP-1, SET,
PP32, ORC, TAF-I, TAP/p32, USP7 (HAUSP), CK2, PRMT5
[25]; NM23-H1 [30]; BRD4 [31]

EBNA-2 RBP-J kappa [32]; SPI1 (PU.1) [33], SNF5 [34]; DP103
[35]; SMN [36]; SND1 (p100) [37]; P300/CBP, PCAF (K
(lysine) acetyltransferase) [38]; NUR77 [39]

All members of
EBNA-3 family

RBP-J kappa [40]; RPB-2N [41]; CHK2/CDS1 [42]

EBNA-3 XAP-2 [43]; TCP-1 [44]; AHR [45]; UK/UPRT [46]
EBNA-5 Hsp27; Hsp70 (Hsp72), Hsc70 (Hsp73) [47]; HAX-1

[48]; HA95 (the catalytic subunits of DNA-PK), a and b
tubulins, prolyl-4-hydroxylase a-1 subunit [49];
p14ARF [50]; Fte-1/S3a [51]; HDAC4 [52]; SP100 [53],
MDM2 (Kashuba, to be published)

EBNA-6 SPI1 (PU.1) [33]; CTBP [54]; HDAC1 [55]; mSIN3A,
NCOR, HDAC1 [56]; acetyltransferase P300,
prothymosin alpha [57]; DP103 [58]; SMN1 protein
[59]; cyclin A [60]; E3 ubiquitin ligase, SCF complex
[61]; NM23-H1 [62]; MRSPS18-2 [63]; MDM2 [64]
EBNA-2 might be involved in chromatin re-modeling that is
mediated by binding to the SNF5 subunit of SWI/SNF chromatin
re-modeling complex (NP_003064) [34], acetyltransferase P300/
CBP (NP_001420) and its associated factor, PCAF (NP_003875)
[38], and the helicase DP103 (NP_009135) [58].

3.3. EBNA-3 family proteins

EBNA-3, EBNA-4 and EBNA-6 (EBNA-3A, -3B and -3C according
to the alternative nomenclature) are encoded by tandemly ar-
ranged genes and have similar genomic organization. They contain
short intron sequences that may be retained in the mRNA [71].

All three EBNA-3 proteins associate with RBP-Jj [40] through
which they may be involved in transcriptional regulation. They
are expressed exclusively in the B-blasts and bind to RBP-2N that
is the major isoform of RBP-Jj in B-lymphocytes [41]. Together
with EBNA-2 they can be involved in transcription of the LMP-1
promoter [72,73].

The EBNA-3 proteins may also act in the G2/M checkpoint con-
trol, as suggested by the binding of EBNA-3 to the checkpoint ki-
nase chk2/cds1 (NP_001005735) [42].

We have found that EBNA-3 enhances the transcription of AhR
responsive genes, at the basal level and when the receptor is acti-
vated by a ligand (e.g., TCDD) [45] due to the binding to aryl hydro-
carbon receptor (AhR, NP_001612). EBNA-3 also binds to the XAP-2
regulatory subunit of AhR cytoplasmic complex [43], and induces
its translocation from the cytoplasm to the nucleus. It is notewor-
thy, that XAP-2 is involved in the strategy of another DNA tumor
virus, hepatitis B [74].

EBNA-3 is essential for LCL proliferation. When conditionally
expressed from a 4-hydroxy-tamoxifen (HT) dependent promoter,
withdrawal of HT led to growth arrest and cell death [75]. Tonsil
derived B-cells, immortalized with EBNA-3 deficient virus, grow
more slowly than cells transformed with wild type virus [76].

We have also found that EBNA-3 targets the enzyme UK/UPRT
[46] and may be involved in the protein folding machinery [44].

EBNA-6 is the most extensively studied one among the EBNA-3
family. It associates with the co-repressors CTBP (NP_001319,
binding protein to the C-terminal half of E1A) [54], mSin3A
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(NP_001138829, homolog to the yeast SIN3), and nuclear receptor
co-repressor NcoR (O75376) [56]. This may explain the ability of
EBNA-6 to activate or repress transcription from the LMP-1
promoter.

