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One group of sequence variants of Epstein-Barr virus is characterized by a 10-amino-acid deletion within the
CTAR-2 functional domain of the latent membrane protein, LMP1. A role for this deletion in enhancing the
tumorigenicity of the viral oncogene in rodent fibroblasts was recently demonstrated. We examined the effect
of this deletion upon LMP1 function in four human lymphoid cell lines by using three natural variants of
LMP1: the prototype B95.8 gene and the CAO and AG876 genes, both of which have codons 343 to 352 of the
B95.8-LMP1 deleted. These experiments revealed that LMP1-mediated upregulation of CD40 and CD54 was
markedly impaired (by 60 to 90%) with CAO-LMP1 compared with B95.8-LMP1. In contrast, the function of
AG876-LMP1 was indistinguishable from that of B95.8-LMP1 in two lines and was only slightly impaired in
the other two lines. Activation of NF-kB by CAO-LMP1 was not impaired in any of the lines; rather, activation
of an NF-kB reporter by CAO-LMP1 was consistently about twofold greater than the activation with B95.8- or
AG876-LMP1. Therefore, while the CAO-LMP1 is functionally distinct from the prototype B95.8-LMP1 in
human lymphocytes, the 10-amino-acid deletion appears not to be directly responsible. This conclusion was
confirmed by using a B95.8-LMP1 mutant with codons 343 to 352 deleted and chimerae of CAO- and
B95.8-LMP1 in which the CTAR-2 domains of these genes were exchanged. Sequences outside the CTAR-2

domain were implicated in the distinct functional characteristics of CAO-LMP1 in human lymphoid cells.

Epstein-Barr virus (EBV) is a human gammaherpesvirus
that contributes to the development of several malignant dis-
eases of both the lymphoid and the epithelial cell compart-
ments (53). The virus is a potent transforming agent for human
B lymphocytes, a property that is readily demonstrated in vitro
by experimental infection of resting B cells, which results in the
outgrowth of permanent lymphoblastoid cell lines (LCLs). In
these LCLs, the virus is maintained as a predominantly non-
productive infection by the expression of a number of latent
infection proteins (35). Of the four or more viral gene products
known to be essential for B-cell transformation (35), latent
membrane protein 1 (LMP1) is of particular interest because it
is a classical oncogene by virtue of its ability to transform
rodent fibroblasts (5, 33, 63). Furthermore, gene transfection
experiments suggest that LMP1 is a major effector of EBV-
induced human B-cell transformation since its expression in
B-cell lines leads to the induction of many of the cell pheno-
typic changes observed following infection with EBV. These
changes include the upregulation of a number of lymphocyte
activation markers and adhesion molecules (52, 64, 65), as well
as enhancement of the survival capacity of the B cells by the
induction of anti-apoptotic genes such as Bcl-2, A20, and
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Mcl-1 (24, 41, 55, 66). Expression of LMP1 in epithelial cells
has also profound effects, including upregulation of CD40 and
epidermal growth factor receptor, secretion of interleukin-6,
and inhibition of cellular differentiation (12, 15, 17, 44). In
some circumstances, LMP1 can also be oncogenic in human
epithelial cells (27, 51).

LMP1 activates NF-kB (22, 41), and many of the LMP1-
induced genes appear to be regulated by this transcription
factor. Members of the NF-kB family, which include p50
(NFKB1), p52 (NFKB2), p65 (RelA), c-Rel, and RelB, can
form both homodimers and heterodimers (3). An active
NF-kB moiety generally comprises NFKB/Rel heterodimers,
the prototype NF-kB being p50/p65. The heterodimers are
normally held in the cytoplasm as inactive complexes with an
inhibitory component, IkB. Activation appears to involve phos-
phorylation and subsequent release and degradation of the IkB
component, thus permitting translocation of the active het-
erodimers to the nucleus, where they bind to specific DNA
sequences in the promoters of the genes they activate. There
are a number of different types of IkB, and recent evidence
suggests that LMP1 activates NF-kB through phosphorylation
of IkBa (25).

The LMP1 gene from the prototype B95.8 virus is a 386-
amino-acid (aa) protein comprising a short N-terminal cyto-
plasmic domain, six putative membrane-spanning helices, and
a large cytoplasmic C-terminal domain of approximately 200
aa (18, 43). Two regions within the C-terminal domain have
previously been identified to be vital in the function of the
molecule (29, 47). Designated CTAR-1 (C-terminal activating
region 1) and CTAR-2, these domains comprise residues 194
to 232 immediately proximal to the membrane and the last 55
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aa (332 to 386) respectively. Both CTAR-1 and CTAR-2 are
able to activate NF-kB independently in certain cell back-
grounds, but the major NF-kB-activating region of LMP1 ap-
pears to be within CTAR-2 (8, 29, 47). CTAR-1 can bind four
members of a family of tumor necrosis factor (TNF) receptor-
associated factors (TRAF1, TRAF2, TRAF3, and TRAFYS)
that are involved in NF-«kB activation pathways in other mem-
bers of the TNF receptor family (8, 13, 32, 50, 58). While there
is no evidence for direct association of any TRAF species with
CTAR-2, direct binding of the TNF receptor-associated death
domain protein (TRADD) to CTAR-2 was recently reported
(30). Studies with a dominant negative mutant of TRAF2 (15,
30, 32) have implicated TRAF2 as a common mediator of
NF-kB activation from the CTAR-1 and CTAR-2 domains,
although the mechanism presumably differs for each domain
since TRAF2 can bind directly only to CTAR-1. Therefore, the
precise nature of TRAF involvement in LMP1-mediated sig-
naling remains unclear (8, 46, 58). Analysis of laboratory mu-
tants of LMP1 reveals an incomplete correlation between
LMP1-mediated activation of NF-kB and changes in cell phe-
notype (29, 46, 47), and these data point to a separate signal-
ling pathway(s) being activated by LMP1 along with NF-«B to
effect full downstream functions. One such pathway was re-
cently identified as the SEK/JNK kinase cascade that leads to
activation of the AP-1 transcription factor (36).

