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Suppression of the cellular apoptotic program by the oncogenic herpesvirus Epstein-Barr virus (EBV) is
central to both the establishment of latent infection and the development of EBV-associated malignancies. We
have previously shown that expression of the EBV latent membrane protein 1 (LMP1) in Burkitt’s lymphoma
cell lines leads to increased mRNA levels from the cellular antiapoptotic bfl-1 gene (also known as A1). Fur-
thermore, ectopic expression of Bfl-1 in an EBV-positive cell line exhibiting a latency type 1 infection protects
against apoptosis induced by growth factor deprivation (B. N. D’Souza, M. Rowe, and D. Walls, J. Virol.
74:6652–6658, 2000). We now report that LMP1 drives bfl-1 promoter activity through interactions with
components of the tumor necrosis factor receptor (TNFR)/CD40 signaling pathway. We present evidence that
this process is NF-�B dependent, involves the recruitment of TNFR-associated factor 2, and is mediated to a
greater extent by the carboxyl-terminal activating region 2 (CTAR2) relative to the CTAR1 domain of LMP1.
Activation of CD40 receptor also led to increased bfl-1 mRNA levels and an NF-�B-dependent increase in bfl-1
promoter activity in Burkitt’s lymphoma-derived cell lines. We have delineated a 95-bp region of the promoter
that functions as an LMP1-dependent transcriptional enhancer in this cellular context. This sequence contains
a novel NF-�B-like binding motif that is essential for transactivation of bfl-1 by LMP1, CD40, and the NF-�B
subunit protein p65. These findings highlight the role of LMP1 as a mediator of EBV-host cell interactions and
may indicate an important route by which it exerts its cellular growth transforming properties.

The Epstein-Barr virus (EBV) is a ubiquitous human her-
pesvirus that is associated with infectious mononucleosis and a
spectrum of malignant diseases including African endemic
Burkitt’s lymphoma (BL), anaplastic nasopharyngeal carci-
noma, Hodgkin’s disease, and lymphoproliferative disorders in
immunodeficient individuals (for reviews, see references 59
and 102). In vitro, EBV is exceptionally efficient at transform-
ing and immortalizing resting human B lymphocytes leading to
the outgrowth of transformed and immortalized lymphoblas-
toid cell lines (LCLs) displaying elevated levels of several cel-
lular activation antigens and adhesion molecules (for a review,
see reference 74). In an LCL, viral gene expression is generally
restricted to a limited number of latent genes that encode six
Epstein-Barr nuclear antigens (EBNA1, 2, 3A, 3B, 3C, and
LP), three integral membrane proteins (LMP1, LMP2A, and
2B), and two small nuclear RNAs (for a review, see reference

37). Five of these (EBNA1, EBNA2, EBNA3A, EBNA3C, and
LMP1) have been shown to be essential for the process of
B-cell immortalization (for a review, see reference 62).

The frequent detection of LMP1 expression in many EBV-
associated malignancies has led to the suggestion that this pro-
tein contributes to tumorigenesis. Several studies have shown
that LMP1 possesses oncogenic properties. The expression of
LMP1 leads to the transformation of rodent fibroblast cell
lines and renders them tumorigenic in nude mice (118). In
BL-derived cell lines, LMP1 induces many of the phenotypic
changes observed in EBV infection including the upregulation
of B-cell activation markers and cell adhesion molecules and
an increased resistance to stimuli that induce apoptosis (74). In
epithelial cells, LMP1 expression blocks the normal process of
differentiation, reminiscent of the undifferentiated phenotype
frequently observed in nasopharyngeal carcinoma (23). In keep-
ing with these in vitro findings, targeted expression of LMP1 in
the skin or B-cell compartment of transgenic mice leads to the
induction of epithelial hyperproliferation and lymphomagen-
esis, respectively (77, 120). It has also recently been shown that
LMP1 is critical for rendering LCLs tumorigenic in SCID mice
(27).

The suppression of apoptotic death is a function of LMP1
that contributes to its oncogenicity. One well-documented
mechanism by which LMP1 can protect against apoptosis is by
upregulating the expression of several antiapoptotic proteins
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including Bcl-2, A20, and Mcl-1 (41, 53, 78, 91, 106, 119), thus
raising the apoptotic threshold of the infected cell and also
providing protection against a range of apoptosis-inducing
stimuli. It was previously shown that elevated mRNA levels
from an additional bcl-2 family member, bfl-1, are a feature of
EBV-infected B lymphocytes exhibiting type 3 latency and that
the expression of LMP1 in an EBV-negative BL cell line co-
incided with a dramatic increase in bfl-1 mRNA levels (30). In
that study, Bfl-1 protected against serum depletion-induced
apoptosis when expressed in the same cell context. Bfl-1 is an
antiapoptotic protein whose preferential expression in hema-
topoietic and endothelial cells is controlled by inflammatory
stimuli such as tumor necrosis factor (TNF) and interleukin-1
(IL-1) (17, 67, 68). bfl-1 is a mouse A1 homologue and encodes
a 175-amino-acid protein that shares the highly conserved Bcl
homology 1 (BH1), BH2, and BH3 domains with other Bcl-2
family members. Bfl-1 has been shown to suppress p53-medi-
ated apoptosis and to possess cell proliferation and transform-
ing activities in vitro (28, 29, 84). Elevated bfl-1 expression was
reported in normal leukocytes and several cancer cell lines (73,
97).

LMP1, a member of the TNF receptor (TNFR)/CD40 su-
perfamily (5) functions as a constitutively active receptor (46)
and signals principally from intracellular compartments (80).
Both oligomerization and localization within glycosphingo-
lipid-rich membrane rafts are essential for the initiation of
signaling (21, 36, 56). The cytoplasmic carboxyl-terminal tail of
LMP1 contains two major effector domains, C-terminal acti-
vating region 1 (CTAR1), also known as transformation
effector site 1 (TES1), and CTAR/TES2. CTAR1 is located
proximal to the membrane, binds TNFR-associated factors
(TRAFs) (26, 61), and is essential for EBV-mediated B-cell
immortalization (65, 69, 70). CTAR2/TES2, which is located
near the C terminus, supports the long-term growth of immor-
talized B cells (64) and recruits the TNFR-associated death
domain (TRADD) protein and receptor-interacting protein
(34, 61, 63). Consequently, LMP1 triggers several signaling
pathways that lead to the activation of transcription factors,
including NF-�B, STATs, AP-1, and ATF2 (8, 33, 35, 45, 61,
75, 101). NF-�B plays a key role in most LMP1-stimulated
gene expression (25, 52, 88, 95, 121). Both LMP1 and activated
CD40 receptor initiate overlapping signaling pathways that
regulate major cell fate decisions including proliferation, dif-
ferentiation, and apoptosis (1, 5, 46, 51, 72, 76, 114, 122).
Despite many similarities, however, they also differ substan-
tively (for a review, see reference 79). In this regard, it has
been demonstrated that although LMP1 and CD40 can inde-
pendently bind several of the same TRAF molecules (namely
TRAF2, 3, and 5), TRAF6 binds to CD40 but not to LMP1,
and TRAF1 and TRADD have been reported to bind to LMP1
but not to bind CD40 directly (10).

We now report for the first time that LMP1 stimulates bfl-1
promoter activity in EBV-negative BL-derived cell lines and
that this process involves interactions with components of the
TNFR/CD40 signaling pathway. We present evidence that this
process is NF-�B dependent, involves the recruitment of
TRAF2, and is mediated to a greater extent by CTAR2 than by
CTAR1. Activation of CD40 receptor also led to increased
bfl-1 mRNA levels and an NF-�B-dependent increase in bfl-1
promoter activity in the same cell context. We delineate a

95-bp region of the promoter that functions as an LMP1-
dependent transcriptional enhancer, and we present evidence
that this sequence contains a novel NF-�B-like binding site
that is essential for transactivation of bfl-1 by LMP1, CD40,
and the NF-�B subunit protein p65.

MATERIALS AND METHODS

Cell cultures. DG75 and BL41 are EBV-negative BL cell lines (7, 104).
BL41-B95-8 is a derivative of BL41 that was infected with the B95-8 strain of
EBV (13). MUTU-I and Rael are group I/latency 1 cell lines that were estab-
lished from EBV-positive BL biopsy specimens (48, 87). The DG75tTA-LMP1
transfectant of DG75 contains a tetracycline-regulated LMP1 expression plasmid
and has been described previously (38). All of the cell lines were maintained as
suspension cultures in RPMI 1640 (Gibco) supplemented with 10% fetal bovine
serum (Gibco), 2 mM glutamine, 100 �g of streptomycin/ml, and 100 IU of
penicillin/ml at 37°C in a humidified atmosphere containing 5% carbon dioxide.
DG75-tTA-LMP1 cells were maintained under selection with 800 �g of hygro-
mycin B (Roche Diagnostics)/ml and 2 mg of G418 (Roche Diagnostics)/ml as
well as 1 �g of tetracycline (Sigma)/ml to repress LMP1 expression. For the
induction of LMP1, cells were washed five times in phosphate-buffered saline
and recultured in tetracycline-free medium. The establishment and culture of
mouse fibroblastic L cell lines stably transfected with human CD32/Fc-gRII
(CD32-L cells) or human CD40 ligand (CD40lig-L cells) have been described
elsewhere (43, 98).