EBNA-6 binds to histone deacetylases HDAC1 (NP_004955) [55]
and HDAC2 (NP_001518) [56], acetyltransferase p300 and prot-
hymosin alpha (NP_001092755) [57]. EBNA-6 was also shown to
interact with the DEAD-box protein DP103 that has helicase activ-
ity [58] and the SMN1 protein (NP_000335.1, survival of motor
neurons), a DP103 binding partner [59]. These interactions indicate
that EBNA-6 plays a role in chromatin re-modeling.

EBNA-6 may play a role in cell cycle regulation. It was found to
decrease the level of phosphorylated pRb and p27 (NP_004055)
proteins in primary rat fibroblasts [77]. It was proposed that the
SCF complex is involved in the EBNA-6 mediated degradation of
pRb [78] and p27 as well [61]. However, in LCL EBNA-6 is not
responsible for the degradation of pRb [79]. The fraction of lym-
phoblastoid cells in S and G2/M phases were reduced within
1 week after the inactivation of EBNA-6. Thus, EBNA-6 interferes
with components of the pRb–E2F pathway.

3.4. EBNA-5

EBNA-5 (EBNA-LP, leader protein) is expressed already 8–12 h
in B-cells after EBV infection, in parallel with EBNA-2. The EBNA-
5 and EBNA-2 message is spliced from the large transcript that also
encodes other EBNAs. The size of EBNA-5 protein differs between
LCLs, transformed by different EBV isolates, depending on the dif-
ferent number of W1W2 repeats. EBNA-5 potentiates EBNA-2-med-
iated transactivation [67,80–81], through binding to SP100 [82].

We have shown that EBNA-5 accumulates in PML bodies (also
called ND10 bodies or PODs) together with heat shock protein,
Hsp70 [83,84]. Upon heat shock or inhibition of the proteasome
mediated protein degradation, EBNA-5 and Hsp70 move into the
nucleoli [85]. At the same time the different components of the
PML bodies and the 20S proteasomes also migrate into the nucleoli
[86]. Recently it was shown that EBNA-5 binds to Sp100 and dis-
places Sp100 and HP1-alpha from the PML bodies [53].

We have found that p14ARF can induce growth arrest and cell
death of cells with wild type, mutant, and even in the absence of
p53. EBNA-5 binds to p14ARF and reduced p14ARF-induced cell
death significantly. A minor fraction of the exogenous p14ARF tar-
geted the nucleoli that contained no p53, HDM2 or EBNA-5, while
the main portion of the p14ARF accumulated in extranucleolar foci
where p53, HDM2, and EBNA-5 localized also. These inclusions also
attracted most of the PML bodies, 20S proteasomes, and Hsp70
[50,87].
Fig. 3. EBNA-5 binding to MDM2 prevents p53 polyubiquitination and blocks its
transactivating activity.
4. EBV interferes with cell-cycle control

Similar to other DNA tumor viruses, EBV impairs the two major
tumor suppressor pathways, p53 and Rb.

4.1. p53 pathway

Primary EBV infection of B-lymphocytes induces high levels of
p53 [88,89] and the LCLs maintain wild-type p53 during prolonged
in vitro culture. In EBV positive cells induction of p53 does not lead
to apoptosis. This raises the question of how EBV-transformed B-
blasts and the derived lines can tolerate an increased level of p53
expression. We have shown that p14ARF, that is a p53-binding
protein, binds EBNA-5 [50]. This raises the question of the relation-
ship of EBNA-5 to the p53 antagonist MDM2. We have found that
EBNA-5 binds to MDM2 and form trimolecular complexes with p53
(Kashuba, to be published). Unexpectedly, the binding of EBNA-5
to MDM2 was not accompanied by a decrease in p53 stability. Sim-
ilarly to p14ARF, EBNA-5 inhibited p53 poly- but not monoubiqui-
tination. Moreover, EBNA-5 inhibited p53 degradation in vitro. This
is understandable, because only polyubiquitinated proteins are de-
graded on proteasomes. This would explain the high level of wild-
type p53 in LCLs.

EBNA-5 binding to MDM2 influences the function of p53. We
have previously found [89] that P21 that is a p53 target, is not ex-
pressed in LCLs, in contrast to mitogen-activated cells. P21 and VDR
were not induced in the EBV-infected cells, despite an increase in
p53 under the treatment with mitomycin C. This may explain that
in spite of high levels of p53 LCLs do not undergo apoptosis. Inhi-
bition of P21 expression was detected at the mRNA level. We also
found that p53 in the trimolecular protein complex with MDM2
and EBNA-5 did not bind to the P21 promoter (Fig. 3).