Although the LMP1 gene is relatively well conserved in its
protein-coding region, typically showing greater than 95%
amino acid sequence identity among different EBV isolates
(45, 57), there has been considerable interest in the possibility
that natural sequence variation affects the function of the
LMP1 and influences the development of EBV-associated dis-
ease. In particular, attention has focused on a deletion variant
(del-LMP1) that was originally identified in tumors of Chi-
nese patients with undifferentiated nasopharyngeal carcinoma
(NPC) and that is characterized by a 30-bp deletion corre-
sponding to codons 343 to 352 of the B95.8-LMP1, together
with other hot spots of point mutations (9, 28, 38, 60). The
geographic distribution of this variant means that the majority
of Chinese NPC patients are infected with EBV carrying the
del-LMP1 gene. LMP1 is expressed in about 65% of undiffer-
entiated NPCs (16, 67) and appears to influence the growth
and clinical course of the cancer (26). In addition, the two
prototype del-LMP1 variants, CAO and 1510, are widely ac-
cepted as being more oncogenic than the B95.8 gene in rodent
fibroblasts and a human epithelial cell line (9, 27, 68), although
these results have recently been questioned by one group (51).

The del-LMP1 gene has also been identified in a number of
EBV-associated diseases other than NPC, including Hodgkin’s
disease and lymphomas, and here also it has been suggested
that the LMP1 sequence variations may be contributing to the
malignant process (37, 39, 40). In this study, we investigated
whether the del-LMP1 genes have different functional properties
in human lymphoid cells and whether any differences were due to
the 10-aa deletion itself or to other sequence differences in LMP1.
Our structure-function analysis was performed on a panel of four
human lymphoid lines, and activation of NF-«B and induction of
cell surface markers were used as functional readouts.

MATERIALS AND METHODS

Cell lines. DG75 is an EBV-negative Burkitt’s lymphoma (BL) cell line de-
rived from a patient with a sporadic case of BL (6). Eli-BL is an EBV-positive BL
cell line retaining a latency I pattern of gene expression in which EBNALI is the
only nuclear antigen expressed and the LMP1 gene is repressed (56). Daudi is an
EBV-positive BL tumor line which carries an EBV genome with a deletion that
removes the EBNA2 gene, which in turn prevents the EBNA2-regulated expres-
sion of the intact LMP1 gene (11, 31). Jurkat is an EBV-negative T-cell line from
an acute lymphocytic leukemia patient (7). All these lines were maintained as
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suspension cultures in growth medium, consisting of bicarbonate-buffered RPMI
1640 supplemented with 10% fetal bovine serum and antibiotics (200 U of
penicillin per ml and 200 mg of streptomycin per ml) at 37°C in a humidified
atmosphere containing 5% CO,.

DNA expression vectors. All LMP1-expressing constructs were based on the
pSGS vector in which the inserted genes are placed downstream of a B-globin
intron and a simian virus 40 promoter (20). The pSG5-LMP1 plasmid containing
a cDNA of B95.8 has been described previously (29). The pSG5.CAO-LMP1
plasmid was prepared by excising the LMP1 gene from J124-Cao5 (28) as a
BamHI fragment and ligating it into the BamHI site of pSG5. The pSG5.AG876-
LMP1 plasmid was generated by inserting an AG876 cDNA into the BarmHI site
of pSGS5; mRNA of the AG876 cell line was used to produce cDNA from which
the LMP1 gene was amplified as an EcoRI fragment by using the following pair
of primers: 5'-ATA GAA TTC CTG AGG ATG GAA CAC-3' and 3'-TGG
TCG GTC GCT GAC TTA AGA TA-5'.

The chimeric genes B95.8 X CAO and CAO X B95.8 were created from
pSG5-LMP1 and pSG5.CAO-LMP1 by swapping the BstEIl-Smal fragments
containing the CTAR-2 domain from codon 333 (B95.8 sequence) to the C
terminus. Plasmid pSG5-LMP1A(343-352) was generated by using PCR mu-
tagenesis to introduce three point mutations into the chimera B95.8 X CAO to
revert the three amino acid changes found in the CAO sequence to the B95.8
sequence. The primers used to introduce these mutations were 5'-ATA GGT
GAC CAG GGC CCG CCT TTT GA-3' (R334—Q, S338—L) and 3'-ATA
AAC CGG AAC CAG AAG AAC CCA A-5' (T356—S). Underlined bases
indicate the introduction of point mutations. The primers were used to amplify
a BsaWI-BstEII fragment of B95.8 X CAO, generating an 85-bp product that was
then inserted in B95.8 X CAO. Plasmid pSG5-LMP1.A(343-352) was identified
by the loss of the three restriction sites Ncil, Taql, and Rsal, and its identity was
confirmed by sequencing. Plasmid pSG5-LMP1.A(352-360) was generated by
use of the transformer site-directed mutagenesis kit (Clontech) with the selection
primer 5'-CAT TGG GAA AAC GCT CTT CGG to destroy a unique Asp 700
site within the ampicillin resistance gene and the primer 5'-AGT CAT GAT TCC
GGC ACG CTG CTIT TTG GGT to introduce the deletion into pSG5.LMP1.
The deletion mutant was screened for by loss of a Bg/I restriction site, and its
identity was confirmed by sequencing.

