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The Epstein-Barr virus (EBV) latency III program imposed by EBNA2 and LMP1 is directly responsible for
immortalization of B cells in vitro and is thought to mediate most immunodeficiency-related posttransplant
lymphoproliferative diseases in vivo. To answer the question whether and how this proliferation program is
related to c-Myc, we have established the transcriptome of both c-Myc and EBV latency III proliferation
programs using a Lymphochip specialized microarray. In addition to EBV-positive latency I Burkitt lymphoma
lines and lymphoblastoid cell lines (LCLs), we used an LCL expressing an estrogen-regulatable EBNA2 fusion
protein (EREB2-5) and derivative B-cell lines expressing a constitutively active or tetracycline-regulatable
c-myc gene. A total of 897 genes were found to be fourfold or more up- or downregulated in either one or both
proliferation programs compared to the expression profile of resting EREB2-5 cells. A total of 661 (74%) of
these were regulated similarly in both programs. Numerous repressed genes were known targets of STAT1, and
most induced genes were known to be upregulated by c-Myc and to be involved in cell proliferation. In keeping
with the gene expression patterns, inactivation of c-Myc by a chemical inhibitor or by conditional expression
of dominant-negative c-Myc and Max mutants led to proliferation arrest of LCLs. Most genes differently
regulated in both proliferation programs corresponded to genes induced by NF-�B in LCLs, and many of them
coded for immunoregulatory and/or antiapoptotic molecules. Thus, c-Myc and NF-�B are the two main
transcription factors responsible for the phenotype, growth pattern, and biological properties of cells driven
into proliferation by EBV.

Initially isolated from African Burkitt lymphoma (BL) cells,
Epstein-Barr virus (EBV) is the first transforming virus de-
scribed in humans. This gammaherpesvirus, belonging to lym-
phocryptoviruses, is widely distributed around the world, and
over 95% of adults have been infected at some time. Most
cases of primary infection are asymptomatic, but some do have
clinical symptoms, presenting as a benign self-limiting lympho-
proliferative disease, so-called infectious mononucleosis. Dur-
ing primary infection, EBV infects and induces continuous
proliferation of resting B cells. In vivo, EBV-infected B cells
are actively eliminated by a vigorous cytotoxic immune re-

sponse, allowing the spontaneous resolution of EBV primary
infection. Yet EBV persists silently in the memory B-cell com-
partment of the organism throughout life and may be reacti-
vated in cases of immunodeficiency (25, 56). The efficient im-
mortalization capacity of EBV is routinely demonstrated by
establishment of lymphoblastoid cell lines (LCLs) in vitro.
Immunodeficiency-related B-cell lymphomas, including post-
transplant lymphoproliferative disorders (PTLDs), are caused
directly by EBV (45), reflecting the transforming capacity of
the virus and the destruction of the T-cell compartment of the
host by the immunodeficiency (27). Thus, it is usually conceded
that LCLs represent an in vitro model of PTLDs. EBV is also
associated with various cancers, including BL, Hodgkin’s lym-
phomas, T-cell lymphomas, and nasopharyngeal carcinomas.

The EBV genome persists in the host cell in an episomal
form. Three latency viral programs have been described for
this virus both in vitro and in vivo. Two small nonpolyadenyl-
ated RNAs (EBER1 and EBER2) and a large transcription
unit called BART (BamHI-A rightward transcript) or CST
(complementary strand transcript), giving rise to a number of
microRNAs, are expressed in all forms of latency. Latency I is
characterized by the expression of the viral protein EBNA1
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that is essential for episomal maintenance of the EBV genome
and that is found in EBV-associated BL tumors. Latency II
corresponds to the expression of EBNA1, latent membrane
protein 1 (LMP1), LMP2a, and LMP2b. LMP1 reroutes the
TRAF (tumor necrosis factor [TNF] receptor-associated fac-
tor) and TRADD (TNF receptor death domain) adaptors of
the TNF receptor family and is responsible for continuous
activation of NF-�B (19). LMP2a activates the kinases Syk and
Lyn of the B-cell receptor (BCR), providing a continuous sur-
vival signal to the cell (58). Latency II is characteristic of
almost all EBV-associated tumors except BL tumors and
PTLDs. EBV of latency III is present in LCLs in vitro and in
most PTLDs in vivo. Latency III, also called the viral prolifer-
ation program by some authors (54), is characterized by the
expression of EBNA2 that secondarily governs the expression
of the EBNA3 family as well as of the LMP proteins. A fourth
EBV latency state, latency 0, has been described that is char-
acterized by the almost complete silencing of the virus. Latency
0 represents the state of the virus in the G0 resting memory
B-cell reservoir in vivo (5, 27, 55).

One of the key issues raised by the transition from a resting
B cell to its EBV-infected counterpart is to identify the cellular
transcriptional targets of the virus responsible for cell repro-
gramming, i.e., for induction of continuous proliferation and
B-cell immortalization. This question has not been fully ad-
dressed experimentally. The transforming properties of the
three major EBV latency proteins, EBNA2, LMP1, and
LMP2a, have been extensively studied and point to two obvi-
ous cellular pathways usurped by EBV: Notch and NF-�B.
EBNA2 acts at the transcriptional level through direct inter-
action with RBP/J� (also called CBF1) as a Notch equivalent.
In some instances, Notch can partially replace EBNA2 (15,
18). Functional substitution of Notch by EBNA2 is very likely
to be responsible for arresting B-cell differentiation (56), but
the Notch pathway has not been shown to directly induce
proliferation of EBV-immortalized B cells (5). In some exper-
imental models, the active form of Notch1 could cause growth
suppression of the cells, accompanied by cell cycle inhibition
and apoptosis (37). NF-�B activation is mainly caused by
LMP1 and is associated with protection against apoptosis (5).
Most so-called “activation markers” expressed in viral latency
II or III are targets of LMP1 and have been shown to be
regulated by NF-�B. Expression profiling studies confirmed
that most genes regulated by LMP1 in B cells are dependent
on NF-�B (6). But NF-�B activation by LMP1, first described
by Laherty et al. (30), is in fact an ambivalent event. It certainly
contributes to protection of EBV-immortalized B cells against
apoptosis (7, 12), but it also promotes interaction of B cells and
T cells and T-cell-dependent B-cell killing through induction of
adhesion molecules, expression of CD95, and upregulation of
molecules involved in antigen presentation (19, 32). Overacti-
vation of NF-�B by LMP1 may also lead to apoptosis by ligand-
independent activation of CD95 (31). Consistent with a role in
protection against apoptosis, LMP2a has been shown to pro-
vide B cells lacking a functional BCR with a survival signal in
vivo (8) and to increase NF-�B activation (16). LMP2a has also
been shown to activate the Notch pathway (2). But LMP2a has
not been shown, so far, to drive cell proliferation directly.