Plasmids. The luciferase reporter constructs �1374/�81-Luc, �1374/
�81(m�B-833), �1240/�81-Luc, �367/�81-Luc, and �129/�81-Luc were gen-
erated by subcloning bfl-1 promoter sequences from a corresponding series of
chloramphenicol acetyltransferase reporter constructs (123). Thus, bfl-1 pro-
moter sequences were amplified by PCR with a forward oligonucleotide primer
(5�-TTGCATGCCTGCAGGTCGA-3�) from the multiple cloning site of the
chloramphenicol acetyltransferase reporter vectors and a reverse primer (5�-gg
gaagcttCTAGAGCTGCCTGGTG-3�) from the bfl-1 promoter, which included a
HindIII restriction site and digestion clamp at its 5� end (shown in lowercase
type). All PCR products therefore contained a common 3� terminus at �81 bp
relative to the transcription start site. The PCR products were then digested with
SalI and HindIII and cloned between the XhoI and HindIII sites of the promot-
erless luciferase reporter construct pGL2Basic (Promega). The SalI site was
present in the amplified portion of the polylinker at the 5� end of the bfl-1
promoter sequence. To generate �57/�81-Luc, the forward primer 5�-ccgctcga
gGAAGGATATTATATAAAG-3� (which included an XhoI site and digestion
clamp, shown in lowercase type) was used with the same reverse primer as above
to amplify the bfl-1 promoter sequence between �57 bp and � 81 bp from
�129/�81-Luc. The PCR product was digested with XhoI and HindIII and
subcloned into pGL2Basic as described above.

To generate pGa(�129/�1), pGa(�129/�26), pGa(�129/�34), pGa(�129/
�34m�B), pGa(�129/�54), and pGa(�34/�129m�B), portions of the bfl-1 pro-
moter were amplified by PCR with forward and reverse primers that included
BamHI sites at their 5� ends (shown in lowercase type). The PCR primers used
were as follows: �129forward, 5�-cgcggatccAAACTTTCTCTTTCATAC-3�;
�1reverse, 5�-cgcggatccGAGCTTGACTGAGTTATG-3�; �26reverse, 5�-cgcgg
atccTGATACATGGAGGCTGGT-3�; �34reverse, 5�-cgcggatccGAGGCTGGT
GGAATTTCTGTTTG-3�; �34reverse (NF-�B mutated), 5�-cgcggatccGAGGC
TGGTGAGACTTCTGTTTG-3�; �54reverse, 5�-cgcggatccTTTGCATCACTT
TATAAT-3�. In the case of �34reverse (NF�B mutated), the base changes made
to the NF-�B-like site on the sequence subcloned into pGa(�129/�34m�B) are
underlined in the primer sequence. All PCR products were digested with BamHI
and subcloned into the BamHI site in the polylinker of pGa50-7 (81). Site-
directed mutagenesis was performed with the QuikChange XL site-directed
mutagenesis kit (Stratagene). The following pairs of complementary oligonucle-
otides were used to generate mutations (the introduced sequence changes are
underlined): NF-�B-like site at �52, 5�-GTGATGCAAACAGAAGTCTCACC
AGCCTCCATGTATCATC-3� and 5�-GATGATACATGGAGGCTGGTGAG
ACTTCTGTTTGCATCAC-3�; AP1-like site at �104/�94, 5�-CTTTCTCTTTC
ATACATATGGTATAACACAGCCTACGCACG-3� and 5�-CGTGCGTAGG
CTGTGTTATACCATATGTATGAAAGAGAAAG-3�; AP1-like site at �74/
�64, 5�-GCCTACGCACGAAAGAATCTAGGAGGAAGGATATTATAAAG
TG-3� and 5�-CACTTTATAATATCCTTCCTCCTAGATTCTTTCGTGCGTA
GGC-3�. The 3Enh-Luc reporter construct contains three �B elements upstream
of a minimal conalbumin promoter linked to the firefly luciferase gene (2). The
following plasmids that are used have been published elsewhere: pEFCX,
pEFCX-LMP1, and pEFCX-I�B�DN (83); pSFFVA20 and pcDNA3-TRAF2�
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(6-86) (32, 34); pSG5-LMP1 (61); pSG5-LMPAAA (35); pSG5-LMPG (40);
pSG5-LMPAAAG (8); pcDNAp65, pcDNAp50, and pcDNAc-Rel (123).

Transfections and reporter assays. Transfections were performed by using the
DEAE-dextran method. Briefly, 107 cells were washed once with phosphate-
buffered saline and then resuspended in 1.2 ml of transfection solution (0.5 mg
of DEAE-dextran [Sigma]/ml) and up to 16.0 �g of DNA in TBS (25 mM
Tris-HCl [pH 7.4], 137 mM NaCl, 5 mM KCl, 0.7 mM CaCl2, 0.5 mM MgCl2, 0.6
mM Na2HPO4). In any transfection experiment, the total amount of DNA was
kept constant with any deficiencies made up with the corresponding empty
vector. The transfection reaction mixtures were incubated for 30 min at room
temperature. Thereafter, the cells were washed twice with 10 ml of RPMI
1640–10% fetal bovine serum, resuspended in 10 ml of fresh growth medium,
and cultured for 24 or 48 h. In some cases, cells were stimulated for the final 12 h
with anti-CD40 antibodies (G28.5) before preparation of cellular extracts. Lu-
ciferase activity was determined from cell extracts by means of a luciferase assay
system (Promega Corp.) and a luminometer (Berthold Analytical Instruments)
essentially according to the manufacturer’s specifications. Luciferase levels were
normalized after determining �-galactosidase activity expressed from pCMVlacZ
(1 �g), which was included in all transfections. �-Galactosidase assays were
performed as previously described (107) by using the same extracts that were
used for measuring luciferase activity.

Northern blot analysis. Total cellular RNA was prepared by using RNA
isolator solution (Genosys) essentially according to the manufacturer’s specifi-
cations. Thirty-microgram samples of total RNA were size fractionated in 1.3%
formaldehyde–agarose gels and then transferred to nitrocellulose filters (BDH).
Antisense 32P-labeled riboprobes were synthesized by in vitro transcription (Ri-
boquant Multiprobe RNase protection assay system, multiprobe hAPO-2 tem-
plate set; Pharmingen) as described by the manufacturer. Labeled transcripts
were size fractionated in denaturing polyacrylamide gels, and probes were lo-
cated by autoradiography, excised, and then eluted in buffer containing 0.5 M
ammonium acetate, 10 mM magnesium acetate, 1 mM EDTA (pH 8.0), and
0.1% sodium dodecyl sulfate (SDS) by the crush and soak method (107) followed
by ethanol precipitation. Probes (106 cpm/ml) were hybridized to filters in 6	
SSC (1	 SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 50% formamide, 1%
SDS, 0.1% Tween 20, and 100 �g of Escherichia coli tRNA/ml for 16 to 24 h at
55°C. Filters were washed twice in 1	 SSC–0.1% SDS at room temperature for
30 min and then twice in 0.1	 SSC–0.1% SDS at 65°C for 30 min prior to
exposure to X-ray film at �70°C.

Western Blot analysis. To detect LMP1, protein lysates were prepared by
boiling for 10 min in 2% SDS, 100 mM NaCl, 0.01 M Tris-HCl, 5% �-mercap-
toethanol, 1 mM EDTA, 100 �g of phenylmethylsulfonyl fluoride/ml, and 2 �g
of leupeptin/ml and briefly sonicated on ice. The lysates were then clarified by
centrifugation at 13,000 rpm for 10 min at room temperature. Protein from 5 	
105 cells was separated by discontinuous SDS–5 to 10% polyacrylamide gel
electrophoresis and blotted onto a nitrocellulose filter. Filters were probed with
the anti-LMP1 CS 1-4 antibody cocktail (105) diluted to 1:100 in Blotto (5% skim
milk and 0.1% Tween 20 in Tris-buffered saline) overnight at 4°C. Immunocom-
plexes were detected with alkaline phosphatase-conjugated sheep anti-mouse
immunoglobulin G (IgG) (Promega) and visualized with 5-bromo-4-chloro-3-
indolylphosphate (BCIP)–nitroblue tetrazolium liquid substrate (Sigma).