Plasmid RSV-IkB, which encodes IkBa driven from a Rous sarcoma virus long
terminal repeat (LTR) promoter (14), was a kind gift from Colin Duckett
(Howard Hughes Medical Institute, University of Michigan Medical Center).

DNA reporter plasmids. Plasmid pSG5-rCD2, containing a nonfunctional
truncated rat CD2 gene under the control of a constitutively active simian virus
40 promoter, was constructed as described elsewhere (19) and was used in
phenotype assays as a marker of transfected cells. The luciferase reporter con-
structs 3Enh.kB-ConALuc, human immunodeficiency virus (HIV) LTR, and
HIV LTRAkB were kindly supplied by F. Arenzana-Seisdedos (Institut Pasteur,
Paris, France). The 3Enh.«B-ConALuc reporter contains three tandem repeats
of the NF-«kB-binding sites from the Igk promoter located upstream of a minimal
conalbumin promoter controlling a luciferase gene (1). The HIV LTR luciferase
reporter plasmid contains HIV LTR sequences controlling a luciferase gene, and
HIV LTRAkB is the HIV LTR with the kB motifs deleted (2). The cytomega-
lovirus CMV-BGal construct, in which a bacterial B-galactosidase gene is con-
stitutively expressed from the human CMV immediate-early promoter, was ob-
tained from D. McCance (University of Rochester).

Transfection of lymphoid cell lines. For electroporation of suspension cell
cultures, 107 cells in 500 wl of HEPES-buffered RPMI 1640 containing 10% fetal
calf serum and DNA were placed in electroporation cuvettes with 0.4-mm spac-
ing between electrodes. For cells intended for luciferase reporter assays, 3 pug of
NF-«B reporter plasmid and 2 ug of CMV-BGal plasmid were added to the cell
suspension, together with 4 pg of pSGS5 vector or LMP1 construct plasmid DNA.
For cells intended for fluorescence-activated cell sorter analysis, 3 ug of pSG5-
rCD2 plasmid was added to the cell suspension, together with 4 ug of pSG5
vector or LMP1 construct plasmid DNA. The cells were then pulsed with a
Bio-Rad Gene Pulser at 960 pF and either 270 V (for DG75 and Eli-BL cells) or
280 V (for Daudi and Jurkat cells) and were subsequently transferred to 8 ml of
RPMI 1640 growth medium in 3.5-cm-diameter culture dishes.

Detection of LMP1 expression by Western blotting. Electroporated cells were
harvested 40 h posttransfection, washed in phosphate-buffered saline, solubilized
in gel sample buffer, and separated by Laemmli discontinuous sodium dodecyl
sulfate-polyacrylamide gel electrophoresis before being electroblotted onto ni-
trocellulose filters essentially as described previously (55). Nitrocellulose trans-
fers were blocked with 5% (wt/vol) dried skimmed milk in Tris-buffered saline
(pH 8.0) (TBS) for 1 h before being probed overnight at 4°C with CS.1-4, a pool
of murine monoclonal antibodies reactive with epitopes within the C-terminal
cytosolic domain of LMP1 (54), at 1 wg/ml in TBS-milk. The blots were then
incubated for 1 h with rabbit anti-mouse immunoglobulin G (Dako Z0259)
diluted 1:2,000 in TBS plus 0.1% Tween 20, and specifically bound antibody was
detected by incubation for 2 h with rabbit anti-mouse-conjugated alkaline phos-
phatase (Sigma; A-3812) diluted 1:10,000 in TBS-Tween 20. Antibody-protein
complexes were detected with a 5-bromo-4-chloro-3-indolylphosphate—nitroblue
tetrazolium (BCIP-NBT) chromogenic substrate kit (Bio-Rad; 170-6432).

Flow cytometry assay for surface phenotype induction. Induction of CD40 and
CD54 expression by LMP1 was analyzed by flow cytometry as described previ-
ously (55). Briefly, cells were harvested 48 h posttransfection, and the live cells
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were isolated by isopycnic centrifugation over Ficoll-Hypaque. The cells were
dually stained with biotinylated OX34 anti-rat CD2 followed by phycoerythrin
(PE)-streptavidin and fluorescein isothiocyanate (FITC)-conjugated antibodies
to CD40 or CD54. Fluorescent staining of cell surface markers was analyzed by
flow cytometry with a Becton-Dickinson FACScalibur; the transfected-cell pop-
ulation identified by PE staining was gated and analyzed for green fluorescence.
Induction of CD40 or CD54 was measured by determining a gate for positive
FITC staining on cells transfected with SG5 vector plus the rCD2 reporter and
determining the percentage of positive cells induced in cells transfected with the
experimental LMP1 vectors plus the rCD2 reporter. All the results were ex-
pressed relative to B95.8 LMP1 (100%) after subtraction of the percentage of
FITC-stained cells in the SG5 vector control transfection.

Assay for NF-kB activity. NF-«B activity was determined by quantitating the
luciferase expressed from the cotransfected NF-kB reporter plasmid at 24 h
posttransfection as described previously (29). Briefly, the cells were washed in
phosphate-buffered saline and then lysed at approximately 100 wl/10° cells in
reporter lysis buffer (Promega) and clarified by centrifugation. A 50-pl aliquot of
lysate was analyzed in a Berthold LB 9501 luminometer following injection of
100 pl of assay reagent buffer (20 mM glycylglycine, S mM MgCl,, 40 uM EDTA,
3 mM dithiothreitol, 27 pM coenzyme A (lithium salt), 0.5 mM luciferin) and
integration of light release for 10 s. The luciferase activity in each sample was
normalized for variations in transfection efficiency by measuring the B-galacto-
sidase enzyme expressed from the cotransfected CMV-BGal plasmid, as de-
scribed previously (29). Briefly, endogenous B-galactosidase activity was inacti-
vated by heating the lysate to 50°C for 1 h, then 20 .l of the lysate was mixed with
200 pl of 35 mM AMPGD chemiluminescent substrate (Tropix) dissolved in 100
mM sodium phosphate (pH 8.0)-1 mM magnesium chloride and allowed to react
for 30 min at room temperature. Light release was integrated in a Berthold
LB9501 luminometer for precisely 5 s after injection of 300 wl of a 10% solution
of Emerald luminescence amplifier (Tropix) in 0.1 M NaOH.