Another putative transcriptional target of EBV is c-Myc.
Through dimerization with Max, c-Myc is a master transcrip-

tion factor regulating the cell cycle machinery. EBNA2 acts as
a positive regulator of c-myc gene expression in the context of
its native P1-P2 promoter after infection of resting B cells (21).
Activation of NF-�B by LMP1 is also able to enhance c-myc
expression (10). LCLs and PTLDs express increased levels of
c-Myc, like most cases of aggressive lymphomas with a high
proliferative index (29, 51). Thus, the c-myc gene appears to be
a natural cellular target responsible for EBV-driven B-cell
proliferation. This concept is supported by a recent report
showing growth inhibition of one LCL by the c-Myc chemical
inhibitor 10058-F4 (14). But lessons from in vitro models and
human BL tumors suggest that c-myc disregulation alone is
probably not able to convert normal B cells into tumor cells
(34, 60). Importantly, c-Myc is dispensable for cell growth as
shown in c-myc knockout fibroblasts (36). c-Myc overexpres-
sion is known to induce activation of the serine-threonine
kinases ATM (ataxia-telangiectasia mutated) and ATR (ATM-
Rad3-related), leading to phosphorylation and activation of
the proapoptotic protein p53 and to cell apoptosis (34). c-Myc-
induced p53 activation is interpreted as a physiological fail-safe
mechanism that may prevent inappropriate proliferation of
normal cells. Of note, we along with others have noticed some
p53 activation in EBV-immortalized LCLs (10, 32). It is agreed
that proliferation of BL tumor cells requires secondary genetic
and epigenetic alterations in the p53 tumor suppressor path-
way (34). But such genetic alterations are rare in EBV-related
PTLDs (43) and nearly absent in LCLs despite years of con-
tinuous culture. Reciprocally, acquisition of the growth pattern
and phenotype of BL cells by c-Myc overexpression requires
that the EBV latency III proliferation program be extinguished
in vitro (41, 44) and in vivo (22, 23, 58). This is in line with the
finding that c-Myc downregulates NF-�B (47, 52, 57). We have
established the expression profiles of both c-Myc-dependent
and EBNA2-dependent latency III proliferation programs us-
ing BL cell lines, LCLs, and primary B-cell model systems in
which the viral proliferation program and an introduced c-myc
gene can be switched on and off by estrogen and tetracycline,
respectively (41, 44, 48, 49). Studying both the interferon and
NF-�B response genes led us to show that c-Myc overexpres-
sion in BL tumor cells may directly contribute to immune
escape through repression of the interferon response (48). This
biological feature of the c-Myc proliferation program would be
incompatible with the immunological status of EBV latency III
proliferating cells (40). Thus, so far, c-Myc-driven latency I and
EBNA2-driven latency III proliferation programs seem to be
incompatible, and a direct role of c-Myc in proliferation of
EBV-immortalized B cells has not been formerly demon-
strated.

Here, we raise the question whether the EBV-driven prolif-
eration program of latency III is related to the c-Myc prolif-
eration program. To address this question, we have now com-
pared the whole expression profile of both programs with that
of resting B cells that have been arrested by switching off
EBNA2 in conditionally immortalized B cells.

MATERIALS AND METHODS

Cellular models. The following cellular models have been used for the
EBNA2-dependent EBV latency III program: LCLs PRI, TSOC, OUL, RUD,
1602, 1.11, 1.13, and 1.25. The EBV-positive EREB2-5 cell line with an EBNA2-
estrogen chimeric receptor (function of EBNA2 inducible by estrogen) was
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cultured in the absence of estrogen for 48 h (0 h; resting cells) and treated with
estrogen for 1, 2, 3, 6, and 8 h and continuously (24).

EBV-negative BL41 and EBV-positive latency I BL cell lines Akata, Mukira,
BL29, Elijah, the BL-like A1 cell line (derived from the EREB2-5 cell line
transfected with an Ig�-c-myc minilocus construct and deprived of estrogen), and
P493-6 cells (an EREB2-5-derivative cell line transfected with a Tet-off-inducible
c-myc vector grown continuously in the absence of estrogen and tetracycline)
served as cellular models for the c-Myc program (42). P493-6 cells were also
included in the c-myc-off state (0 h; cultured in the presence of 1 �g/ml tetra-
cycline [Sigma-Aldrich]) and were used 8 h after tetracycline was washed out
(reinduction of c-myc).

All cell lines were cultured in RPMI 1640 medium (Gibco BRL-Life Tech-
nologies, Cergy-Pontoise, France) supplemented with 10% decomplemented
fetal calf serum (D. Dutscher, Biotech GmbH), 100 U/ml penicillin, 100 �g/ml
streptomycin, and 2 mM L-glutamine (Gibco BRL-Life Technologies) at 37°C in
a humidified 5% CO2 atmosphere. EREB2-5 cells were grown in the presence of
1 �M estradiol (Sigma-Aldrich, St Louis, MO). P493-6 cells were grown contin-
uously in the absence of estrogen and tetracycline (Sigma-Aldrich) (24, 42).

RNA isolation and cDNA microarray screening. RNAs were extracted from
each cell line and in each cell condition as well as from a lymphopool of reference
using the Trizol reagent (Invitrogen) (1). Hybridizations were performed as
described previously (1). Briefly, after reverse transcription, amplification of
cDNAs was associated with Cy5 labeling for each cell condition and with Cy3
labeling of the cDNAs from the lymphopool reference. Cy5-labeled cDNAs of
each condition were cohybridized with Cy3-labeled cDNAs of the lymphopool on
a Lymphochip cDNA array as described previously (1). For each condition and
for each gene, the specific signal was defined as the Cy5/Cy3 ratio.

Statistical analysis of DNA microarrays. We have previously reported the
expression profile of 66 genes (48) out of the 12,069 of the Lymphochip DNA
microarray (1). Here, we have analyzed the whole gene expression profile. For each
gene, the Cy5/Cy3 ratio of the condition studied and the Cy5/Cy3 ratio of the
EREB2-5 cells deprived of estrogen (resting cells) were calculated and corre-
sponded to the level of induction or repression of a given gene from the resting to
the proliferative state. Then, a first filtering step was applied, consisting in the
selection of the genes for which at least one condition exhibits at least fourfold
induction or repression. The second filtering step consisted in eliminating all the
inconsistent duplicates. The result was the selection of 897 genes (Fig. 1).