RESULTS

LMP1 transactivates the bfl-1 promoter in EBV-negative
BL-derived cell lines by a mechanism that is dependent upon
the transcription factor NF-�B. To determine whether LMP1
could transactivate the bfl-1 promoter, a suitable promoter-
reporter construct was first generated. To this end, a 1.4-kb
DNA sequence from the 5� regulatory region of the bfl-1 gene
(from �1374 to � 81 relative to the transcription initiation
site) (123) was positioned upstream of the luciferase gene in
the promoterless vector pGL2Basic (Promega) to generate the
reporter construct �1374/�81-Luc. Initially, expression vec-
tors derived from the plasmid pEFCX were used for the ex-
pression of LMP1 and other effector proteins in transient
transfections. Recombinant genes expressed from pEFCX are
driven by the promoter for the polypeptide chain elongation
factor 1� in an NF-�B-independent manner (83). LMP1 levels
expressed from pEFCX-LMP1 would not therefore be ex-

pected to fluctuate in the presence of molecules that regulate
activation of this transcription factor. Transient transfections
of the EBV-negative BL-derived cell lines DG75 and BL41
showed that the use of increasing amounts of cotransfected
pEFCX-LMP1 led to a dose-dependent increase in luciferase
activity at 24 h posttransfection when using �1374/�81-Luc as
the reporter vector. Similar results were obtained with both
cell lines used in this and subsequent experiments, and only the
results for DG75 are presented (Fig. 1A). A maximal increase
of 8.5-fold in luciferase values was detected with 2.5 �g of
pEFCX-LMP1 (7.8-fold in BL41). The level of expression of
LMP1 in transfected cell extracts was assessed by Western
blotting, and as expected, this was seen to rise as the quantity
of pEFCX-LMP1 was increased with no LMP1 being detected
when pEFCX was used as the cotransfected plasmid (Fig. 1A).
The effect of LMP1 was mediated by the bfl-1 promoter se-
quence, since LMP1 expression did not affect the correspond-
ing promoterless vector pGL2Basic (not shown). These results
indicate that LMP1 upregulates bfl-1 promoter activity in these
EBV-negative BL-derived cell lines.

Previous experiments in which the human bfl-1 promoter
was shown to be responsive to TNF-� via an NF-�B-dependent
pathway (123) suggested that transactivation by LMP1 might
also be mediated by this transcription factor. To directly test
this hypothesis, DG75 cells were cotransfected with �1374/
�81-Luc and pEFCX-LMP1 together with pEFCX-I�B�DN,
which expresses a superrepressor mutant form of I�B� in
which the serine residues at positions 32 and 36 on that protein
have been replaced with alanines. I�B�DN can no longer be
phosphorylated and is consequently not proteolyzed upon
treatment of cells with an NF-�B-inducing agent (9). This
mutant efficiently retains NF-�B in the cytoplasm, thus block-
ing its function as a regulator of transcription by preventing it
from translocating to the nucleus (83). It can be seen from this
experiment that expression of I�B�DN efficiently inhibited
LMP1-induced bfl-1 promoter transactivation in DG75 cells in
a dose-dependent manner (Fig. 1B). The inhibitory action of
I�B�DN was not the result of inhibition of LMP1 expression
from pEFCX-LMP1, as can be seen from Western blot analysis
of LMP1 levels in protein extracts from the transfected cells
(Fig. 1B). Similar observations were made in BL41 cells; how-
ever, a lower amount (5 �g) of pEFCXI�B�DN was required
to achieve complete inhibition of transactivation by LMP1
(data not shown). These results strongly suggest that activation
of the bfl-1 promoter by LMP1 is NF-�B dependent. In DG75,
overexpression of I�B�DN also inhibited the basal level of
bfl-1 promoter activity (30% decrease in the presence of 10.0
�g of pEFCX-I�B�DN), suggesting that the latter may be
NF-�B dependent, at least in part, in this cell line. In control
transfection experiments, NF-�B activation was monitored
with a known NF-�B-dependent reporter construct (3Enh-
Luc). In these cases, using DG75 and BL41 cells, luciferase
values increased by factors of 4 and 8, respectively, when this
vector was cotransfected with pEFCX-LMP1, and an efficient
dose-dependent inhibition of activation was observed in both
cell lines in the presence of pEFCX-I�B�DN (data not shown).

Treatment of a variety of cell lines with the chemical agent
phorbol-12-myristate 13-acetate (PMA), a well-known activa-
tor of NF-�B, has been shown to upregulate bfl-1 mRNA levels
in BL cell lines (93). We therefore investigated whether PMA,
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when used at the same concentration (10�7 M) as that re-
ported previously, could also activate the bfl-1 promoter.
DG75 cells that had been transfected with either 3Enh-Luc or
�1374/�81-Luc were treated with PMA, and luciferase activ-

ities were then determined from transfected cell extracts as
before. In this experiment, PMA treatment was seen to acti-
vate NF-�B by approximately 3.5-fold (Fig. 1C). In the case of
the bfl-1 promoter, PMA treatment resulted in a 6.8-fold in-

FIG. 1. LMP1 and PMA transactivate the bfl-1 promoter in DG75 cells by mechanism(s) that are dependent upon the transcription factor NF�B;
transactivation does not require a previously identified NF-�B-binding site at position �833/�823 relative to the transcription start site. (A) Dose-
dependent transactivation of the bfl-1 promoter by LMP1. DG75 cells were cotransfected with increasing amounts of either pEFCX or pEFCX-
LMP1 (effector plasmids) and 2.5 �g of �1374/�81-Luc. Cells were harvested at 24 h posttransfection and analyzed for luciferase activities, which
were then normalized for transfection efficiency (based on �-galactosidase activity measured from cotransfected pCMVlacZ reporter, which was
included in all transfections). Luciferase values obtained by cotransfection with pEFCX were arbitrarily assigned a value of 1.0 and activation
represents the relative normalized luciferase activities obtained upon cotransfection with the effector plasmids with the quantities indicated. Selected
extracts from these transfections were analyzed for LMP1 expression by Western blotting (shown underneath). (B) Inhibition of LMP1-mediated
activation of the bfl-1 promoter by overexpression of a superrepressor mutant form of I�B� (I�B�DN). DG75 cells were cotransfected with 2.5 �g of
pEFCX-LMP1 or empty vector pEFCX and 2.5 �g of �1374/�81-Luc together with various amounts (0, 2.5, 5.0, or 10.0 �g) of pEFCX-I�B�DN. Cells
were harvested at 24 h posttransfection, and luciferase values were measured, normalized as above, and presented as activation (n-fold) over control (empty
vector in the absence of expression of I�B�DN equals 1). Selected extracts from these transfections were analyzed for LMP1 expression by Western blotting
(shown underneath). (C) PMA activates the bfl-1 promoter in an NF-�B-dependent manner. DG75 cells were transfected with either 2.5 �g of
�1374/�81-Luc or 3Enh-Luc in the presence or absence of 10.0 �g of pEFCX-I�B�DN and then treated with either 10�7 M PMA or vehicle control
(0.062% ethanol) at 18 h posttransfection. Cells were harvested at 24 h posttreatment, and the normalized luciferase values obtained are presented
as increases (n-fold) over control values. The values obtained with transfected cells that had been treated with vehicle control were arbitrarily
assigned a value of 1. (D) Neither LMP1- nor PMA-mediated activation of the bfl-1 promoter requires the known NF-�B-binding site at position
�833/�823 in the bfl-1 promoter. DG75 cells were cotransfected with 2.5 �g of pEFCX-LMP1 or empty vector pEFCX and 2.5 �g of �1374/�81-
Luc or its NF-�B-mutated derivative �1374/�81(m�B-833)-Luc. In the PMA study, DG75 cells were transfected with 2.5 �g of �1374/�81-Luc or
1374/�81(m�B-833) and then treated with either 10�7 M PMA or vehicle control (0.062% ethanol) at 18 h posttransfection. Cells were harvested
at 24 h either posttransfection or posttreatment (PMA or vehicle, respectively) and assayed for luciferase activity. Normalized luciferase values were
expressed as activation (n-fold) over control empty vector or vehicle as appropriate.
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crease in bfl-1 promoter activity (Fig. 1C). In both cases, pro-
moter activation was demonstrated to be NF-�B dependent,
since cotransfection with pEFCX-I�B�DN led to a significant
decrease in luciferase values (Fig. 1C). An NF-�B binding site
in the bfl-1 promoter (5�-GGGGATTTACC-3� at positions
�833 to �823 relative to the transcription start site) has pre-
viously been shown by site-directed mutagenesis to be essential
for activation by c-Rel in the HeLa cell line (123). To investi-
gate whether this NF-�B-binding motif played a role in LMP1-
associated transactivation, a second bfl-1 reporter construct
was generated which differed from �1374/�81-Luc in that it
carried the same inactivating mutation in this particular motif
[1374/�81(m�B-833)]. In transient-transfection assays, how-
ever, it can be seen that LMP1 activated the promoter frag-
ments on both of these constructs to a similar extent in DG75
cells and that elimination of the NF-�B-binding motif at �833/
�823 did not significantly affect the basal level of promoter
activity (Fig. 1D), and the same result was achieved with BL41
(data not shown). In addition, PMA treatment also activated
the mutated promoter to the same extent as its unmutated
counterpart in both cell lines (Fig. 1D). The ensemble of these
results clearly indicated that the bfl-1 promoter is transacti-
vated by LMP1 in the EBV-negative BL cell lines used, that
transactivation is NF-�B dependent, and that the NF-�B bind-
ing motif at position �833/�823 is not essential for activation
of the promoter by LMP1 or PMA in this cell context.