RESULTS

LMP1 variants. A sequence comparison of the three natural
LMP1 gene variants used in this study is shown in Fig. 1A. It
should be noted that in contrast the original published se-
quence (28) of the Chinese NPC-derived gene, CAO-LMP1,
our sequence data demonstrated that the N-terminal sequence
of CAO-LMP1 shows fewer differences from the B95.8 proto-
type sequence; specifically, we did not find changes in codons
7, 11, 12, or 13. The reason for this discrepancy is unclear, but
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FIG. 1. (A) Amino acid sequence variation between the natural variant
LMP1 genes derived from B95.8, CAO, and AG876. Dots represent areas of
amino acid identity, and dashes represent deleted amino acids. Shaded areas
depict the previously defined CTAR-1 (amino acids 194 to 232 of B95.8-LMP1)
and CTAR-2 (amino acids 332 to 386). The boxed area within CTAR-1 at aa 204
to 208 denotes the PxQxT TRAF binding motif, and the boxed area within
CTAR-2 at aa 343 to 352 (B95.8) indicates the 10-aa deletion in AG876-LMP1
and CAO-LMP1. Note that the N-terminal sequence of CAO-LMP1 shown here
differs from the previously published sequence (see the text). (B) Immunoblot
showing the expression of the LMP1 variants from pSG5 vectors in transiently
transfected Jurkat cells. The EBV-transformed B-cell line X50/7 is a positive
control for LMP1, and SG5-transfected Jurkat is a negative control. Approxi-
mately 1.5 X 10° cells were separated on a 7.5% polyacrylamide gel and trans-
ferred to nitrocellulose. LMP1 expression was detected by probing blots with the
CS1-4 anti-LMP MADbs and using an alkaline phosphatase-based chromogenic
protocol.

the differences have no bearing upon our functional analysis of
the C-terminal region. Otherwise, we confirmed that CAO-
LMP1 contains a 10-aa deletion corresponding to aa 343 to 352
of B95.8-LMP1, as well as an increased number of repeats and
several point mutations compared to B95.8, as shown in Fig.
1A. Many of the point mutations lie within the transmembrane
loops (aa 19 to 182). However, one point mutation (G212—S)
is found within the CTAR-1 region of the molecule (aa 194 to
232) in close proximity to the PxQxT motif (aa 204 to 208)
reported to bind members of the TRAF family. Other point
mutations in the C-terminal cytoplasmic domain include three
in the CTAR-2 region (aa 332-386 in B95.8-LMP1), within
which also lies the 10-aa deletion (aa 343 to 352 in B95.8-
LMP1). AG876 is a prototype type 2 EBV, and its LMP1 gene
displays a higher degree of sequence identity to B95.8 LMP1
(57). It does, however, contain a number of point mutations,
and it has the 30-bp deletion detected in the NPC isolate.
Many of the point mutations are conservative and are found in
regions outside those thought to be of functional significance
(Fig. 1A). The CTAR-2 region of AG876 is identical to that of
CAO.

The three natural variant LMP1 genes were placed into the
pSGS5 vector, and expression from each plasmid was verified by
transfection into the Jurkat cell line and assaying by Western
blotting at 40 h posttransfection. Blots were probed with a
cocktail of four anti-LMP1 antibodies (CS1-4) recognizing
different epitopes on the C-terminal cytoplasmic domain. As
illustrated in Fig. 1B, expression of LMP1 polypeptides was
detected for all the variants at similar intensity, suggesting
similar expression levels. Also, as expected, CAO-LMP1 had a
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higher apparent molecular weight and AG876-LMP1 had a
lower apparent molecular weight than did B95.8-LMP1.

Function of LMP1 variants in lymphoid cells. (i) Induction
of CD54 and CD40. Cell surface phenotype changes induced by
the LMP1 variants were measured by a flow cytometry assay in
which the LMP1 expression vector was electroporated into the
target cell together with a marker plasmid encoding an inactive
derivative of the rat CD2 protein that acts as cell surface
marker of transfected cells. Since LMP1 and rCD2 are ex-
pressed coincidentally in the transfected subpopulation, alter-
ations of the cell surface phenotype in the LMP1-expressing
population can be detected and quantified by the application
of two-color flow cytometry, e.g., gating for cells stained for
rCD2 with PE-tagged antibodies, and analyzing the expression
of CD40 or CD54 stained with FITC-conjugated monoclonal
antibodies. Figure 2 illustrates the results obtained in a repre-
sentative experiment with the Eli-BL B-cell line 48 h after
transfection with different combinations of plasmid DNA.
Mock-transfected cells (SG5 vector, but no rCD2 or LMP1
plasmid DNA) were stained with fluorescent-antibody re-
agents to establish the background staining levels (Fig. 2A),
and cells transfected with SGS5 vector plus the rCD2 plasmid
DNA were similarly stained so that the transfected subpopu-
lation of cells (PE-rCD2 positive) in the upper left and upper
right quadrants of the two-colour plot (Fig. 2B, left) could be
gated and analyzed separately for CD54 expression detected
with FITC-conjugated CD54 antibodies (Fig. 2B, right histo-
gram). This CD54 expression histogram of the transfected-cell
subpopulation was used as a reference for analysis of parallel
transfections with LMP1 genes to quantify the percentage of
LMP1-transfected cells that showed increased expression of
CD54 (Fig. 2C, B95.8-LMP1; Fig. 2D, CAO-LMP1). It is clear
from this experiment that the CAO-LMP1 gene was markedly
less efficient at inducing CD54 expression than was the B95.8
gene. Western blot analysis (Fig. 2E) revealed that expression
levels of B95.8-LMP1 and CAO-LMP1 in the transfectants
were similar and that the levels of expression at the single-cell
level were comparable to those observed in the reference nor-
mal EBV-transformed LCLs, allowing for the transfection ef-
ficiency of about 30% (Fig. 2C and D).