Thus, EBNA-5 stabilizes the levels of p53 in LCLs by binding to
MDM2. The functional activity of p53 is blocked by the formation
of trimolecular complexes between EBNA-5, MDM2 and p53.

4.2. pRb–E2F1 pathway

As we discussed earlier, EBNA-6 may be involved in the regula-
tion of cell cycle entry. Our experiments revealed the mechanism
of this regulation. We have shown that MRPS18-2 (S18-2), found
by the yeast two-hybrid system with EBNA-6 as the bait [63], could
also bind pRb [90]. A ternary complex of these three proteins was
formed, where S18-2 served as a bridge between EBNA-6 and pRb.
EBNA-6 binds to S18-2 and targets it to the nucleus. The binding of
S18-2 to pRb is specific. It targets the small pocket of pRb, the site
of the interaction with E2F1 [90]. This binding competes with the
binding of E2F1 to pRb, thereby elevates the level of free E2F1. This
may promote the entry of the EBV infected B-cell into the cell cycle
(Fig. 4).

5. Burkitt’s lymphoma (BL)

We return now to Burkitt lymphoma, the malignancy where
EBV was first encountered.

As discussed before, the BL cells do not express the proliferation
driving EBV program. They express only EBNA-1. Several findings
suggest that this restricted virus program may counteract apopto-
sis. This could be sufficient to induce BL [1].

The chromosomal translocations that juxtapose one of the three
immunoglobulin loci to the C-MYC protooncogene are the hallmark
of BLs, whether or not they carry EBV.



Fig. 4. Regulation of an S-phase by the Rb pathyway (A), involvement of EBNA-6 in G1–S transition through the interaction with the pRb binding protein S18-2 (B).
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These translocations are believed to occur as accidents of nor-
mal B-cell differentiation. They could be found in individuals with-
out malignancy as well [91]. The Ig/C-MYC translocation leads to
the constitutive activation of C-MYC. This may lead to cell prolifer-
ation. In most cases, however, this is not realized because MYC acti-
vation makes the cells prone to apoptosis [92].

Almost all endemic (but not the sporadic) BLs carry EBV and the
viral genomes are never lost from the tumor, while they can be lost
from established cell lines [93,24]. The presence of the viral gen-
omes is therefore regarded as essential for the proliferation of
the cells in vivo.

We have reported earlier that 7 of 9 EBV positive (only EBNA-1
expressing) type I BL lines expressed the SAP protein whereas none
of 9 EBV negative BL lines tested were SAP positive [94]. This was
the first described phenotypic difference between EBV positive and
negative BLs.

The SAP protein was discovered in studies on the X-linked lym-
phoproliferative disease (XLP). It is a rare hereditary condition
characterized by extreme sensitivity to EBV infection [95]. The
molecular basis of the disease was identified as mutation of the
SAP gene (SH2D1A) [96]. The protein was shown to regulate signal
transduction pathways in lymphocytes [97].

We have found that the SAP protein is involved in apoptosis and
it is a target of p53 [98]. The correlation between EBNA-1 and SAP
has led us to suggest that the documented anti-apoptotic effect of
EBNA-1 [99] counteracts the pro-apoptotic function of SAP in the
EBV positive BLs. It has been suggested that the EBV negative
and positive BLs originate from phenotypically different B-cells
[100]. We can presume that these precursor differ in the expres-
sion of SAP.

The following scenario may be proposed: The development of
BL is initiated by the Ig/myc translocation in a B-cell of a certain
differentiation stage [99]. Constitutive activation of myc by the ac-
tive Ig genes leads to apoptosis [92]. In the absence of SAP the
apoptotic machinery is inactive and the cell can survive. Constitu-
tive activation of MYC could then induce proliferation. In EBV in-
fected SAP positive cells with the translocation, apoptosis might
be counteracted by the anti-apoptotic effect of EBNA-1. The
expression of EBNA-1 and SAP would thus determine the fate of
the Ig/myc translocation carrying B-cells.
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