LMP1-associated bfl-1 promoter activation is blocked by
overexpression of A20 and occurs by a mechanism involving
TRAF2. A20 is an antiapoptotic RING finger protein that
interacts with TRAFs and efficiently inhibits NF-�B and JNK
activation by LMP1 by displacing TRAF and TRADD mole-
cules from LMP1-TRAF and LMP1-TRADD complexes (32,
34, 42). To investigate whether overexpression of A20 could
inhibit transactivation of the bfl-1 promoter by LMP1, cotrans-
fections were performed as before with the inclusion of various
amounts of an A20 expression vector (pSFFVA20). It can be
seen that A20 expression potently inhibited bfl-1 promoter
activation by LMP1 in DG75 cells, with transfection of 5.0 and
10.0 �g of pSFFVA20 resulting in approximately 80 and 94%
inhibition, respectively (Fig. 2A). A similar degree of inhibition
of NF-�B activation was observed when using the 3Enh-Luc
reporter (data not shown). A20 expression did not alter the
basal levels of bfl-1 promoter activity or endogenously acti-
vated NF-�B, suggesting that A20 only affected LMP1-induced
signaling. In addition, A20 expression did not interfere with
LMP1 levels produced from cotransfected vector as assessed
by Western blotting of lysates prepared from the transfected
cell populations (Fig. 2A).

TRAF2 has been shown to bind to the cytoplasmic tail of
LMP1 and is an important mediator of NF-�B activation by
LMP1. TRAF2 binds directly to the CTAR1 domain of LMP1
and binds to CTAR2 via the adaptor protein TRADD (58,
71, 103). The carboxyl-terminal domain of TRAF2 mediates
TRAF2-binding to the LMP1 CTAR1 domain and TRADD,
whereas the amino-terminal RING finger-containing domain
is involved in homo- and heterodimerization of TRAF family
members and binding to cellular inhibitors of apoptosis (c-
IAPs) and is essential for TRAF2-mediated activation of
NF-�B and JNK (58, 71, 103). A dominant-negative mutant of
TRAF2 [TRAF2�(6-86)], which has a deletion of amino acids

6 to 86 in the N-terminal region, has been shown to inhibit
activation of NF-�B and JNK by LMP1 (32). To determine
whether TRAF2 had a direct role in mediating LMP1-associ-
ated bfl-1 promoter activation, we used a vector that expresses
TRAF2�(6-86) in transient cotransfection assays. Coexpres-
sion of TRAF2�(6-86) was found to significantly reduce bfl-1
promoter activation by LMP1 in a dose-dependent manner in
that 5.0 and 10 �g of pcDNA3-TRAF2�(6-86) decreased
LMP1-associated transactivation by 25 and 48%, respectively
(Fig. 2B). Western blotting again showed that the inhibitory
effect of TRAF2�(6-86) was not due to inhibition of LMP1
expression (Fig. 2B). The effect of TRAF2�(6-86) expression
on LMP1-mediated activation of NF-�B was also investigated
with the 3Enh-Luc construct. In this experiment, cotransfec-
tion of 5 and 10 �g of pcDNA3-TRAF2�(6-86) resulted in
decreases of 40 and 65%, respectively, in LMP1-mediated ac-

FIG. 2. LMP1-associated bfl-1 promoter activation is blocked by
overexpression of A20 and occurs by a mechanism involving TRAF2.
DG75 cells were cotransfected with 2.5 �g of pEFCX-LMP1 or
pEFCX and 2.5 �g of �1374/�81-Luc together with various amounts
of plasmids expressing either A20 (0, 2.5, 5.0, or 10.0 �g of
pSFFVA20) (A) or a dominant-negative mutant of TRAF2 [0, 5.0, or
10.0 �g of pcDNA3-TRAF2�(6-86)] (B). In each case, cells were
harvested at 24 h posttransfection and analyzed for luciferase activity
and LMP1 expression (shown below each graph), as described before.
Normalized luciferase values were expressed as activation (n-fold) over
the corresponding control empty vector.
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tivation of NF-�B (data not shown). Similar results were ob-
tained with regard to both LMP1 activation of the bfl-1 pro-
moter and activation of NF-�B with A20 and TRAF2�(6-86)
in transfections of the BL41 cell line (data not shown). Taken
together, these results implicate the involvement of TRAF2 in
LMP1-mediated transactivation of the bfl-1 promoter in these
cells.

Identification of LMP1 signaling domains required for in-
duction of bfl-1 promoter activity. To identify the signaling
domain(s) of LMP1 that are important for mediating bfl-1 pro-
moter transactivation, plasmids expressing LMP1 molecules
with amino acid substitutions at critical residues in CTAR1
and CTAR2 were used in comparative analyses with wild-
type LMP1 in promoter-luciferase assays. Thus, LMPAAA
contains a triple amino acid substitution in the CTAR1-TRAF
interaction domain (P204xQ206xT208 3 AxAxA) which has
been shown to block NF-�B activation by this domain (26, 32,
34); LMPG contains a single point mutation in CTAR2 such
that the tyrosine residue at position 384 has been replaced with
a glycine, a modification that potently inhibits activation of
NF-�B and AP-1 by inhibiting TRADD binding (34, 40);
LMPAAAG contains the modifications from both LMPAAA
and LMPG and is not able to activate NF-�B or AP-1 (8, 39).
Both transactivation of the bfl-1 promoter and NF-�B activa-
tion by wild-type and signaling-defective LMP1 proteins were
investigated by cotransfection of the corresponding pSG5-
based effector plasmids with the �1374/�81-Luc and 3Enh-
Luc constructs, respectively. It can be seen that expression of
wild-type LMP1 activated the bfl-1 and control NF-�B-respon-
sive promoters by approximately 6.4- and 3.6-fold, respectively,
in DG75 cells (Fig. 3A). In comparison, activation of both
promoters by LMPAAA and LMPG achieved levels of approx-
imately 75 and 20%, respectively, when compared to values
obtained with wild-type LMP1. LMPAAAG was effectively
unable to activate either promoter (Fig. 3A). The observed
effects were not due to differences in the levels of wild-type and
mutant LMP1 proteins expressed during transfection (Fig. 3B).
These results show that the CTAR1 and CTAR2 domains of
LMP1 can independently contribute to bfl-1 promoter activa-
tion, with CTAR2 being the predominant contributor in this
regard. Furthermore, both domains are required for maximal
activation of the bfl-1 promoter and activation of NF-�B. The
relative contribution of the individual domains of LMP1 to
inducing bfl-1 promoter activity can be seen to correlate well
with NF-�B activation, suggesting again that the latter is a key
event in mediating the effect of LMP1 on bfl-1.

Activation of CD40 receptor leads to increased bfl-1 mRNA
levels and an NF-�B-dependent increase in bfl-1 promoter
activity in BL-derived cell lines. CD40 engagement on BL-
derived cell lines has previously been shown to lead to in-
creased bfl-1 mRNA levels (82), but the mechanism involved
has not yet been investigated. Here, Northern blot analysis
revealed that treatment of the Mutu I (EBV-positive latency
type 1) and BL41-B95.8 (EBV-positive latency type 3) cell lines
with the agonistic anti-CD40 antibody G28.5 (20) resulted in
increased bfl-1 mRNA levels (Fig. 4A). Both cell lines express
CD40 (data not shown), and in both cases, the effect was
transient with significant upregulation detectable by 8 h fol-
lowed by a return to the level seen in untreated cells by 24 h.
The transient nature of this effect is consistent with observa-

tions made elsewhere (82). In contrast, treatment of the BL
cell line Rael with G28.5 did not lead to detectable levels of
bfl-1 mRNA (Fig. 4A). Although Rael expresses CD40, it has
been shown by others to be unresponsive to several CD40-
mediated effects on gene expression (54). A more detailed
analysis of the kinetics of upregulation of bfl-1 mRNA by
CD40 ligation was performed with DG75 cells (Fig. 4B). In this
experiment, it can be seen that an increase in the level of bfl-1
mRNA was detected as early as 4 h posttreatment with anti-
CD40 antibody. This level was maintained for at least 12 h and
then decreased to near-basal levels by 24 h.