To facilitate a comparison of results from different experi-
ments and with different cell lines where the transfection effi-
ciency may range from 5 to 45%, the phenotype assay results
were calculated as the induction relative to the vector control
transfection (designated 0%) and the B95.8-LMP1 reference
transfection (designated 100%). By this calculation, the exam-
ple shown in Fig. 2 produced an induction of CD54 expression
by CAO-LMP1 that was 26% of that detected with B95.8-
LMP1. The reproducibility of this result in replicate experi-
ments is illustrated by the standard deviations shown in Fig.
3A.

This phenotype assay was then applied to four different
lymphoid cell lines of human origin, and the relative induction
of CD54 and CDA40 by the three natural LMP1 variants (B95.8-
LMP1, CAO-LMP1, and AG876-LMP1) was determined. The
target lines for transfection included three B-lymphoid lines:
Eli-BL, an EBV-positive BL line in the latency I state where
EBNAL is the only viral protein expressed; Daudi, another
EBV-positive BL line in which EBNA?2 is deleted and which
therefore does not express the endogenous EBNA2-regulated
LMP1 gene; and DG75, an EBV-negative BL line. The EBV-
negative T-lymphoid line, Jurkat, was also examined, since it is
apparent that a number of T-cell lymphomas are associated
with EBV.

Figure 3 shows the results obtained by expression of the
LMP1 variants in these four lymphoid cell lines. Several points
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FIG. 2. Flow cytometry assay for the induction of cell surface CD54 expres-
sion 40 h after transfection of Eli-BL cells with B95.8-LMP1 or CAO-LMP1
genes. (A to D) Two-color flow cytometry analysis of four transfections. The cells
were stained for rCD2 with PE-conjugated antibody and for CD54 with FITC-
conjugated antibody; the left-hand panels show the two-color plots of the total
viable population, while the right-hand panels show histograms of CD54 staining
of the subpopulation of cells gated for PE-rCD2 positivity. The four transfections
were as follows: mock-transfected cells with no rCD2 or LMP1 DNA (A), control
transfected cells with pSGS5 vector plus rCD2 DNA (B), B95.8-LMP1 plus rCD2
DNA (C), and CAO-LMP1 plus rCD2 DNA (D). An arbitrary gate was set on
the control transfection CD54 histogram (B) so that 1.2% of the transfected cells
were classified as positive for CD54. The same gate was applied to the CD54
histograms of the B95.8-LMP1 (C) and CAO-LMP1 (D) transfections, which
gave 33.6 and 9.7% CD54-positive cells, respectively. (E) Western blot illustrat-
ing the expression of LMP1 in the transfected Eli-BL cultures. The blot was
probed with CS.1-4 anti-LMP1 MADs, and the samples (left to right) were
equivalent amounts of whole-cell protein from the reference X50-7 EBV-trans-
formed LCLs, the vector control-transfected Eli-BL cells from panel B, the
B95.8-LMP1-transfected Eli-BL cells from panel C, and the CAO-LMP1-trans-
fected cells from panel D.
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FIG. 3. Effects of the LMP1 variants on the induction of cell surface markers CD40 () and CD54 (m) on the B-cell lines Eli-BL (A), Daudi (B), and DG75 (C)
and the T-cell line Jurkat (D). Phenotypic changes in the transfected subpopulation of cells were measured by two-color flow cytometry, as in Fig. 2. The measured
induction of surface markers was expressed relative to the degree of induction achieved with the B95.8 LMP1 gene (100%) and the pSG5 vector control (0%). The
data for each cell line are the mean and standard deviation of at least three separate experiments. Induction of CD40 was not determined (n.d.) for the Jurkat cell line,

since it is documented that CD40 cannot be upregulated in this cell line.

can be made from these data. First, for each of the B-cell lines,
induction of the cell surface markers CD40 and CD54 gave
broadly similar results (Fig. 3A through C); whereas CD40
could not be induced by LMP1 in the Jurkat T-cell line, ap-
parently because of an inherent inability of this line to express
CDA40, the induction of CD54 showed a similar pattern of
results to those obtained with the B-cell lines (Fig. 3D). Sec-
ond, in all the lines, CAO-LMP1 consistently showed a marked
impairment of CD54 and CD40 induction relative to that
shown by B95.8-LMP1. Third, the results obtained with
AG876-LMP1 more closely mirrored the results obtained with
B95.8-LMP1. In DG75 and Jurkat cells, the effects of AG876-
LMP1 were indistinguishable from those of B95.8 LMP1 (Fig.
3C and D). In the Daudi and Eli-BL lines, AG876-LMP1 was
clearly less efficient than B95.8-LMP1 at inducing the cell sur-
face phenotype but was consistently better than CAO-LMP1
(Fig. 3A and B). Since the sequence of the CTAR-2 domains
of AG876-LMP1 and CAO-LMP1 are identical (Fig. 1), these
results suggested that the more substantial phenotypic differ-
ences observed between CAO-LMP1 and B95.8-LMP1 may be
due largely to sequences outside the CTAR-2 domain. How-
ever, the modest impairment of AG876-LMP1 function in the

Daudi and Eli-BL lines does not allow us at this stage to rule
out the possibility that the 10-aa deletion has some effect upon
the induction of surface phenotype.