Statistical analysis was done by combining the techniques of hierarchical cluster-
ing, K-mean clustering, and principal component analysis using the Cluster and
Treeview programs after formatting the tables with the Excel software. The 897
genes were partitioned by K-mean clustering so that the number of genes was above
15 in each group. The resulting number of groups obtained was 18 (G1 to G18). All
pairs of groups for which Pearson’s correlation coefficient was over 0.9 were merged.
Then, the closest groups were merged 2 by 2 according to their proximity by hier-
archical clustering and principal component analysis of the mean vectors. This was
repeated until maximization of the absolute value of �2 (13). The final resulting
number of classes was 10 (C1 to C10). Functional annotation of genes was per-
formed manually after consulting the following sites: http://www.ncbi.nlm.nih.gov
/sites/entrez (OMIM section), http://www.genenames.org/cgi-bin/hgnc_search.pl,
http://www.myccancergene.org (c-Myc target genes), and http://people.bu.edu
/gilmore/nf-kb/index.html (NF-�B target genes).

Nylon filter arrays analysis. Nylon filter arrays were designed that represent
2,253 human genes. The genes were selected for being involved in tumor pro-
cessing, cell cycle, and apoptosis. The filters contain oligonucleotides (60 bp) that
are identical with a sequence within the 3� prime end of the corresponding
mRNA [approximately 0- to 1,000-bp distance from the poly(A) site]. Each
oligonucleotide was spotted twice on the filter array. In addition, 10 Escherichia
coli sequences and 10 randomly selected antisense sequences from spotted genes
were added as negative controls.

P493-6 cells proliferating in the absence of tetracycline were treated with
different concentrations of tetracycline ranging from 0 to 8 ng/ml for 48 h and
with 100 ng/ml for full c-Myc repression. RNA and protein were prepared by
standard methods (48).

The labeling, hybridization, scanning, and data processing procedures were
performed as described earlier (35). In brief, a standard reverse transcription
reaction was performed using 4 �g of total RNA in the presence of 50 �Ci of
[�-33P]dCTP (3,000 Ci/mmol; Perkin Elmer Life Sciences, MA) and an
oligo(dT)20 primer. The hybridization temperature was 40°C.

To ensure the highest data reliability, we produced 18 data points in total per
gene, and the average was calculated from all 18 data points. Total RNA from
three independent experiments was prepared from cells at each c-Myc level. The
RNA samples were labeled individually, and each sample was hybridized with
three filters. We differentiated between significance of expression, which deter-

FIG. 1. Hierarchical clustering of the 897 genes selected. Dupli-
cates were eliminated by selection of the sequence corresponding to
the median of all the sequences of the same gene. Then, filtering
was performed by selection of genes with at least a fourfold change
in at least one of the cell conditions compared to estrogen deprived
EREB2-5 cells as a model of resting G1 B cells (EREB2-5 cells at
0 h in the absence of EBNA2). Culture conditions are given at the
top of the panel and indicate the cell line, number of hours of
treatment (cont, continuously), and the presence (�) or absence
(�) of EBNA2 and/or c-Myc. Expression levels are shown in red
(induced) and green (repressed) relative to the expression level of
arrested EREB2-5 cells. Representative genes of an expression
profile cluster are indicated on the right-hand side. MHC, major
histocompatibility complex.
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mines whether a signal on the filter is significantly above the background, and
significance of differential expression, which indicates whether expression of a
gene is different in two samples. The expression data of two different probes were
analyzed by means of a two-tailed t test for independent samples (P � 0.05) (35).

c-Myc-responsive genes were determined by pairwise comparisons of expres-
sion values at each c-Myc level with the expression values of the reference sample
c-Myc-off (100 ng/ml tetracycline). Genes that were defined as c-Myc-responsive
had to fulfill the following criteria: (i) significance of differential expression at
least for the comparison of c-Myc-off versus c-Myc-on (without tetracycline), (ii)
at least a twofold change in expression between c-Myc-off and c-Myc-on, and (iii)
significance of expression at least in the c-Myc-on or c-Myc-off samples for
c-Myc-induced and c-Myc-repressed genes, respectively.

Plasmid constructs. The pRT-1 inducible vector was derived from the previ-
ously described CKR516 vector (12) in which the E�-Rous sarcoma virus pro-
moter was replaced by an E�-chicken-beta-actin promoter. The EBNA1 gene
was added to maintain episomal replication of the vector also in EBV-negative
cells. The enhanced green fluorescent protein marker was replaced by an inactive
truncated version of never growth factor receptor (NGFR) lacking the cytoplas-
mic domain (NGFR-t). The bidirectional tetracycline-inducible promoter drives
the expression of both NGFR-t and the cDNA of interest. A complete descrip-
tion of these vectors is given elsewhere (4). The cDNA coding for hemagglutinin
(HA)-tagged dominant-negative mutants of c-Myc and Max described previously
(17), named �c-Myc and Max�BR, respectively, were cloned into the SfiI sites.

Transfection and cell sorting. Stable transfection of LCL PRI and hygromycin
selection (Calbiochem) were performed as described previously (3, 12). Induc-
tion was stable after 4 weeks of selection. After a 24-h treatment with 1 �g/ml
doxycycline (Sigma-Aldrich, Saint-Louis, MO), the cells became NGFR-t posi-
tive, with transfection rates varying from 60 to 90%. The NGFR-t-expressing
cells were purified following the manufacturer’s protocol (MACs microbeads;
Miltenyi Biotech, Auburn, CA). Briefly, viable cells were isolated by Ficoll-Paque
Plus density gradient centrifugation (Eurobio, Les Ulis, France) and divided into
two batches, one treated with 1 �g/ml doxycycline for 24 h and one without
doxycycline. Both batches were then submitted in parallel to cell purification.
Incubation was performed for 30 min with 1 �g of monoclonal antibody (MAb)
anti-NGFR (BD Pharmingen, San Diego, CA) for 106 doxycycline-treated cells
or without primary antibody for untreated cells. Cell separation was performed
with 20 �l of goat anti-mouse immunoglobulin G (IgG) magnetic beads (Miltenyi
Biotech, Bergisch Gladbach, Germany) for 107 cells. For immunoblotting anal-
ysis, purified cells (5 	 106 cells) were lysed in 100 �l of blue Laemmli lysis buffer
(Bio-Rad, Hercules, CA) and 5% 
-mercaptoethanol (Bio-Rad), and then the
lysates were sonicated. For flow cytometry analysis, purified cells were resus-
pended at 106 cells/ml. For proliferation assays, cells were plated in 96-well plates
(1.5 	 104/well) in medium containing 10% fetal calf serum. During 4 days,
proliferation rates were obtained using a CellTiter 96 AQueous One Solution
cell proliferation assay (Promega, France).

Immunoblotting analysis. Immunoblotting was performed as described else-
where (32). After the lysate was cleared, proteins were separated by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitro-
cellulose membranes (Schleicher & Schuell, Dassel, Germany) for probing with
mouse anti-HA tag (clone 6E2; 1/1,000 dilution; Cell Signaling Technology, CA)
and anti-c-Myc (clone 9E10; 1/200 dilution; Santa Cruz Biotechnology, Beverly,
MA) MAbs and anti-histone H3 rabbit polyclonal antibody (1/2,000 dilution;
Cell Signaling Technology). Specifically bound antibodies were detected with a
1/5,000 dilution of peroxidase-conjugated goat anti-mouse or goat anti-rabbit
IgG (Dako, Trapes, France) and visualized with an enhanced chemiluminescence
detection system (Amersham, Orsay, France).