FIG. 3. Comparative analysis of the effects of wild-type and func-
tionally mutated LMP1 molecules on bfl-1 promoter activity. (A)
DG75 cells were cotransfected with 2.5 �g of either pSG5, pSG5-
LMP1 (expressing wild-type LMP1), pSG5-LMPAAA (expressing LMP1
containing a nonfunctional CTAR1 domain), pSG5-LMPG (express-
ing LMP1containing a nonfunctional CTAR2 domain), or pSG5-
LMPAAAG (expressing LMP1 mutant that is nonfunctional in both
CTAR1 and CTAR2) and 2.5 �g of either �1374/�81-Luc or 3Enh-
Luc. Cells were harvested at 24 h posttransfection and analyzed for
luciferase activity. Normalized luciferase values were expressed as ac-
tivation (n-fold) over control (empty vector), as described before. (B)
Western blot analysis of the level of expression of wild-type and mu-
tated LMP1 molecules in transient-transfection assays in DG75 cells;
protein lysates were prepared from the transfection shown in panel A
and loaded (lanes 1 to 5) in the same order as the corresponding
expression vectors shown in that figure (only cell extracts from the
cotransfections with �1374/�81-Luc are shown). A schematic repre-
sentation of the LMP1 protein and signaling-deficient derivatives
thereof is shown underneath. Mutations are indicated as X in the
cytoplasmic signaling domains CTAR1/TES-1 and CTAR2/TES-2,
which are labeled as 1 and 2, respectively.
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To analyze the effect of dual signaling from LMP1 and CD40
on bfl-1 mRNA levels, we used a stable transfectant of DG75
in which LMP1 expression can be regulated by tetracycline
(DG75tTA-LMP1) (38). Northern blotting was used to moni-
tor bfl-1 mRNA levels in DG75tTA-LMP1 cells before induc-
tion and at 36 h postinduction of LMP1 expression in the
presence or absence of G28.5 (Fig. 4C). As expected, induction
of LMP1 resulted in a marked increase in the level of bfl-1
mRNA. A small but consistent further increase in bfl-1 mRNA
levels was detectable at 4 and 8 h post-CD40 stimulation of
LMP1-expressing cells. The minor effect of CD40 ligation on
bfl-1 mRNA levels in the absence of LMP1 may be a reflection
of the low levels of CD40 expression in these cells (even lower
than in untransfected DG75 cells) which are significantly ele-
vated upon induction of LMP1 (38; also data not shown). To
determine whether ligation of CD40 was leading to increased
bfl-1 promoter activity, DG75 cells that had been transfected
with �1374/�81-Luc were treated at 36 h posttransfection for
a further 12 h with G28.5, and luciferase values were compared
to those obtained with untreated transfected cells. In this ex-

periment it can be seen that (i) stimulation of CD40 led to a
2.2-fold increase in bfl-1 promoter activity, (ii) transactivation
by LMP1 was 3.4-fold, (iii) activation of CD40 in the presence
of LMP1 led to an overall 4.8-fold increase, and (iv) expression
of I�B�DN was seen to inhibit CD40-mediated promoter ac-
tivation, indicating that the pathway is NF-�B dependent (Fig.
4D). In this case, the extent of activation as a result of dual
signaling from CD40 and LMP1 is greater than that provided
by each of the individual signals but is less than that expected
of an additive effect from both signals. These findings suggest
that the signaling pathways initiated from CD40 and LMP1
may converge when it comes to driving the bfl-1 promoter. It is
also possible, however, that part of the effect of CD40 activa-
tion is due to the increased surface expression of CD40 in
LMP1-transfected cells. In addition, it cannot be excluded that
the dual effect of LMP1 and CD40, which is also seen to be
NF-�B dependent, may be the result of an indirect effect on
the NF-�B-mediated process of upregulating the level of CD40
(25). The lower extent of promoter activation by LMP1 in
this experiment is likely to be due to the differences in the

FIG. 4. Activation of CD40 receptor leads to increased bfl-1 mRNA levels and an NF-�B-dependent increase in bfl-1 promoter activity in
BL-derived cell lines. Rael, Mutu I, BL41-B95.8 (A), and DG75 (B) cells were left untreated or were treated with the CD40 agonistic antibody
G28.5 either as a 1:4,000 dilution of ascites (Rael, Mutu I, and BL41-B95.8) or at a concentration of 1 �g of purified antibody (DG75)/ml. Total
RNA samples were prepared from cells at 0, 8, and 24 h (Rael, Mutu I, and BL41-B95.8) or at 0, 4, 8, 12, and 24 h (DG75) posttreatment and
subjected to Northern blot analysis with an antisense bfl-1 riboprobe (upper panels of panels A and B). The blots were then sequentially stripped
and rehybridized with antisense riboprobe to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA (lower panels of both panels A and
B). (C) LMP1 and CD40 cooperate in upregulating bfl-1 mRNA in DG75tTA-LMP1 cells. Uninduced DG75tTA-LMP1 cells or DG75tTA-LMP1
cells induced to express LMP1 (36 h after tetracycline removal) were either left untreated or stimulated with 1 �g of the anti-CD40 antibody
G28.5/ml. Total RNA extracted from cells at 0, 4, and 8 h after stimulation with G28.5 was used in Northern blot analysis with an antisense bfl-1
riboprobe (upper panel). The blots were sequentially stripped and reprobed with a GAPDH riboprobe (lower panel). (D) Expression of a
superrepressor I�B� mutant inhibits bfl-1 promoter upregulation after activation of CD40 in the presence (�) or absence (�) of LMP1. DG75
cells were cotransfected with 2.5 �g of pEFCX-LMP1 or pEFCX and 2.5 �g of �1374/�81-Luc in the absence or presence of 10.0 �g of
pEFCX-I�B�DN. At 36 h posttransfection, the cells were either left untreated or were treated with 1 �g of G28.5/ml for 12 h prior to harvesting
for measurement of luciferase activity. Normalized luciferase values are expressed as activation (n-fold) over that of the control (empty vector in
the absence of expression of I�B�DN or absence of treatment with G28.5 equals 1).
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time of harvesting of the transfected cells for reporter assays
(106, 119).

A 210-bp bfl-1 promoter fragment (�129/�81) mediates NF-
�B-dependent transactivation by LMP1. To identify DNA se-
quence elements that mediate transactivation by LMP1, a se-
ries of reporter constructs was generated in which progressive
deletions were introduced from the 5� end of the bfl-1 pro-
moter sequence in �1374/�81-Luc (Fig. 5A). The ability of
LMP1 to transactivate these truncated promoter fragments
was investigated by cotransfections with pEFCX-LMP1, as be-
fore, with the DG75 and BL41 cell lines. It can be seen that in
DG75 cells, LMP1 transactivated �1374/�81-Luc by a factor
of 8.2 and that considerable transactivation was retained by the
promoter fragments �1240/�81, �367/�81-Luc, and �129/
�81-Luc (6.5-, 6.2-, and 5.6-fold, respectively), with a further
decrease to 3.3-fold observed when only the �57/�81 pro-
moter sequence was retained (Fig. 5B). The fact that similar
transactivation values were observed with �1240/�81-Luc and
�367/�81-Luc again indicated that the previously identified
NF-�B binding motif at position �833/�823 does not play a
significant role in LMP1-associated activation of the promoter
in this cell context. The observation that �57/�81-Luc still
retained a considerable degree of responsiveness to LMP1 (but
significantly less than �129/�81-Luc) indicated that the �129
to �57 region of the promoter might contain DNA sequence
elements that contributed to but were not essential for ac-
tivation by LMP1. It can also be seen that coexpression of
I�B�DN efficiently inhibited LMP1-induced transactivation of
�129/�81-Luc in a dose-dependent manner (Fig. 5C) (with
the levels of LMP1 expressed from pEFCX-LMP1 remaining
constant in each transfection, as before) (data not shown). A
significant NF-�B-dependent response was also seen with
PMA with the �129/�81-Luc construct (68% of the activity
observed with �1374/�81-Luc), and in all cases, similar results
were observed when BL41 cells were used (data not shown). It
can thus be concluded that the �129/�81 sequence from the bfl-1
transcriptional regulatory region contains DNA sequence ele-
ments that mediate a high proportion of the NF-�B-dependent
activation of this gene by LMP1 in these BL-derived cell lines.

Identification of NF-�B-like and AP-1-like binding sites on
the bfl-1 promoter that mediate transactivation by LMP1. Us-
ing Transcription Element Search Software, we analyzed the
�129/�81 region of the bfl-1 promoter for candidate sequence
elements that may bind transcription factors known to play
a role in LMP1-mediated regulation of gene expression.
One NF-�B-like binding site (5�-AGAAATTCCA-3� at �52
to �43) and two AP-1-like binding sites (5�-CATGACATG
AA-3� at �104 to �94 and 5�-AGTGACTAGGA-3� at �74 to
�64) were identified in the region 5� to the transcription ini-
tiation site (Fig. 6A). Base substitutions were then introduced
into the core of each of these motifs in the reporter plasmid
�129/�81-Luc by site-directed mutagenesis to eliminate po-
tential binding by the corresponding transcription factor (Fig.
6A). Transient transfections of these constructs with pSG5 or
pSG5-LMP1 were then carried out with DG75 cells. It can be
seen that mutation of the NF-�B-like binding site led to the
nearly complete loss of transactivation by LMP1 (Fig. 6B), an
effect that was reproduced when the same mutation was intro-
duced into the promoter sequence in �1374/�81-Luc (Fig.
6C). Mutation of the AP-1-like binding site at �104/�94 did

FIG. 5. A 210-bp fragment (�129/�81) of the bfl-1 promoter is
transactivated by LMP1 in an NF-�B-dependent manner. (A) Sche-
matic representation of bfl-1 promoter-reporter constructs in which
the promoter sequence has been progressively deleted from the 5� end
(coordinates of the 5� ends are given to the left of each construct).
They all share a common 3� terminus 81 bp downstream from the
transcription initiation site (designated by a bent arrow), at which
point they are joined to the luciferase gene (LUC). The position of a
previously identified NF-�B site at position �833 is indicated on the
plasmid �1374/�81-Luc as a black box. (B) DG75 cells were trans-
fected with 2.5 �g of either pEFCX-LMP1 or pEFCX together with 2.5
�g of the individual bfl promoter-luciferase reporter constructs shown
in panel A. Cells were harvested 24 h posttransfection and assayed for
luciferase activity as described before. Normalized luciferase values
were expressed as activation (n-fold) relative to the corresponding
value obtained for each reporter construct when cotransfected with
control pEFCX. (C) LMP1-mediated activation of the �129/�81 re-
gion of the bfl-1 promoter is inhibited by expression of a superrepres-
sor I�B� mutant (I�B�DN) in DG75 cells. DG75 cells were cotrans-
fected with 2.5 �g of pEFCX-LMP1 or pEFCX and 2.5 �g of �129/
�81-Luc together with the indicated amounts of pEFCX-I�B�DN.
Cells were harvested at 24 h posttransfection and analyzed for lucif-
erase activity. Normalized luciferase values are given as activation
(n-fold) over those of the controls (empty vector in the absence of
expression of I�B�DN equals 1).
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not impair transactivation (actually seen to marginally in-
crease), whereas elimination of the site at �74/�64 resulted in
a significant decrease (reduced by 34%) in promoter activity in
the presence of LMP1 (Fig. 6B). The latter result correlates
with the observation of a similar reduction in LMP1-associated
transactivation upon deletion of the �129 to �57 region (Fig.
5B, compare �57/�81-Luc and �129/�81-Luc).