(ii) Activation of NF-kB. In parallel with the phenotype
assays, we investigated the upregulation of NF-kB by the
LMP1 variants by using a reporter plasmid (3Enh.kB-
ConALuc) which contains a triplet of NF-kB binding motifs
regulating a luciferase gene. The constructs expressing the
LMP1 variants were cotransfected with the 3Enh.kB-ConALuc
construct into the target cells, and cell lysates were assayed for
luciferase enzyme activity at 24 h posttransfection. Variations
in transfection efficiency were corrected for by measuring the
levels of B-galactosidase constitutively expressed from a co-
transfected CMV early promoter-driven expression plasmid,;
these B-galactosidase data were used to normalize the NF-«B
results. The results obtained in this transient-transfection assay
with the four lymphoid lines are shown in Fig. 4. Unexpectedly,
we consistently observed the CAO-LMP1-induced NF-«B ac-
tivation to be about twofold greater than that of B95.8-LMP1
in all four lines. Furthermore, AG876-LMP1 activated NF-«xB
to levels similar to those achieved by activation by B95.8. While
the increased NF-kB-activating function of CAO-LMP1 con-
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FIG. 4. Effects of the LMP1 variants on the activation of NF-«B on the cell
lines Eli-BL (A), Daudi (B), DG75 (C), and Jurkat (D), as determined by
quantitation of the luciferase produced from a cotransfected reporter plasmid,
3Enh.kB-ConALuc, regulated by NF-kB. The data were normalized for trans-
fection efficiency by measuring the B-galactosidase enzyme produced from a
cotransfected constitutively active reporter plasmid. The data were then ex-
pressed relative to the activity obtained with the B95.8 LMP1 gene (100%)
without subtracting the basal activity in control pSG5-transfected cells. The data
for each cell line are the mean and standard deviation of at least four separate
experiments.

trasted with the decreased CD54/40-inducing function, the re-
sults obtained with AG876-LMP1 again implicated sequences
outside the CTAR-2 domain as being responsible for the dis-
tinct functional characteristics of CAO-LMP1.

Analysis of NF-kB activation by CAO-LMP1. It could be
argued that the increased NF-«kB activation by CAO-LMP1 is
relatively small and might be due to small differences in levels
of LMP1 expression that are not reliably quantified by Western
blotting because of the possibility that the monoclonal anti-
bodies bind with different affinities to the two forms of LMP1.
This was rebutted by the titer determination experiment (Fig.
5), in which different amounts of B95.8-LMP1 and CAO-
LMP1 vector DNA (0.5 to 20 pg) were transfected into Jurkat
cells and the effects upon CD54 induction and NF-«kB activa-
tion were measured as before. The induction of CD54 by
different amounts of the two LMP1 genes, as shown in Fig. 5A,
revealed two distinct dose-response curves that cannot be due
simply to different amounts of functionally identical proteins
being produced from the two vectors. Likewise, the activation
of NF-kB by different amounts of the two LMP1 genes also
produced two distinct dose-response curves (Fig. 5B). In fact,
by increasing the amount of B95.8-LMP1 beyond 5 pg, the
activation of NF-kB gradually decreased, whereas the activa-
tion of NF-kB by CAO-LMP1 remained constantly high over
the range from 4 to 20 pg DNA. Indeed, these data suggest
that CAO-LMP1 may activate NF-«B up to fivefold more than
B95.8-LMP1 does.
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FIG. 5. Determination of the effects of B95.8-LMP1 and CAO-LMP1 upon
induction of CD54 (A) and activation of NF-kB (B) by measurement of titers.
Jurkat cells were transfected with different amounts of either B95.8-LMP1 plas-
mid DNA (@) or CAO-LMP1 DNA (O) over a range of 0.5 to 20 pg of DNA per
transfection. Induction of CD54 and activation of NF-kB were assayed as in the
experiments in Fig. 3 and 4.

One important point about the CAO-LMP1 function is that
by one readout (CD54 induction) it is impaired relative to
B95.8-LMP1 while by another readout (activation of NF-«kB) it
is enhanced relative to B95.8-LMP1. The lack of correlation
between NF-kB activation and surface phenotype induction
prompted us to reconfirm the specificity of the NF-kB reporter
assay. We had previously shown that the ConALuc parental
reporter plasmid, containing the minimal conalbumin pro-
moter but lacking the three kB enhancer elements, does not
produce luciferase in response to LMP1 expression (data not
shown). To establish the involvement of NF-«B in the induc-
tion of the reporter, we cotransfected Jurkat cells with the
3Enh.kB-ConALuc reporter and the pSG5-LMP1 plasmids to-
gether with a plasmid encoding the physiological inhibitor,
IkBa. As shown in Fig. 6A, expression of IkBa substantially
reduced the reporter activity induced by all three LMP1 genes
to the same low basal level. Further confirmation of the NF-«B
results was obtained with a second luciferase reporter regu-
lated by the natural HIV LTR enhancer sequences; it is well
documented that LMP1 upregulates the HIV LTR by induc-
tion of NF-kB (22). Figure 6B shows that this reporter pro-
duced similar results to those obtained with the 3Enh.kB-
ConALuc reporter. Furthermore, CAO-LMP1 did not activate
an HIV LTR reporter in which the NF-kB binding sites were
deleted (Fig. 6B).