Growth inhibition assay. The LCL PRI, TSOC, OUL, RUD, 1602, 1.25, and
EREB2-5 cells were treated with the c-Myc chemical inhibitor 10058-F4 [(Z,E)-
5-(4-ethylbenzylidine)-2-thioxothiazolidin-4-one] (Calbiochem, La Jolla, CA) at
concentrations ranging between 15 and 120 �M. The concentration of the in-
hibitor that resulted in 50% growth inhibition (GI50) was calculated by linear
regression analysis with a linear correlation coefficient, r2, of �0.9. During time
course experiments, cell growth was evaluated each 24 h in 96-well plates (1.5 	
105 cells/ml) using a CellTiter 96 AQueous One Solution cell proliferation assay
(Promega).

Apoptosis analysis by flow cytometry. Cells were doubly stained with annexin
V-fluorescein isothiocyanate (FITC) (BD Pharmingen) and propidium iodide
(PI; Sigma-Aldrich) in cold phosphate-buffered saline (PBS)-CaCl2-MgCl2 (In-
vitrogen, Cergy-Pontoise, France) as described previously (3) and analyzed by a
FACSCalibur cytometer (BD Pharmingen).

Analysis of DNA synthesis by a BrdU pulse-labeling technique. Exponentially
growing cells (2	106) were pulse labeled with 18 �g/ml bromodeoxyuridine
(BrdU; Sigma-Aldrich) for 3 h, washed with PBS, and fixed with 50% ice-cold

ethanol for 30 min. Cells were then incubated for 30 additional minutes with 2 N
HCl to partially denature the DNA, then washed, and resuspended in PBS–1%
bovine serum albumin–0.5% Tween 20 solution. Incorporated BrdU was stained
with 20 �l of FITC-conjugated anti-BrdU mouse MAb (BD Pharmingen) for 30
min at room temperature. Samples were then washed in PBS–1% bovine serum
albumin–0.5% Tween 20 solution and resuspended in PBS containing 50 �g/ml
PI. Bivariate distributions of BrdU amounts (FITC) versus DNA content (PI)
were analyzed by a FACSCalibur cytometer (BD Pharmingen). Of note, treat-
ment of cells with the 10058-F4 compound resulted in an autofluorescence
increase. Therefore, the regions defining the G0/G1, S, and G2/M phases were set
up in the valleys separating the different phases of the cell cycle.

RESULTS

Classification of genes induced in EBV latency III and/or
c-Myc-driven proliferation programs. For this study, we ex-
ploited our inducible cellular models to compare the EBV
latency III- and the c-Myc-driven proliferation programs. In
the EREB2-5 cell line, latency III proliferation is governed by
an estrogen-inducible EBNA2-estrogen receptor fusion pro-
tein that can be reversibly switched on and off by the addition
or withdrawal of estrogen (24). The cell line P493-6 is derived
from EREB2-5 cells transfected with a Tet-off- inducible c-myc
vector and is thus doubly inducible for c-Myc and EBNA2. In
other words, this cellular model can be induced to proliferate
either by induction of the c-Myc or the EBNA2 latency III
proliferation program (42, 44). Taking advantage of this dou-
bly inducible cell system, we additionally studied P493-6 cells in
the c-myc-off/EBNA2-on condition (i.e., in the presence of
both tetracycline and estrogen) as an additional model for
EBV latency III-driven proliferation. The cell line A1 has been
generated by introducing an Ig�-c-myc minilocus into
EREB2-5 cells. It proliferates in the absence of estrogen and
recapitulates features of a BL cell with t(2;8) translocation. To
consolidate the results obtained with the EREB2-5-derived
cell model systems, we used three classical LCLs (1.11, 1.13,
and 1.25) and four EBV-positive latency I BL cell lines (Elijah,
Mukira, BL29, and Akata) as cellular models for constitutive
EBV latency III- and c-Myc-driven proliferation (latency I),
respectively. As EREB2-5 cells enter a resting state after es-
trogen withdrawal, the transcriptome of cells proliferating ei-
ther on an EBV-driven or a c-Myc-driven proliferation pro-
gram was compared to the one of estrogen-deprived EREB2-5
cells.

A total of 897 genes were at least fourfold induced or re-
pressed in at least one of the conditions, EBV latency III-
and/or c-Myc-driven proliferating cells. Hierarchical clustering
of the 897 differentially expressed selected genes in proliferat-
ing cells, compared to resting EREB2-5 cells, gave rise to four
main branches (Fig. 1). Two branches corresponded to genes
that were upregulated (337 genes) and downregulated (243
genes) in both proliferation programs, one branch to genes
that were repressed predominantly in c-Myc-driven proliferat-
ing cells (211 genes), and one branch to genes induced in EBV
latency III proliferating cells only (106 genes). Thus, hierar-
chical clustering confirmed that the majority of differentially
expressed genes (580 out of 897 genes) were regulated in a
similar manner in both categories of proliferating cells.

To find out the different classes of coregulated genes in
proliferating cells, we combined K-mean clustering, hierarchi-
cal clustering, and principal component analysis using cluster
analysis software (1). For K-mean clustering, the maximum
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number of groups was set up in order to get at least 15 genes
in each group. With this criterion, K-mean clustering analysis
suggested the existence of 18 different groups, named G1 to
G18 (Fig. 2A). Each group was then taken as a metagene,
corresponding to the mean expression of the genes of the
group. Clustering and principal component analysis of these 18
metagenes showed that the distance between some of these
metagenes was very small. We then merged step by step and
two by two the closest metagenes. In order to select which pair
of metagenes to merge, we used the �2 maximization test as a
criterion for maximization of the dispersion (13). This led us to
generate 10 different classes, C1 to C10, from the 18 original
groups, with each class having a specific expression profile (Fig.
2B). Functional analysis of these classes showed that, except
for class C4 (19 genes), all classes of genes were characterized

by a specific over- or underrepresentation of genes belonging
to specific functional groups (Fig. 3 and Table 1). The detailed
list of most significant genes in each class is given in the sup-
plemental material.

