JOURNAL OF VIROLOGY, May 1999, p. 4481-4484
0022-538X/99/$04.00+0

Vol. 73, No. 5

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

The Proto-Oncogene c-myc Is a Direct Target Gene of
Epstein-Barr Virus Nuclear Antigen 2

CARMEN KAISER, GERHARD LAUX, DIRK EICK, NICOLA JOCHNER,
GEORG W. BORNKAMM, anp BETTINA KEMPKES*

Institut fiir Klinische Molekularbiologie und Tumorgenetik, GSF Forschungszentrum
fiir Unwelt und Gesundheit, D-81377 Munich, Germany

Received 1 December 1998/Accepted 1 February 1999

Epstein-Barr virus (EBV) infects and transforms primary B lymphocytes in vitro. Viral infection initiates the
cell cycle entry of the resting B lymphocytes. The maintenance of proliferation in the infected cells is strictly
dependent on functional EBNA2. We have recently developed a conditional immortalization system for EBV by
rendering the function of EBNA2, and thus proliferation of the immortalized cells, dependent on estrogen. This
cellular system was used to identify early events preceding induction of proliferation. We show that LMP1 and
c-myc are directly activated by EBNA2, indicating that all cellular factors essential for induction of these genes
by EBNA2 are present in the resting cells. In contrast, induction of the cell cycle regulators cyclin D2 and cdk4
are secondary events, which require de novo protein synthesis.

Transformation of primary B lymphocytes by Epstein-Barr
virus (EBV) requires the concerted action of at least six viral
gene products. The individual functions of these six genes
cannot easily be analyzed during the infection and transforma-
tion process, since expression of these gene products is initi-
ated consecutively over a period of 32 h, and the progression of
the infected cells into the cell cycle is asynchronous (for re-
views, see references 3 and 11).

EBV nuclear antigen 2 (EBNA2) is one of the first genes ex-
pressed postinfection and is absolutely required for viral trans-
formation (2, 4). EBNA2 is a transactivator of viral genes (the
latent membrane protein 1 [LMP1], LMP2A, and LMP2B genes),
the viral C-promoter, and cellular genes (CD21, CD23, c-fgr,
and BLR2) (for a review, see reference 11). EBNA2 carries a
strong transactivation domain, which can interact with multiple
constituents of the RNA polymerase II transcription complex,
but does not bind to DNA directly (20-22). EBNA2 has to be
recruited to the promoter of target genes by sequence-specific
DNA binding proteins like recombination signal-binding pro-
tein Jk (RBP-J). RBP-J binds to the conserved core sequence
CGTGGGAA. This sequence motif has been identified in the
5’ untranslated regions of the viral Cp, LMP1 and LMP2, and
the cellular CD21and CD23 promoters (5, 12,14,24,25). Bind-
ing of EBNAZ2 to these promoters via RBP-J is not sufficient to
activate transcription and requires collaboration with factors
like the Ets protein PU.1, POU domain proteins, activating tran-
scription factor—c-Jun, or a component of the SNF-SWI complex,
SNF5/Inil (7, 13, 18, 19, 23). In addition, EBNAZ2 can act as a
repressor and efficiently suppress the expression of immuno-
globulin M (IgM) (6).

In order to further define EBNA2 target genes, we have
developed a model system to define EBNA2 target genes on
the genetic background of an EBV-transformed cell line: a
lymphoblastoid cell line conditional for EBNA2, designated
ER/EB. This conditional EBNA2 was generated by fusing the
open reading frame of EBNA2 to the gene fragment encoding
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the hormone-binding domain of the estrogen receptor (ER).
The function of this ER-EBNA2 fusion protein is strictly de-
pendent on estrogen (B-estradiol), and cell lines transformed
by virus expressing ER-EBNA2 can grow only in the presence
of estrogen (8). We have recently shown that ER-EBNA2 does
not bind to RBP-J in the absence of estrogen and that binding
is restored by estrogen addition (9).

Estrogen-deprived cultures of lymphoblastoid cell lines ex-
pressing ER-EBNA2 cease proliferation and acquire the phe-
notype of resting B lymphocytes but can reenter the cell cycle
upon estrogen stimulation. Reentry into the cell cycle is ac-
companied by the consecutive expression of G,-phase cell cycle
regulators and thus is reminiscent of serum stimulation of fi-
broblast proliferation, or the stimulation of primary B cells by
EBYV infection or CD40 ligation in the presence of interleukin
4. We have shown previously that upregulation of LMP1 and
MYC protein was followed by upregulation of cyclin D2 and
cyclin-dependent kinase 4 (cdk4) protein, suggesting that this
set of genes might represent good candidate EBNA2 target
genes (8).