Sequences responsible for the CAO-LMP1 functional differ-
ences. While not conclusive, the results in Fig. 3 and 4 suggest
that the 10-aa deletion itself has little effect upon LMP1 func-
tion in human lymphocytes and is not responsible for the
marked difference between CAO-LMP1 and B95.8-LMP1. To
investigate further the sequences responsible for the functional
properties of CAO-LMP1, we constructed two deletion mu-
tants of B95.8 LMP1. One mutant, LMP1.A[343-352], had a
deletion of the 10 codons that are missing in the CTAR-2
region of CAO-LMP1; the other control mutant, LMP1.A
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FIG. 6. (A) Effects of IkBa upon the NF-«B activity induced by the LMP1 variants in Jurkat cells transfected as in Fig. 3, but with (m) or without () the expression
vector for IkBa. The data were normalized for transfection efficiency and expressed relative to the activity obtained with the B95.8-LMP1 gene without the inhibitor
(100%). Data shown are from one representative experiment. (B) Regulation of the HIV LTR by the LMP1 variants in Jurkat cells. Effects of the variants were
determined by cotransfection of a luciferase reporter plasmid regulated by the HIV LTR and quantitation of the luciferase produced (m). To show the specificity of
the induction, a derivative of the HIV LTR reporter plasmid mutated at the NF-«B sites at the HIV LTR was also used (7). Data were normalized for transfection
efficiency and expressed relative to the activity obtained with the B95.8 LMP1 on the wild-type HIV LTR. The data shown are from one representative experiment.

[352-360], had the 3’ adjacent 8 codons deleted. In addition,
we constructed chimerae of the B95.8-LMP1 and CAO-LMP1
genes by swapping the BstEIl-Smal restriction fragments span-
ning the CTAR-2 region. As illustrated in Fig. 7A, the chime-
ras B95.8 X CAO and CAO X B95.8 express LMP1 molecules
in which the CTAR-2 domains are exchanged between B95.8-
LMP1 and CAO-LMPI1. The B95.8 X CAO-LMP1 chimera
contains sequences from B95.8-LMP1 to aa 333, and the re-
maining sequence is derived from CAO-LMP1; the chimera
CAO X B95.8-LMP1 contains sequences from CAO-LMP1 to
aa 359, and the remainder of the sequence is from B95.8-
LMP1. Expression of each of the constructs was confirmed by
Western blotting, and similar levels of expression were ob-
tained for all mutants following transient transfection into Ju-
rkat cells (Fig. 7B).

Using the same flow cytometric method as above, we inves-
tigated the effects of the LMP1 mutants on the cell surface
phenotype in the Jurkat cell line. The results shown in Fig. 8A
were obtained in the same representative experiment from
which the Western blots were prepared in Fig. 7. As shown
above, the induction of CD54 by CAO-LMP1 was markedly
impaired relative to that by B95.8 LMP1. Both deletion mu-
tants of B95.8-LMP1 (i.e., A[343-352] and A[352-360]) in-
duced CD54 expression as efficiently as did the parental B95.8-
LMP1 gene, confirming that the deletion alone is not
responsible for the functional properties of CAO-LMP1. Sur-
prisingly, the induction of CD54 by both chimeras (B95.8 X
CAO and CAO X B95.8) was impaired relative to B95.8-
LMP1, although neither chimera was as functionally impaired
as CAO-LMPI. The result with the CAO X B95.8 chimera
supports the conclusion that regions outside of CTAR-2 con-
tribute to the loss of phenotype induction with CAO-LMP1.
However, the result with B95.8 X CAO suggests either (i) that
the other sequence changes within the CAO CTAR-2 are im-
portant or (ii) that the CAO CTAR-2 domain (which is iden-
tical to AG876) is not fully compatible with the B95.8 se-
quences in codons 1 to 332.

In parallel with the phenotype assays, we also investigated
the effects of the LMP1 mutants on NF-«B activation by using
the same luciferase-based reporter assay as used above, and a
summary of the results obtained following transfection of Jur-
kat cells is shown in Fig. 8B. As observed in earlier experi-
ments, CAO-LMP1 activated NF-kB about twofold more than

did B95.8-LMP1. As with the surface phenotype assays, the
deletion mutants of B95.8-LMP1 (i.e., A[343-352] and A[352-
360]) both behaved similarly to the parental B95.8-LMP1 with
respect to the degree of activation of NF-kB. In contrast to the
results obtained in the cell surface phenotype assays, the two
chimeras B95.8 X CAO and CAO X B95.8 showed quite
distinct properties with respect to activation of NF-kB. Thus,
whereas the B95.8 X CAO chimera activated NF-«B to levels
similar to those induced by B95.8, the CAO X B95.8 chimera
behaved indistinguishably from CAO-LMP1 (Fig. 8B). These
results clearly implicate sequences outside the CTAR-2 do-
main as being responsible for the elevated NF-«kB-activating
function of CAO-LMP1.

DISCUSSION

In this study, we show that the CAO-LMP1 gene differs
markedly from the prototype B95.8-LMP1 gene with respect to
the ability to activate NF-«kB and to induce cell surface expres-
sion of CD40 and CD54 in human lymphoid cells. This obser-
vation extends the results of previous studies on CAO-LMP1
function in human cells, which demonstrated that the NPC-
derived gene has greater transforming activity in the Rhek-1
human epithelial line as measured in vivo by increased tumor
formation in SCID mice (27) and in vitro by differences in cell
morphology and colony growth pattern (68). Taken together
with the recent observation of Li et al., who showed that
deletion of the 10-aa sequence (codons 343 to 352) from
B95.8-LMP1 conferred a more tumorigenic phenotype to ro-
dent fibroblasts when inoculated into nude mice (42), these
data lend credence to the possibility that deletion variant
LMP1 genes also influence the development of EBV-positive
lymphoid tumors (37, 38, 40).