Commonly regulated genes in both EBV latency III- and
c-Myc-driven proliferation programs are shared in three
classes corresponding to 74% of differentially expressed genes.
Classes C1 and C2 harbored 134 and 271 genes, respectively
(Fig. 3; see also Fig. S1 and S2 in the supplemental material).
These two classes identify genes that were downregulated in
cells driven by both the c-Myc- and the EBV latency III-driven
proliferation programs during the transition from the resting
to the proliferating state. Expression of genes of class C1 was
moderately repressed in a similar fashion in both proliferation
programs (Table 1). Among genes belonging to class C1, there

FIG. 2. Results of the first step of K-mean clustering. The 897 selected genes were initially divided in 18 groups, G1 to G18, using the K-mean
clustering method. The K-mean groups for which the Pearson correlation coefficient was above 0.9 were aggregated 2 by 2. Then, the closest groups
were aggregated 2 by 2 either after hierarchical clustering or principal component analysis. The choice between both methods was given by the
maximum increase of absolute value of �2. This was repeated until the maximum of the �2 value was obtained. Proximity of the groups was
graphically visualized by hierarchical clustering and principal component analysis. (A) Hierarchical clustering (upper panel) and principal
component analysis (lower panel) of the 18 groups G1 to G18. (B) Hierarchical clustering (upper panel) and principal component analysis (lower
panel) of the 10 merged classes (C1 to C10). Culture conditions are given at the tops of the panels and indicate the cell line, number of hours of
treatment (cont, continuously), and the presence (�) or absence (�) of EBNA2 and/or c-Myc.
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FIG. 3. Expression profile of the 10 K-mean classes. Each K-mean class of Fig. 2B was clustered in a hierarchical manner. The expression profile
was obtained with the Treeview program. Overrepresented functions are annotated on the left. Some putatively interesting genes are annotated
on the right. The merged classes and the number of genes are indicated in red. 3R, genes involved in DNA replication, repair, and/or
recombination. Culture conditions are given at the top of the panel and indicate the cell line, number of hours of treatment (cont, continuously),
and the presence (�) or absence (�) of EBNA2 and/or c-Myc. MHC, major histocompatibility complex.
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are genes of the Ras pathway (rab35 and ras-gap), tgfb, genes of
BCR signaling, and pax5. Expression of class C2 genes was
markedly decreased in c-Myc-driven proliferating cells and
moderately decreased in EBV latency III-driven proliferating
cells. These genes would appear to be overexpressed in EBV
latency III-driven proliferating cells compared to c-Myc-driven
proliferating cells only and not to arrested cells (Table 1).
Among genes belonging to class C2, there are various genes of
the interferon response such as ifi16, ifi54, ifi56, stat1, stat3,
stat6, mxA, and oas1. Additionally, genes involved in apoptosis
as well as in major histocompatibility complex regulation were
found in this class.

Class C6 of 256 genes clearly corresponds to the prolifera-
tion program of the cells (Fig. 3; see also Fig. S5 in the sup-
plemental material). This class contains genes induced in both
the EBV latency III and the c-Myc proliferation programs
(Table 1). It contains all of the repair, recombination, and
replication genes including pcna, mki67, genes of the cyclins,
e2f factors, dna polymerases, the brca1 gene, and the c-myc
gene itself, as well as genes involved in RNA synthesis and
chromosomal maintenance. In keeping with the high prolifer-
ation rate of BL cells compared to LCLs, genes of this class
were more highly expressed in c-Myc than in EBV latency III
proliferating cells (Table 1).

Altogether, comparison of the transcriptomes of cells driven
into proliferation by either c-Myc or EBV shows that classes
C1, C2, and C6 comprising 661 genes (74%) were similarly
induced or repressed in both c-Myc and EBV latency III pro-
liferation programs. These similarities between both prolifer-
ation programs led to the hypothesis that c-Myc could be one
of the main active transcription factors not only in BL latency
I cells but also in EBV latency III proliferating cells.

Few genes are specifically regulated in c-Myc proliferating
cells. Class C3 of 26 genes corresponds to genes specifically
repressed in the c-Myc program (Fig. 3 and Table 1; see also
Fig. S3 in the supplemental material). Genes coding for cyto-
kine receptors were overrepresented in this class, including
interferon type I and II receptors and extracellular matrix
proteins. Class C5 of 32 genes corresponds to genes specifically
upregulated in the c-Myc program and includes genes control-
ling B-cell differentiation and some oncogenes such as tcl1a
(Fig. 3; see also Fig. S4 in the supplemental material).

Genes specifically upregulated in proliferating cells in EBV
latency III point to the transcription factor NF-�B. Classes C7,
C8, and C9 harbored genes induced in EBV latency III pro-
liferating cells. Class C7 contains 23 genes specifically upregu-
lated in EBV latency III and upregulated to a lesser and vari-
able extent in BL, A1, and P493-6 cells driven by c-Myc. These
include the EBV genes bhrf1, ebna1, bzlf1, and lmp2a, as well
as the chemokine genes mip-1-a and mip-1-b (Fig. 3; see also
Fig. S6 in the supplemental material). Because the Lympho-
chip was not designed for the analysis of viral gene expression
and most viral genes were only sparsely represented on the
chip, expression of viral genes was validated by an independent
method using immunoblotting and/or quantitative reverse
transcription-PCR analysis (see Fig. S10 in the supplemental
material).

Class C8 consists of 44 genes, and class C9 consists of 72
genes; these genes are upregulated in the EBV latency III
program and are unaffected (class C8) or downregulated in
cells driven into proliferation by c-Myc (class C9) (Table 1 and
Fig. 3; see also Fig. S7 and S8 in the supplemental material).
These classes include the lmp1 gene from EBV; genes coding
for NF-�B subunits and I�B proteins such as nfkb1, nfkb2, relB,
c-rel, nfkbia, and nfkbie; genes coding for cytokines such as il1b;
genes involved in intracellular signal transduction; antiapop-
totic genes such as c-iap2, c-flip, bcl2a1, bcl2, bcl-xL, and a20 as
well as cd95; genes involved in the intercellular communication
such as adhesion molecules like CD48, CD54, CD58, CD82,
and H-cadherin; and some transcription factors such as
STAT5�, JunB, and GATA3. Class C9 also includes genes
involved in plasma cell differentiation such as irf4 and cd138.
Class C10 consists of 20 genes that are weakly induced or
unaffected by the EBV latency III program and are repressed
in BL, A1, and P493-6 cells driven by c-Myc. Some of these
appear to be particularly strongly repressed in A1 cells, a cell
line characterized by particularly high c-Myc expression levels.
These include some interferon response genes and genes cod-
ing for tyrosine kinases such as Lyn and Fgr (Fig. 3; see also
Fig. S9 in the supplemental material).

Altogether, 159 genes (18%) corresponding to classes C7,
C8, C9, and C10 were induced specifically in EBV latency III
proliferating cells; many of these code for immunoregulatory
and/or antiapoptotic molecules and are targets of NF-�B.