In the absence of ligand, the steroid receptors are associated
with heat shock proteins, which keep the steroid receptor in an
inactive conformation, and this inhibition is released by ligand
binding (1, 15). It is generally assumed that the same inhibitory
complex is formed by steroid receptor fusion proteins and ren-
ders the fusion partner nonfunctional in the absence of ligand.
Thus, the mechanism by which the hormone-binding domain
of steroid receptors can regulate the function of the fusion
partners in chimeric proteins does not require de novo protein
synthesis.

Since the objective of our study was to identify direct target
genes of EBNA2, we reanalyzed induction of known EBNA2
target genes in the presence of the protein synthesis inhibitor
anisomycin or cycloheximide. The abundance of LMP1 and
c-myc RNA was increased upon estrogen stimulation in the
absence of de novo protein synthesis (Fig. 1A and B, lanes 4
through 6).

While anisomycin weakly stabilized c-myc transcripts inde-
pendently of EBNA2 induction (Fig. 1B, lane 2), induction of
both RNAs was strictly dependent on estrogen stimulation
in the presence of cycloheximide (Fig. 1A and B, lanes 6).
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FIG. 1. (A and B) EBNAZ2 enhances c-myc and LMP1 RNA expression in the absence of de novo protein synthesis. ER/EB2-5 estrogen-deprived cell cultures were
treated with 10 pM anisomycin (an) or 50 wg of cycloheximide (chx)/ml in the presence or absence of estrogen for 6 h. Protein synthesis inhibitors were added to the
medium 1 h prior to estrogen stimulation in order to establish the translational block before activation of the cells. Total RNA (10 pg/lane) from each culture was
isolated and analyzed for c-myc and LMP1 RNA expression. (C and D) Induction of high c-myc RNA levels occurs at the transcriptional level. (C) Nuclei were prepared
from cells cultured in the presence (+) or absence (—) of estrogen for 6 h. Nuclear run-on RNAs were hybridized to c-myc and Ig-p gene probes or vector DNA. (D)

Hybridization signals were quantified with a Fuji BAS 100 scanner.

This EBNA2 requirement defined LMP1 and c-myc as direct
EBNAZ2 target genes.

In order to further elucidate the mechanism by which
EBNA2 induces c-myc RNA, we performed run-on assays of
c-myc transcription. These transcription studies in isolated nu-
clei showed that transcription of the first exon of the c-myc
gene was enhanced sevenfold in the presence of estrogen. We
have recently reported that EBNA2 interferes with immuno-
globulin (Ig) . gene transcription in Burkitt’s lymphoma cells
(6). Here, we repeated our former experiments in order to
show that the increase in c-myc transcription in ER/EB cells
paralleled the decrease in Ig-p gene transcription. Thus the
increase was indeed specific for the c-myc gene (Fig. 1C and
D). These data clearly demonstrate that transcription of the
c-myc gene is activated by EBNA2. In the absence of functional
EBNA2, transcription of the c-myc gene was not significantly
increased compared to that of the vector control.

Blocking of protein synthesis was controlled by Western blot
analysis of LMP1 protein, a well-characterized EBNA2 target
gene. As expected, LMP1 protein was induced by EBNA2 (Fig.
2, lane 4), and both inhibitors (Fig. 2, lanes 5 and 6) efficiently
abolished induction.

The time course of LMP1 RNA expression was compared to
the expression of the c-myc oncogene in the absence and pres-
ence of cycloheximide (Fig. 3). Transcripts of both genes could
be detected within the first 2 h postinduction. This induction

could also be observed in the presence of cycloheximide, con-
firming that EBNA2 can enhance expression of both genes in
the absence of de novo protein synthesis.

LMP1 transcripts accumulated gradually within the first 6 h
after estrogen stimulation in the absence and presence of cy-
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FIG. 2. Protein synthesis is efficiently blocked by anisomycin and cyclohexi-
mide in estrogen-induced ER/EB2-5 cells. ER/EB2-5 cells were estrogen starved
for 4 days and were then restimulated with estrogen (estr.) for 6 h in the presence
or absence of 10 pM anisomycin (an) or 50 p.g of cycloheximide (chx)/ml. Protein
extracts (50 pwg/lane) were subjected to Western blot analysis for ER-EBNA2 and
LMP1 expression. Note that estrogen, in the absence of protein synthesis, in-
duces a shift in the mobility of the ER-EBNA2 protein, which is due to phos-
phorylation (10).