To determine whether sequences from this region of the
bfl-1 promoter could confer LMP1 responsiveness on a heter-
ologous promoter, portions of the �129/�1 sequence were
subcloned upstream of the minimal �-globin promoter in the
luciferase reporter construct pGa50.7 (Fig. 7A) (81). Transient
cotransfections of these reporter plasmids with pSG5 or pSG5-
LMP1 were then carried out with DG75 cells, and the results
of this experiment are shown in Fig. 7B. It can be seen that a
fivefold increase in luciferase values was consistently obtained
when the basal vector (pGa50.7) was cotransfected with pSG5-
LMP1 but that this increased by a further factor of 8 when the
�129/�1 sequence was linked to the minimal promoter [Fig.
7B, compare pGa50-7 and pGa(�129/�1)]. Deletion of up to
35 bp from the 3� end of the bfl-1 sequence, which still retained
the NF-�B-like and AP-1-like binding sites, did not lead to any
decrease in LMP1-associated transactivation [Fig. 7B, pGa

(�129/�26) and pGa(�129/�34)]. It can also be seen that a
construct in which the �129/�34 sequence had been inserted
in the opposite orientation [pGa(�34/�129)] was transacti-
vated by LMP1 at least as efficiently as pGa(�129/�34). How-
ever, deletion or mutation of the NF-�B-like binding site at
�52/�43 led to the complete loss of LMP1-associated trans-
activation [pGa(�129/�54), pGa(�129/�34m�B), and pGa
(�34/�129m�B)]. We conclude that the �129/�34 region of
the bfl-1 promoter functions as an LMP1-dependent transcrip-
tional enhancer and that the NF-�B-like binding site at posi-
tion �52 to �43 is essential for this effect.

Mutation of the NF-�B-like binding site at �52/�43 re-
duces bfl-1 promoter transcriptional activation upon engage-
ment of CD40 receptor. We then investigated whether the
NF-�B-like binding site at �52/�43 in the bfl-1 promoter
played a role in mediating transactivation by CD40. In these
experiments, transiently transfected DG75 cells were coculti-
vated with either a mouse fibroblast L cell line that stably
expressed recombinant human CD40 ligand (CD40lig-L cells),
to activate CD40 signaling (43), or a human CD32/Fc-gRII
(CD32-L cells)-expressing cell line, as a control (98). It can be
seen that engagement of the CD40 receptor on transfected
DG75 cells led to increases in luciferase values of approxi-

FIG. 6. Identification of NF-�B-like and AP1-like binding sites on the bfl-1 promoter that mediate transactivation by LMP1. (A) Schematic
representation of �129 to � 1 region of the bfl-1 promoter showing the relative locations and sequences of candidate binding sites for relevant
transcription factors. Three further reporter constructs were made by introducing base changes (underlined) to each of the sequences shown by
site-directed mutagenesis, thus eliminating each candidate site in turn. The name of the corresponding vector which carries the individual mutation
is given underneath. In panels B and C, DG75 cells were transfected with 1 �g of either pSG-LMP1 or pSG5 together with 1 �g of the individual
bfl promoter-luciferase reporter constructs shown underneath each graph. An identical sequence change to that indicated in panel A was made
to the NF-�B-like motif (�52/�43) in the reporter construct with the longest bfl-1 promoter sequence available, thus generating �1374/�81m�B
(�52). Cells were harvested 24 h posttransfection and assayed for luciferase activity as described before. Normalized luciferase values were
expressed as activation (n-fold) relative to the corresponding value obtained for each reporter construct when cotransfected with control pEFCX.

1808 D’SOUZA ET AL. J. VIROL.



mately 3.4-, 2.7-, and 2.0-fold, respectively, when the 3Enh-
Luc, pGa(�129/�34), and �129/�81-Luc vectors were used as
reporters (Fig. 8). Mutation of the NF-�B-like binding site in
both pGa(�129/�34) and �129/�81-Luc led to decreases
of 66% 
 18% and 46% 
 5%, respectively, in the levels of
promoter activity that were recorded upon engagement of
CD40 receptor with CD40 ligand (Fig. 8). This experiment
showed that the NF-�B-like binding site at �52/�43 plays a

key role in CD40-mediated activation of the bfl-1 promoter. It
also served to corroborate the finding presented in Fig. 4D, in
which it is shown that bfl-1 promoter upregulation was trig-
gered by an agonistic anti-CD40 antibody.

The NF-�B-like binding site at �52/�43 mediates transac-
tivation by the NF-�B subunit protein p65 but not c-Rel. The
subunit composition of NF-�B can greatly influence not only
its ability to bind to a particular DNA sequence motif but also

FIG. 7. The NF-�B-like binding site at �52/�43 is essential for conferring LMP1-responsiveness on a heterologous minimal promoter.
(A) Schematic representation of luc reporter constructs generated after subcloning portions of the �129/�1 region of the bfl-1 promoter upstream
of the �-globin minimal promoter (checkered box with bent arrow) in pGa50.7. The name of each reporter construct includes the relevant 5� and
3� ends of the bfl-1 sequence. The mutation introduced into the NF-�B-like site is indicated with an X. (B) DG75 cells were transfected with 1 �g
of either pSG-LMP1 or pSG5 together with 1 �g of the luciferase reporter constructs as indicated underneath each graph. Cells were harvested
at 24 h posttransfection and assayed for luciferase activity as described before. Normalized luciferase values were expressed as activation (n-fold)
relative to the corresponding value obtained for each reporter construct when cotransfected with control pSG5.
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the extent of promoter transactivation (99). To directly inves-
tigate the ability of Rel family members to drive transcription
from the bfl-1 promoter, transient cotransfections were there-
fore performed with DG75 cells with vectors that express in-
dividual NF-�B subunit proteins. It can be seen that the pGa
(�129/�34) reporter was transactivated approximately 3.0-
fold (over pGa50-7) when cotransfected with p65 expression
vector (Fig. 9A) and that transactivation was completely abol-
ished upon mutation of the NF-�B-like binding site at �52/
�43 [Fig. 9A, pGa(�129/�34m�B)]. Cotransfection of the
same reporter with either a c-Rel or a p50 expression vector
failed to significantly transactivate pGa(�129/�34) (Fig. 9A).
It can also be seen that there was a lack of any synergistic effect
when either p65/p50 or p65/c-Rel expression vector combina-
tions were cotransfected with the same reporter construct (Fig.
9A). Similar results were obtained with the �129/�81-Luc
reporter, in that cotransfection of p65 effector plasmid alone
led to a significant increase (threefold) in bfl-1 promoter ac-
tivity, and mutation of the NF-�B-like binding site again led to
the loss of transactivation by p65 (Fig. 9B). These experiments
showed that p65 directly transactivated the bfl-1 promoter and
that the NF-�B-like binding site at �52/�43 was essential both
for this effect and also for conferring p65 responsiveness on a
heterologous minimal promoter in DG75 cells.

DISCUSSION

It was already shown that expression of LMP1 in EBV-
negative BL cell lines coincides with a dramatic increase in the
level of bfl-1 mRNA (30). Here, we show for the first time that
LMP1 transactivates the bfl-1 promoter in this cell context, and

we present evidence that points to a key role for NF-�B in this
process. The implication of a role for NF-�B is in keeping with
other studies in which increases in bfl-1 mRNA levels have
been demonstrated in response to agents such as lipopolysac-
charide, TNF-�, or etoposide, all of which are known to lead to
the activation of this transcription factor (60, 117, 123). NF-�B
inhibition has been associated with decreased bfl-1 mRNA
levels in an LCL (11). Furthermore, ectopic expression of the
NF-�B subunit proteins c-Rel and p65 (but not p50) was also
shown to independently upregulate bfl-1 mRNA levels in HeLa
cells, and in the case of TNF-�, this was demonstrated to be
due to an increase in bfl-1 promoter activity (123). In the same
study, it was shown that c-Rel transactivated the bfl-1 promoter
through its interaction with a consensus NF-�B binding site at
position at �833/�823 relative to the known transcription start
site of this gene. Elsewhere, the expression of mouse A1 (the
murine bfl-1 homologue) was shown to be induced in responseFIG. 8. Mutation of the NF-�B-like binding site at �52/�43 re-

duces bfl-1 promoter transcriptional activation upon engagement of
CD40 receptor. DG75 cells were transfected with 2 �g of reporter
construct (indicated underneath the graph) and then cultured for 24 h
on either CD40lig-L cells or CD32-L cells, which express human CD40
ligand and human CD32/Fc-gRII, respectively. DG75 cells were then
harvested and analyzed for luciferase activities which were normalized
for transfection efficiency (based on �-galactosidase activity measured
from cotransfected pCMVlacZ reporter, which was included in all
transfections). The absolute luciferase values obtained for 3Enh-Luc,
pGa(�129/�34), and �129/�81-Luc after transfection and cocultiva-
tion with CD40lig-L cells were set at 100%. Percent values for pGa
(�129/�34m�B) and �129/�81m�B are given relative to pGa(�129/
�34) and �129/�81, respectively.