TABLE 1. Mean variation tendency of classes and corresponding
functional categories of genes regulated in both c-Myc and EBV

latency III proliferating cells compared to resting cells

Class of
genes Main functional categories

Mean change in expression
(n-fold) ina:

c-Myc
proliferation

program

EBV latency III
proliferation

program

C1 Oncogenes/cancer n �1.9 n �2.4
Signaling/cytokines
Immunoglobulin

C2 Apoptosis nn �3.3 n �1.8
Interferon response
Surface receptors
MHC

C3 Extracellular matrix nn �5.1 3 �1.1
Receptors

C5 B-cell lineage markers mm 5.6 3 1.3
Oncogenes

C6 3Rb mm 2.9 m 2.2
RNA synthesis

C7 Cytokines m 2.2 mm 3.1
EBV

C8 Cytokines 3 1.2 mm 2.8
NF-�B
Signaling

C9 Plasma cell differentiation n �2.1 m 1.9
Extracellular

communication
NF-�B
Signaling
Transcription factors
Apoptosis

C10 Interferon targets n �1.6 3 1.3
Kinases/signaling

a Arrows indicate the tendency in the mean change in expression levels as
follows: 3, �1.5- to 1.5-fold; n, �2.5- to �1.5-fold; m, 1.5- to 2.5-fold; nn,
less than �2.5-fold; mm, �2.5-fold.

b 3R, genes involved in DNA replication, repair, and/or recombination.
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Validation of c-Myc targets genes identified on the Lympho-
chip. Some of the putative c-Myc targets identified on the
Lymphochip were validated by an independent experimental
approach as genes transcriptionally regulated by this transcrip-
tion factor (35). To this end, proliferating P493-6 cells were
incubated with increasing doses of tetracycline for 48 h. RNA
was isolated, reverse transcribed, radioactively labeled, and
subjected to nylon filter hybridization. The filter arrays repre-
sented 2,253 human genes related to cancer. As shown in Fig.
4, there was a strict negative or positive correlation between
expression of the gene of interest and the tetracycline concen-
tration that correlated inversely with c-Myc expression (48).
All the genes in common between the Lymphochip and the
filter arrays were indeed identified as positive or negative c-
Myc target genes, pointing to the high reliability of the Lym-
phochip expression data.

c-Myc activity is required for proliferation of EBV latency
III proliferating cells. Transcriptome analysis showed that
about 92% of induced genes in EBV latency III proliferating
cells during the switch from quiescence to continuous prolif-
eration were likely to be related directly or indirectly to c-Myc
and NF-�B, suggesting that they act synergistically to impose
the EBV-induced proliferation program of latency III. LMP1-
mediated constitutive activation of NF-�B is a well-known
feature of LCLs (38, 39) and is instrumental in making the cells
highly immunogenic and in protecting them from apoptosis (6,
7, 12, 32). On the other hand, c-Myc has been shown to an-
tagonize the action of NF-�B, rendering the cells nonimmu-
nogenic and highly susceptible for induction of apoptosis (48,
50, 52, 57). At least in the pathogenesis of BL, it appears that
c-Myc and NF-�B are incompatible (22, 23, 42). Given that
c-Myc and NF-�B act antagonistically, that NF-�B may also
exert proliferative effects (46), and that c-Myc may be dispens-
able for proliferation (36), we attempted to formally address
the role of c-Myc in proliferation of LCLs.

In a first step, we studied the action of the c-Myc chemical
inhibitor 10058-F4 compound (36) on cell growth and apopto-
sis of LCLs. As shown on Fig. 5A, all LCLs tested, including

FIG. 4. Validation of c-Myc-regulated target genes identified on
the Lymphochip cDNA array (C6 and C2) by nylon filter hybridization.
(A) Six individual genes (bub1, cenpf, ccnb1, plk1, pcna, and aurkb) of
C6 and four individual genes (stat1, il10ra, hla-dra, and jak2) of C2
were selected as representative genes present on the Lymphochip and
on nylon filters. Culture conditions are given at the top of the panel
and indicate the cell line, number of hours of treatment (cont, contin-
uously), and the presence (�) or absence (�) of EBNA2 and/or c-Myc.
(B and C) RNAs were isolated from P493-6 cells treated with different
concentrations of tetracycline (0 to 8 ng/ml and 100 ng/ml), reverse
transcribed into 33P-labeled cDNA, and hybridized to the filters. The
expression was quantified, and the expression levels of the selected
genes at the highest tetracycline concentration (100 ng/ml) were set to
1. The relative change is presented as a function of tetracycline con-
centration corresponding inversely to the c-Myc concentration. The
expression levels of positively regulated and negatively regulated c-
Myc targets are shown in panels B and C, respectively. (D) The relative
change is presented as a function of tetracycline concentration corre-
sponding inversely to the c-Myc protein concentration as revealed by
immunoblotting. A clear dose response of the expression of the se-
lected genes to different tetracycline concentrations indicates that the
genes are regulated directly or indirectly by c-Myc.
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FIG. 5. Effect of a synthetic c-Myc inhibitor on proliferation of LCL cells. (A) Both EBV-negative BL41 cells and the LCLs TSOC, OUL, EREB2-5, RUD,
1602, PRI, and 1.25 were treated for 48 h with increasing concentrations (15 to 120 �M) of the synthetic inhibitor 10058-F4. At day 0, 1.5 	 104 untreated and
treated cells were seeded into wells of 96-wells plates. The relative proliferation rate was assayed using a colorimetric method as described in Materials and
Methods. (B) The LCL PRI (upper panel) and 1.25 (lower panel) cells at 1.5 	 104 cells/ml were treated for 48 h with 30 �M and 70 �M 10058-F4 leading to
20% and 80% inhibition of proliferation, respectively. The G0/G1 and S phases of the cell cycle were assayed by flow cytometry after BrdU incorporation (FITC)
and PI staining of DNA content. Apoptosis was assayed by measuring percentages of cells with a decreased DNA content (sub-G1 cells) and having externalized
phosphatidylserines (annexin V-positive and PI-negative cells). The dead cells represent apoptotic (annexin V-positive and PI-negative cells) plus necrotic cells
(PI-positive cells). Similar results were obtained with the EREB2-5 cells (data not shown). Error bars indicate standard error from the mean from three
independent sets of experiments. A significant difference with a P value of �0.05 (�) or �0.01 (��) compared to untreated control cells using a Student’s t test
is indicated. (C) A typical flow cytometry result of the effect of the synthetic c-Myc inhibitor 10058-F4 on proliferation and cell death of LCL 1.25 cells.
BrdU-FITC/PI biparametric graphs are shown in the top panels (the different regions were set up in the valleys separating each phase of the cell cycle because
of an increase in autofluorescence after treatment of cells with 10058-F4). Middle panels show a sub-G1 peak assay. Lower panels are annexin V-FITC/PI
biparametric graphs. Concentrations of 10058-F4 are indicated at the top of the set of graphs, and informative percentages are indicated in each graph. OD,
optical density.
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EREB2-5 and 1.25 cells, were similarly sensitive to the
10058-F4 compound in a dose-dependent manner relative to
the proliferation rate. At 48 h of treatment, the various GI50

values for LCLs ranged from 43 to 59 �M except for 1602 cells,
with a GI50 of 92 �M. As a positive control for cells driven into
proliferation by c-Myc, the EBV-negative BL cell line BL41
was used and showed similar growth inhibition, with a GI50 of
45 �M. Treatment with 10058-F4 resulted in a dose-dependent
S-phase arrest leading to accumulation of cells in G0/G1 (Fig.
5B and C). Part of the cells died either by apoptosis (annexin
V-positive cells) or by necrosis (PI-positive and annexin V-
negative cells) (Fig. 5C). To confirm the results obtained with
the chemical inhibitor, we cloned two dominant-negative mu-
tants of c-Myc/Max complex, �c-Myc and Max�Br, in the
pRT-1 vector (a vector harboring the bidirectional tetracy-
cline-inducible promoter that drives the expression of both