VoL. 73, 1999

- cycloheximide + cycloheximide

hrs 0123691624 012 3 6 91624

LMP1

c-myc

EtBr

FIG. 3. c-myc and LMP1 are direct EBNA2 target genes. ER/EB2-5 estro-
gen-deprived cultures were stimulated with estrogen in the absence or presence
of cycloheximide for the indicated times. RNA was extracted and subjected to
Northern blot analysis for c-myc and LMP1 expression. The loading of the
samples was controlled by ethidium bromide (EtBr) staining.

cloheximide, and comparison of both kinetics showed a weak
delay only in the presence of cycloheximide. The transactiva-
tion of the LMP1 and other EBNA2-dependent promoters by
EBNA2 requires multiple known and unknown DNA binding
factors. Theoretically, the potentially low abundance of one or
several of these factors in resting ER/EB cells could be limit-
ing, and this could explain the delayed kinetics of LMP1 RNA
induction. PU.1, Spi-B, and RBP-J, however, which have been
shown to play a role in the regulation of expression of the
LMP1 promoter, are abundantly expressed in primary B cells
and in estrogen-deprived ER/EB cultures (13a) and are thus
unlikely to be limiting. The limiting factors, potentially labile
or not expressed, have yet to be identified.

There were, however, obvious differences when c-myc induc-
tion in the presence and absence of cycloheximide was com-
pared. In the absence of cycloheximide, c-myc expression grad-
ually increased over a period of 6 h, in a manner similar to the
kinetics of LMP1 induction. In the presence of cycloheximide,
c-myc RNA levels increased within the first 2 h postinduction.
After this initial induction phase, c-myc was expressed at con-
stant levels, which never equalled those reached in the pres-
ence of de novo protein synthesis. These results indicate
that at least two independent mechanisms, characterized by
their requirement for de novo protein synthesis, contribute
to the induction of c-myc RNA expression by EBNA2. In
order to define further these mechanisms of c-myc induction
by EBNA2, we have tried to identify EBNA2-responsive cis
elements within the upstream region of the c-myc promoter. So
far, we have not been able to define such an element by tran-
sient transfection of c-myc promoter reporter constructs en-
compassing the 2.3 kb upstream of the P1 promoter (data not
shown).

In ER/EB cells, LMP1 and c-myc expression is closely fol-
lowed by cyclin D2 and cdk4 protein induction. Since EBNA2
in cooperation with EBNA-LP (leader protein) can induce
cyclin D2 expression in resting B cells (17), we asked wheth-
er cyclin D2 is a direct target gene of EBNA2. Analysis of the

NOTES 4483

- cycloheximide + cycloheximide

hrs 0123 6 91624 0123691624

fo 8 wee 3
cyclin D2 MM i

ov - ndPOa Nt we

FIG. 4. Neither cyclin D2 nor cdk4 is a direct EBNA2 target gene. The North-
ern blots shown in Fig. 3 were stripped and reprobed for cyclin D2 and cdk4 ex-
pression.

cdk4

RNA abundance of both genes after estrogen induction
revealed, however, that although cyclin D2 and cdk4 RNAs are
detectable after 3 to 6 h postinduction (Fig. 4), de novo protein
synthesis is required for activation of cyclin D2 as well as cdk4
expression. EBNA-LP is unlikely to be a limiting factor, since
it is expressed in estrogen-deprived ER/EB cultures and is not
modulated upon estrogen addition (data not shown). We con-
clude that in contrast to LMP1 and c-myc, neither cyclin D2
nor cdk4 is a direct EBNA2 target.

Cyclin D2 and cdk4 are both elements of the basic cell cycle
machinery and drive cell cycle progression in early G,. Since
we and others have shown that cyclin D2 and cdk4 expression
can be induced by various different B-cell activation protocols,
we propose that induction of proliferation by EBNA2 is a
secondary event potentially driven by the primary viral and cel-
lular EBNA2 targets.

We show here for the first time that the proto-oncogene
c-myc is a direct target gene of EBNA2. Our data clearly
support the notion that activation of c-myc gene transcription
is the primary cause for the observed elevated levels of c-myc
RNA. However, our data do not formally exclude the possi-
bility that secondary mechanisms such as stabilization of tran-
scripts might cooperate with transcriptional induction. In ad-
dition, our data showing elevated levels of c-myc RNA in the
absence of de novo protein synthesis do not exclude the pos-
sibility that EBNAZ2 acts in concert with other factors. Theo-
retically, EBNA2 could activate latent transcription factors
which might cooperate with EBNA?2 to activate transcription.
Thus, the molecular mechanism by which EBNA2 activates
transcription of the c-myc gene still has to be elucidated.

Ectopic expression of LMP1 in estrogen-deprived ER/EB
cultures promotes cell survival but cannot substitute for func-
tions provided by EBNAZ2 (26). In contrast, ectopic overex-
pression of c-myc, at very high levels, can drive proliferation
in the absence of functional EBNA2 and LMP1 in estrogen-
deprived ER/EB cells (16). This suggests that activation of
c-myc by EBNA2 is an important step in the process of EBV-
induced proliferation and immortalization.
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