FIG. 9. The NF-�B-like binding site at �52/�43 mediates transac-
tivation by the NF-�B subunit protein p65 but not c-Rel. (A and B)
DG75 cells were transfected with 2 �g of vector expressing various
NF-�B subunit proteins together with 1 �g of the luciferase reporter
constructs indicated underneath each graph. Cells were harvested at
48 h posttransfection and assayed for luciferase activity as described
before. Normalized luciferase values were expressed as activation (n-
fold) relative to the corresponding value obtained for each reporter
construct when cotransfected with control vector pcDNA3.1.
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to mitogen stimulation of primary B cells in a c-Rel-dependent
fashion (49).

In this study, the evidence of an important role for NF-�B in
the regulation of bfl-1 promoter activity by LMP1 is based on
several observations. First, coexpression of a superrepressor
I�B� mutant inhibited transactivation. Second, inhibition of
TRAF2-mediated activation of NF-�B by either coexpression
of a dominant-negative TRAF2 molecule or overexpression of
the TRAF2-binding zinc finger protein A20 impaired transac-
tivation by LMP1. Third, treatment with PMA, a well-known
activator of NF-�B in many cell types, also stimulated bfl-1
promoter activity. Fourth, expression of the NF-�B subunit pro-
tein p65 transactivates the bfl-1 promoter. In all cases, the
anticipated inhibitory or stimulatory effects of these molecules
were mirrored when monitored in parallel with an NF-�B-
responsive reporter construct.

The loss of transactivation that is seen in response to
TRAF2�(6-86) and A20 strongly implies that TRAF2 is a
component of the signaling pathway involved in the activation
of bfl-1 by LMP1. However, of the two, A20 was more efficient
at inhibiting LMP1 activation of both the bfl-1 promoter and
NF-�B. Similar findings with these TRAF2 inhibitors have
been reported with other promoters in studies involving
LMP1 and TNF-� (32, 34, 58, 71, 100). In the case of LMP1,
TRAF2�(6-86) has been shown to only partially block the
activation of NF-�B by CTAR2 (40%) while almost completely
blocking that mediated by CTAR1 (�75%) (71). One inter-
pretation of these observations is that although TRAF2 is a
component of the signaling pathway involved in the activation
of bfl-1 by LMP1, additional contributions from other CTAR1/
2-associated proteins, such as other TRAFs, may also be in-
volved (26). In this regard, the receptor-interacting protein has
also been shown to interact directly with CTAR2 but does not
mediate activation of NF-�B and is therefore not a likely can-
didate for inclusion in this case (63). Alternatively, it is possible
that TRAF2 is bound in a stable complex with other proteins
and that either insufficient quantities of TRAF2�(6-86) were
expressed or the posttransfection incubation period was not
long enough to permit the mutant to efficiently displace en-
dogenous wild-type TRAF2. Indeed a number of TRAF2-
interacting proteins have been identified, such as TRAF1,
TANK/I-TRAF, and c-IAPs, which may affect TRAF2 hetero-
complexes in terms of their stability and signaling potential
(for a review, see reference 36). Consistent with this possibility
is the observation that while CTAR1 can directly bind TRAF2,
CTAR2 binds TRAF2 indirectly via TRADD (63). Hence, the
differences in the stoichiometry of binding of TRAF2 to these
two domains of LMP1 may account for the inefficiency of
TRAF2�(6-86) inhibition of TRAF2-mediated signaling
from the predominant signaling domain CTAR2, relative to
CTAR1. A20, a zinc finger protein whose expression is induced
by LMP1 in an NF-�B-dependent manner, can inhibit both
LMP1-induced NF-�B and JNK activation, thereby acting in a
negative feedback loop to control LMP1 signaling. Such con-
trol may be important in that overexpression of LMP1 can
have toxic effects on the cell (42, 50, 86). Although this activity
of A20 was initially presumed to be dependent upon its inter-
action with only TRAF2 (34), more-detailed studies suggest
that A20 can function as a promiscuous inhibitor of the activ-
ities of other TRAFs and TRADD (42). In this context, the

data presented in this study do not rule out an additional role
for other LMP1-interacting signaling molecules in mediating
activation of the bfl-1 promoter.

Several studies have indicated that CTAR1 and CTAR2 can
independently mediate activation of NF-�B by LMP1; how-
ever, the extent of the contribution of each of these domains to
the total activation of NF-�B varies between cell lines (40, 61,
92). In general, CTAR2 has been found to be a stronger acti-
vator of NF-�B than CTAR1. The NF-�B-dependent upregu-
lation of A20 expression by LMP1 maps to both the CTAR1
and CTAR2 domains, and the contribution of each domain to
this effect correlates with the relative extents of activation of
NF-�B by the two domains (89, 90). A third possible activation
domain, CTAR3, mapping to a region between CTAR1 and
CTAR2 (residues 275 to 307) has been shown to mediate
activation of JAK3 (45). In this study, we used LMP1 mutants
that are defective in signaling from either CTAR1 (LMPAAA)
or CTAR2 (LMPG) or both of these domains together (LMP
AAAG) to show that both of these domains are required for
maximal activation of the bfl-1 promoter in EBV-negative BL-
derived cell lines. LMPAAAG has already been shown to func-
tion as a dominant-negative mutant and can efficiently inhibit
the activation of NF-�B, JAK3, and Jun transcriptional activ-
ity by wild-type LMP1 (8). This mutant functions by interacting
with wild-type LMP1 and interfering with its ability to bind
TRAF2. The requirement for cooperation between the
CTAR1 and CTAR2 domains on different LMP1 molecules
within the same hetero-oligomeric complex is likely to form the
basis for the high efficiency with which LMPAAAG can inhibit
LMP1-mediated signaling. In this regard, only one LMPAA
AG molecule within the oligomeric complex, which is at least
trimeric, may be required to alter signaling from the complex
(39, 40). Consistent with these findings, we observed that LMP
AAAG can efficiently inhibit wild-type LMP1-mediated acti-
vation of the bfl-1 promoter and NF-�B in DG75 cells (data
not shown).

The observation that the double mutation in CTAR1 and
CTAR2 completely eliminates LMP1-mediated activation of
the bfl-1 promoter does not necessarily exclude a role for
CTAR3 (or JAK3), since the function of CTAR3 may be
dependent on CTAR1 and/or CTAR2 (8). The existence of a
cooperative function between CTAR1 and CTAR2 cautions
against overinterpretation of data obtained with mutants non-
functional for CTAR1 or CTAR2 but particularly with mutants
containing large deletions that may adversely affect physical
cooperation between CTAR1 and CTAR2 (26, 108).

An important aspect of CD40 signaling in B cells is its ability
to control apoptosis. Isolated germinal center cells, which
spontaneously undergo apoptosis in culture, are capable of sur-
viving for extended periods when treated with anti-CD40 an-
tibodies or CD40 ligand (4, 72). In addition, CD40 is known to
rescue immature B cells and mature B cells from surface IgM
and Fas-mediated apoptosis (47). Several studies have indi-
cated that the antiapoptotic function of CD40 is mediated by
upregulation of bcl-xL and A20 (82, 109, 113). The results
presented in this study support the addition of bfl-1 to this list.
Our finding that Rael cells do not show increased bfl-1 mRNA
levels in response to CD40 activation is in accordance with the
findings of others in that this latency type 1 BL-derived cell line
is nonresponsive to CD40 activation with respect to other pa-
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rameters as well (54). It has already been reported that acti-
vation of CD40 coincides with a transient increase in bfl-1
mRNA levels in B lymphoma-derived cell lines (22, 82). Here,
we corroborate these findings and additionally show that sig-
naling through CD40 receptor, when triggered either by en-
gagement with its ligand or through cross-linking with an anti-
CD40 antibody, leads to transactivation of the bfl-1 promoter
by an NF-�B-dependent pathway.