NGFR-t and the cDNA of interest) (4) and stably transfected
this construct into the LCL PRI. After doxycycline treatment,
NGFR-t-positive cells were sorted and compared to NGFR-t-
negative control cells with respect to their proliferation rate.
Induction of the expression of both �c-Myc and Max�Br pro-
teins resulted in a prolonged arrest of proliferation in cells
transfected with �c-Myc and a significant and prolonged de-
crease of proliferation rate in cells transfected with Max�Br
(Fig. 6A and B). This effect was associated with an increase in
cell death in both �c-Myc- and Max�Br-transfected PRI LCL
cells (Fig. 6C). Therefore, results of both chemical and func-
tional inhibition experiments indicate that c-Myc is necessary
for proliferation of cells in EBV latency III. The data indicate
that LCLs are very sensitive to c-Myc repression and cell cycle
arrest and readily die by apoptosis or necrosis rather than
entering a long-lasting resting state.

FIG. 6. Effect of functional repression of c-Myc on proliferation of LCL cells. PRI-LCL was stably transfected with the inducible vector pRT-1
which contains cDNA coding for dominant-negative mutants of c-Myc or Max, named �c-Myc and Max�BR, respectively. After 24 h (day 0) of
doxycycline induction, the NGFR-t-expressing cells were purified by cell sorting. (A) At day 0, 1.5 	 104 untreated cells (�Doxycycline) and
doxycycline treated cells (�Doxycycline) were seeded into wells of 96-wells plates. The following days, the number of viable cells was measured
using a colorimetric method as described in Materials and Methods. Cells were harvested, and whole-cell extracts were subjected to immuno-
blotting analysis with anti-HA tag and anti-histone H3 antibodies. (B) At day 2, cells were pulse labeled with BrdU for the last 3 h, fixed, and
stained with FITC-conjugated anti-BrdU mouse MAb and PI. BrdU uptake (FITC) versus DNA content (PI) was evaluated by flow cytometry.
Representative density plots are shown. PI and FITC fluorescence intensities are plotted on the x and y axes, respectively. (C) At day 2, cells were
doubly stained with annexin V-FITC and PI and then analyzed by flow cytometry. FITC and PI fluorescence intensities are plotted on the x and
y axes, respectively. Informative percentages are indicated in each graph. Representative density plots are shown. OD, optical density.
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DISCUSSION

We have addressed the question whether and how the EBV
latency III proliferation program is related to the c-Myc pro-
liferation program. To this end, we have analyzed the expres-
sion profiles of EREB2-5 cells, a conditional cell line with an
estrogen-regulatable EBNA2-estrogen receptor fusion protein,
two derivative cell lines harboring additionally either a consti-
tutively active (A1 cells) or a tetracycline-regulatable (P493-6
cells) c-myc gene and BL and LCL lines. As a reference, we
took EREB2-5 cells that were arrested by withdrawal of estro-
gen and compared the expression profiles of cells in c-Myc-
driven and EBV latency III-driven proliferation programs to
that of arrested EREB2-5 cells in order to identify genes in-
duced and repressed during the switch from the resting to the
proliferating state. Genes were filtered to allow us to select
only those that were at least fourfold changed in at least one
condition. Using this filter, we found 897 genes putatively reg-
ulated at a high level among approximately 12,000 targets,
corresponding to 7.5% of tested genes with this cDNA array. It
is of note that, using these criteria, we obtained classes of genes
with a mean relative change of at least 1.5-fold in at least one
of the two proliferating programs (see Results) (Table 1); this
ratio of relative change is often considered as the minimal
significant threshold ratio. Combining K-mean clustering, hi-
erarchical clustering, and principal component analysis and
searching to maximize the dispersion as a criterion to define
the optimum number of classes, we identified 10 classes of
genes, called C1 to C10.

With the cDNA array technology, expression of numerous
genes can be quantified in one step, giving rise to a molecular
portrait of a biological system and/or pointing to key transcrip-
tional regulators (11). In our case, the two obvious key regu-
lators were c-Myc and NF-�B. However, as recently noted by
Koltai and Weingarten-Baror (28), we have to keep in mind
that for some genes discrepancies may exist between cDNA
array results and results from other techniques and that not all
probes of cDNA arrays are reliably specific, and some cross-
reactivity may occur. This means that results obtained from
cDNA arrays have to be validated for each individual gene by
another technique, especially if the gene belongs to a small
class. We found two small classes of genes, C5 (32 genes) and
C7 (23 genes). A selected set of positive and negative c-Myc
target genes has been independently confirmed by filter hy-
bridization (Fig. 4).

Class C5, was specifically expressed in cells driven into pro-
liferation by c-Myc. This included P493-6 cells with c-Myc in
the off state. Apparently, the Tet07 promoter is leaky, which
results in a low level of c-Myc expression, even in the off
condition (reference 42 and unpublished results). These low
levels of c-Myc are sufficient to keep the cells alive and to drive
proliferation at a very low rate. Even if these results have to be
checked, it is interesting that the TCL1 oncogene, identified as
a cofactor in BL tumors (26, 53), was specifically expressed in
this class C5. This class also contains the glucose transporter
protein 5 and members of the immune receptor translocation-
associated protein family located on chromosome 1q21, a re-
gion that is frequently translocated in B-cell malignancies and
amplified in BL tumors (34).

The major advantage of cDNA arrays is the rapid screening

of numerous genes, allowing very quick elaboration of func-
tional hypotheses without any a priori assumptions. Strikingly,
we found that 74% of the genes for which induction or repres-
sion had been observed in one or both proliferation programs
were similarly induced or repressed in cells driven into prolif-
eration either by c-Myc or by the viral latency III gene expres-
sion program. In our experimental design, the BL cell lines
represent tumor cell lines that may have acquired genetic or
epigenetic changes in addition to the Ig/c-Myc translocation
that have been selected for in vivo. In contrast, A1 and P493-6
cells represent cells derived from normal B cells and driven
into proliferation merely by high c-Myc expression. It cannot,
of course, be excluded that these cells have also acquired
additional changes, but such changes, if they exist, have not
been selected for in vivo. Remarkably, the comparison of the
expression profiles of BL, A1, and P493-6 cells proliferating on
a c-Myc program did not provide evidence for significant dif-
ferences (data not shown). This underlines the notion that
c-Myc is the master transcription factor responsible for prolif-
eration of BL cell lines. c-Myc target genes were clearly sepa-
rated into two categories, with induced and repressed genes
defined in reference to the expression profile of arrested
EREB2-5 cells. c-Myc-induced genes were those involved in
proliferation, RNA and DNA synthesis, DNA repair, and
chromosome maintenance and segregation. c-Myc-repressed
genes were those involved in immune recognition and in the
interferon response. c-Myc targets have been reported by var-
ious groups including us (9, 20, 33, 49). Combined with func-
tional studies, our expression profiling approach of c-Myc-
regulated genes has identified two distinct functions of c-Myc,
induction of proliferation and impairment of immune recog-
nition of tumor cells by inhibition of the NF-�B and the inter-
feron responses (48). Indeed, the hallmark of the BL signature
compared to diffuse large B-cell lymphomas as revealed by
transcriptome analysis of fresh tumor specimens is the c-Myc
signature: upregulation of c-Myc target genes and downregu-
lation of genes involved in the NF-�B and interferon responses
(9, 20).

The fact that 74% of genes were similarly up- or downregu-
lated in cells driven into proliferation by either c-Myc or the
viral latency III expression program is an indication that the
transcriptional activity of c-Myc is also a determining factor of
the EBV latency III program. Of note, compared to resting
cells, the downregulation of interferon response genes was
much less pronounced in cells proliferating on an EBV latency
III than on a c-Myc program. This is most likely due to the
lower level of c-Myc expression in LCL than in BL cells (47)
and/or to induction of NF-�B in LCLs. If the expression pro-
files of only BL and LCL cells are compared, these genes
would thus appear to be overexpressed in LCLs relative to BL
cells.

We have previously reported that c-Myc is a direct target
gene of EBNA2 (21). This has recently been confirmed in
LCLs conditionally immortalized by recombinant virus encod-
ing a 4-hydroxytamoxifen-regulatable EBNA2-estrogen recep-
tor fusion protein (59). To our knowledge, the functional role
of c-Myc for regulation of proliferation and apoptosis of LCLs
has not been fully explored experimentally. An inhibitory effect
of the c-Myc chemical inhibitor 10058-F4 on cell proliferation
has been reported only on a single LCL (14). We have shown
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here that functional interference with c-Myc either by a chem-
ical c-Myc inhibitor or by overexpression of dominant-negative
versions of c-Myc or Max inhibited proliferation of all LCLs
tested. Cells were arrested in S phase and accumulated in
G0/G1 phase. Cell cycle arrest induced by inhibiting the func-
tion of c-Myc either by a chemical inhibitor or by dominant-
negative c-Myc or Max constructs was associated with induc-
tion of cell death, with about half of the cells exhibiting
features of apoptosis (annexin V positive and PI negative) and
the other half showing features of necrosis (annexin V positive
and PI positive).

Using the pRT-1 vector and doxycycline treatment, it was
not possible to extend the period of analysis to 96 h (12; also
data not shown) because long-term doxycycline treatment of
both �c-Myc- and Max�Br-transfected cells resulted in selec-
tion of doxycycline-insensitive cells, despite the fact that over
90% of the cell had died at day 4 (data not shown). In contrast,
long-term culture of LCLs with the 10058-F4 compound led to
complete cell death (data not shown). The specificity of the
c-Myc inhibitor 10058-F4 is underlined by the fact that it was
shown to affect the proliferation of c-Myc-overexpressing but
not of c-Myc-deficient rat fibroblasts (14, 36). Altogether, these
data provided evidence that c-Myc is absolutely required for
proliferation of EBV-immortalized B-cells.

The second group of important genes consists of those spe-
cifically induced in cells driven into proliferation by the EBV
latency III genes. These comprise 18% of differentially ex-
pressed genes and can be classified into two categories. Class
C8 consists of 44 genes that are unchanged in cells driven into
proliferation by c-Myc and induced in the viral latency III
program, the most prominent genes being the viral oncogene
EBNA2 and LMP1 that affect the expression of this whole class
of genes. Classes C9 and C10 correspond to genes repressed in
c-Myc and induced in EBV latency III proliferating cells. Re-
markably, most of these genes are LMP1 and NF-�B target
genes, and there is a high level of concordance with previously
published results (6, 10). These NF-�B target genes include
members of the TNF receptor family, TRAF/TRADD mole-
cules, genes protecting the cell from apoptosis, genes coding
for inflammatory cytokines and chemokines, and genes in-
volved in cellular adhesion and antigen presentation that im-
pose a highly immunogenic phenotype on EBV-infected cells.
Thus, regarding the overall importance of c-Myc and NF-�B
for the EBV latency III program, c-Myc as a downstream
target of EBNA2 as well as LMP1 (10) is quantitatively dom-
inating the expression profile of EBV latency III, yet LMP1 as
the critical activator of NF-�B is responsible for the dramatic
difference in the growth pattern and phenotype of cells driven
into proliferation by either c-Myc or the EBV latency III pro-
gram. Detailed analysis of the data indicates that NF-�B acti-
vation through LMP1 efficiently counteracts the transcriptional
repression of immunoregulatory genes that is imposed by c-
Myc alone. In this view, class C3 and the genes of class C2 that
are repressed during c-Myc-driven proliferation and are un-
changed or repressed to a much lesser extent in cells in EBV
latency III (including infgr1, jak3, infar2, and ccr7 in class C3
and the major histocompatibility complex class II and inter-
feron response genes in class C2) may be classified together
with class C8 and C9. Genes in classes C2 and C3 are repressed
by c-Myc to a similar extent as genes in classes C8 and C9 but

are induced to a much lesser extent by the viral latency III
genes.

Altogether, these results indicate that the growth program
of BL cells is mainly governed by one single master tran-
scriptional system that is c-Myc itself, supported by some
other oncogenes such as TCL1 as cofactors. In EBV-immor-
talized B cells the transition from quiescence to EBV la-
tency III-induced proliferation is governed by two main
master transcriptional systems, c-Myc and Rel/NF-�B. Dur-
ing EBV latency III-induced proliferation, induction of c-
Myc appears to be predominantly associated with induction
of proliferation, whereas induction of NF-�B would be re-
sponsible for protection from apoptosis, the inflammatory
response, and the immunogenicity of EBV-immortalized
cells and for partly counteracting c-Myc’s repression of the
interferon response.
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