If LMP1 and CD40 utilize different signaling pathways to
transactivate the bfl-1 promoter, then at least an additive effect
would have been expected. The finding of a less than additive
effect but greater than an individual effect of signaling from the
two membrane molecules can be interpreted to mean that both
LMP1 and CD40 share components of the same signaling
pathway. Both membrane proteins have been reported to co-
operate in an additive or synergistic manner in upregulating
cell surface molecules such as B7.1 and IgM as well as in the
induction of IL-6 secretion in mouse B cell lines (10). How-
ever, although CD40 and LMP1 could individually induce
ICAM-1 and LFA-1 expression, a clear cooperative effect was
not evident in that study. In BL-derived cell lines, dual signal-
ing from CD40 and LMP1 has been shown not to result in a
cooperative effect on the induction of an NF-�B reporter con-
struct in transient-transfection assays (39). Thus, cooperation
between CD40 and LMP1 in regulating gene expression may
not be a global phenomenon. At the mRNA level, it is further
complicated by the fact that LMP1 can upregulate CD40 ex-
pression in BL-derived cell lines. Furthermore, it has already
been shown that bfl-1 mRNA is more stable in BL cell lines
with a latency group 3 phenotype and that this effect is medi-
ated at least in part by LMP1 (30). However, our subsequent
half-life studies showed no evidence of an increase in the
stability of this transcript following the treatment of the EBV-
negative BL cell line BJAB with G28.5 antibody (data not
shown). This cell line has detectable levels of bfl-1 transcript in
the absence of CD40 activation. This result was somewhat
surprising, since mRNA stabilization is an effect that is often
found associated with genes that show a rapid response to
signals that modulate gene expression (14). It remains possible,
however, that the lack of an effect of CD40 activation on bfl-1
mRNA stability may be specific to this cell line.

We have demonstrated for the first time that that the �129/
�34 region of the bfl-1 promoter can function as an LMP1-
dependent transcriptional enhancer in EBV-negative BL-de-
rived cell lines. Furthermore, we have shown that trans-
activation of this enhancer by LMP1 is NF-�B dependent.
Subsequent deletion and mutational analyses lead to the con-
clusion that a novel NF-�B-like binding site at position �52 to
�43 is essential for transactivation by LMP1 and also implicate
a significant role for a nearby AP-1-like binding site (�74/
�64). Mutation of the NF-�B-like binding site in the context of
a 1.4-kb bfl-1 promoter fragment led to the nearly complete
loss of transactivation by LMP1. Classic NF-�B (p65/p50)
binds the sequence 5�-GGGRNNYYCC-3�, whereas the RelA/
cRel dimer binds to the sequence 5�-HGGARNYYCC-3� (H
indicates A, C, or T; R is purine [A or G]; and Y is pyrimidine
[T or C]) (6). The �B-like site at position �52/�43 on the bfl-1
promoter differs from the p65/p50 and p65/c-Rel consensus
binding sites at nucleotide positions 3 and 2, respectively. NF-
�B-like sites that diverge from the consensus have been iden-

tified in the promoters of several apoptosis-related genes such
as bcl-x, c-IAP1, c-IAP2, and mouse A1 as well as cytokine
genes such as IL-8, and the functionality of these sites in
promoter activation has been demonstrated in several of these
cases (15, 49, 57, 94). Significantly, the �52/�43 site on the
bfl-1 promoter is 100% complementary to a CD28-responsive
�B site in the IL-2 promoter (18, 19, 115) and both c-Rel and
p65 have been shown to play roles in mediating this response
(44).

We have not been able to detect the interaction of NF-�B
subunit proteins with the NF-�B-like binding site at �52/�43
in electrophoretic mobility shift assays (EMSA). In control
experiments, however, p65-containing complexes were detect-
able when a probe which contained the �B enhancer element
from the Ig(�) light chain gene was incubated with nuclear
protein extracts from DG75 cells (no EMSA data are shown).
The presence of p65 was confirmed, as preincubation of nu-
clear extracts with anti-p65 antibody led to the supershifting of
specific DNA-protein complexes. This finding is consistent
with the high constitutive levels of activated NF-�B known to
be present in this cell context (61, 106). When nuclear protein
extracts from DG75-tTA-LMP1 were used, the induction of
LMP1 led to increases in the levels of these two p65-containing
complexes without the formation of any new complex. When
various DNA fragments (ranging in size from 14 bp up to the
complete �129/�81 fragment) that encompassed the bfl-1
�52/�43 sequence motif were used as probes, however, nei-
ther the profile nor the intensity of DNA-protein complex
formation was altered in response to LMP1 induction. If
NF-�B subunits do bind to this motif in vivo, then our inability
to detect binding in vitro may be the result of a low-affinity
interaction due to the fact that it is not a consensus NF-�B-
binding site. LMP1-associated upregulation may then be oc-
curring by the phosphorylation of a weakly bound p65-contain-
ing complex. In this regard, IL-1 (a member of the TNFR
superfamily) has been shown to stimulate the transactivation
potential of p65 by inducing the phosphorylation of its trans-
activation domain via a phosphoinositide-3-OH kinase–Akt-
dependent pathway (85, 110), and the latter has recently been
shown to be activated by LMP1 (24). Alternatively, NF-�B-
associated transactivation of the bfl-1 promoter in DG75 and
BL41 may be indirect and mediated by a transcription factor
that is induced or activated by NF-�B and which failed to bind
under the EMSA conditions used.

A sole NF-�B DNA binding motif (�833/�823) has previ-
ously been implicated in regulating the c-Rel-dependent trans-
activation of the bfl-1 promoter in the epithelial cell line
HeLa (123). More recently, chromatin immunoprecipitation
assays showed that the in vivo interaction of c-Rel and p50 (but
not p65) with this site promotes the cooperative binding of
C/EBP� and AP-1 in an enhanceosome-like complex in PMA-
ionomycin-treated Jurkat T cells (31). We observed that in the
context of DG75 or BL41 cells, removal of this site by deletion
or mutation did not affect LMP1-associated activation of the
bfl-1 promoter. Although it is clear that LMP1 activates dif-
ferent subsets of NF-�B subunit proteins in a cell-type depen-
dent manner (16, 55, 96), c-Rel is known to be activated by
LMP1 in a lymphocyte cellular context, including DG75 cells
(16, 83). In addition to being nonresponsive to LMP1, we
observed that this NF-�B-binding site does not play a role in
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mediating transactivation of bfl-1 by either PMA or p65 in
EBV-negative BL-derived cell lines. This, coupled with the fact
that c-Rel failed to activate luciferase expression via the �52/
�43 site, may indicate that p65, and not c-Rel, is the predom-
inant subunit involved in regulating the bfl-1 promoter in EBV-
negative BL cell lines in response to LMP1. The failure of
LMP1 to transactivate via the �833/�823 site might therefore
be due to its low affinity for p65. It is also possible, however,
that access to this site may be obstructed in EBV-negative
BL-derived cell lines by lymphocyte-specific nuclear proteins
binding in its vicinity.

LMP1-associated signaling also activates the JNK pathway,
which results in the induction of the transcription factor AP1.
We have shown that an AP1-like binding site at �74 to �64
also plays a role in LMP1-mediated transactivation of the bfl-1
promoter. However, in this case, the contribution of this
sequence motif is dependent on the NF-�B-like binding site
at �52/�43, since any promoter fragments that lack the
latter are not responsive to LMP1. It has also been shown
that the mitogen-activated protein kinase p38 and NF-�B
contribute to the transactivation of certain LMP-1-inducible
genes, such as IL-6, IL-8, and IL-10, through coregulation of
their promoter sequences (33, 116). In a preliminary exper-
iment, however, a well-established and specific inhibitor of
p38 activation (SB203580) (112) did not affect transactivation of
the bfl-1 promoter by LMP1 in DG75 cells (result not shown).

In lymphoid follicles, the bfl-1 transcript has been detected
in the germinal centers which are the sites for B-cell prolifer-
ation and differentiation (66). CD40 activation is necessary for
rescuing germinal center B cells from spontaneous apoptosis,
and long-lived B cells are distinguished by elevated expression
of bfl-1 (111). In this regard, Bfl-1 might be viewed as a key
determinant of cell fate for immature peripheral B cells. The
strong induction of bfl-1 transcripts by proinflammatory cyto-
kines in endothelial, leukemic, and hemopoietic cells is consis-
tent with a role for protecting them from apoptotic extinction
(17, 67, 68, 84, 93). Consistent with a role for NF-�B in this
process is the reduction in constitutive bfl-1 mRNA levels in B
cell lines derived from c-Rel�/� mice (49). The ability of LMP1
to provide cell survival signals by upregulating the expression
of antiapoptotic members of the bcl-2 family of proteins, in-
cluding bfl-1, is very significant from the standpoint of the
mechanism of persistence of EBV in the memory B cell in
peripheral blood. In vivo, EBV-positive tonsillar memory B
cells express a restricted pattern of latent gene transcripts
which resembles the pattern of latent gene expression detected
in EBV-associated tumors (3). The actions of LMP1 and
LMP2A provide the surrogate T-cell help and B-cell receptor
signals that memory B cells require for long-term survival (12).
Since BL lines exhibit phenotypic features reminiscent of ger-
minal center B cells, and as Bfl-1 was shown previously to
cooperate with the adenovirus E1A protein in inducing cell
transformation (28, 29), the NF-�B-dependent activation of
bfl-1 by LMP1 may be a key event in the rescue of EBV-
infected B cells from apoptosis and an important route by
which LMP1 functions in oncogenesis.
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