Against this background, it was surprising that our structure-
function experiments ruled out a direct causative role for the
10-aa deletion in determining the distinct functional charac-
teristics of CAO-LMP1 in lymphoid cells (Fig. 8). Equivalent
structure-function studies of deletion variant LMP1 genes, us-
ing tumorigenicity and/or colony growth assays as a readout,
have not been reported for human epithelial cell targets. Fur-
thermore, while the experiments of Li et al. clearly showed that
the 10-aa deletion was responsible for LMP1-induced tumor-
igenic transformation of BALB/c3T3 fibroblasts inoculated
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FIG. 7. (A) Schematic representation of the LMP1 mutants generated for
further analysis of CAO-LMP1 function. The LMP1 chimeras B95.8 X CAO and
CAO X B95.8 were made by swapping the BstEIIl-Smal fragments spanning the
CAO deletion, thus exchanging sequences downstream of glycine 333 in B95.8

(glycine 373 in CAO). This effectively exchanges the CTAR-2 between B95.8-

LMP1 and CAO-LMP1. B95.8 sequences are represented by solid lines, and
CAO sequences are represented by broken lines. Solid boxes show the 10-aa
sequence in B95.8-LMP1 that is deleted in CAO-LMP1, whereas the arrows
indicate the position of this deletion in CAO. The A[343-352] mutant is a
B95.8-LMP1 gene from which codons 343 to 352 were deleted (see Materials and
Methods). The A[352-360] mutant is also derived from B95.8 LMP1. (B) Im-
munoblot showing the expression of the LMP1 mutants in transiently transfected
Jurkat cells. The EBV-transformed B-cell line X50/7 is a positive control for
LMP1, and SGS vector-transfected Jurkat is a negative control. LMP1 expression
was detected with CS1-4 antibodies as described in the legend to Fig. 1.

into nude mice (42), earlier studies demonstrated inconsistent
results when comparing transformation of BALB/c3T3 and
Rat-1 fibroblasts (4, 48) and demonstrated a lack of correlation
between LMP1 function in rodent fibroblasts and human cells
(29, 47). Therefore, our present data with human lymphoid
cells should not be construed as contradictory; rather, they
reflect the fact that we are using different functional readouts
in different target cell types. In fact, our results are more
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consistent with those of a recent study in which human B-cell
lines transformed with different EBV isolates, some of which
expressed deletion variants of LMP1, were tested for the ability
to form tumors in SCID and nude mice (59). In that study, the
LCLs whose EBV expressed deletion variant LMP1 genes
were, like those with undeleted LMP1 genes, unable to estab-
lish tumors in nude mice; only one LCL expressing a variant
LMP1 gene with a larger (23-aa) deletion was tumorigenic in
that assay. The observations of Sandvej et al. (59), together
with our present results, appear to be at variance with one
clinical report showing a correlation of the presence of LMP1
deletion variants with cancer in patients with lymphoprolifera-
tive disease (37). However, another clinical study published
during the preparation of this paper found that the presence of
del-LMP1 among 58 lesions from 36 heart and kidney organ
transplant patients with lymphoproliferative disorders did not
correlate with the aggressiveness of the lesions or with the
progression of disease (61). Therefore, the hypothesis that the
10-aa deletion in LMP1 might influence the development of
lymphoproliferative diseases is not convincingly supported by
the evidence. Nevertheless, if sequence changes in the LMP1
gene do influence the development and clinical course of lym-
phoproliferations, our data would point to a role for sequence
variations other than, or in addition to, the 10-aa deletion
itself.

Our first indication that the 10-aa deletion itself was not the
prime cause of the functional differences in our present study
came from comparison with the function of the AG876-LMP1
gene, which displays the deletion but is otherwise more similar
to the B95.8-LMP1 sequence (Fig. 1). With respect both to
activation of NF-kB and to induction of CD40 and CD54, the
AG876-LMP1 gene behaved similarly to the B95.8-LMP1 gene
rather than to CAO-LMP1 (Fig. 3 and 4). Since the entire
CTAR-2 sequence of AG876-LMP1 is identical to that of
CAO-LMP1, these data would argue against a role for any of
the CTAR-2 sequence in determining the distinct functional
characteristics of CAO-LMP1. This is supported by the recent
mapping of the NF-«kB-activating domain of CTAR-2 to a
highly conserved stretch of 6 aa comprising residues 379 to 384
at the far C terminus of B95.8-LMP1 (8, 19). Ruling out
CTAR-2 turns the focus of attention to the CTAR-1 domain,
which is known to bind TNF receptor-associated factors
(TRAFs) that are involved in NF-«B activation pathways in
other members of the TNF receptor family (50). A TRAF-
binding motif (PxQxT) at codons 204 to 208 within CTAR-1
has been identified in B95.8-LMP1 (13), and this sequence is
conserved in all published LMP1 gene sequences (45, 57).
However, the precise role of TRAFs in activating LMP1-me-
diated activation of NF-«B is unclear (8, 32, 58). Furthermore,
while mutation of sequences in the PxQxT motif undoubtedly
impairs both TRAF-binding and NF-kB-activating functions
(13, 15, 58), flanking sequences are also clearly important (13,
58). At this stage, therefore, the possibility cannot be excluded
that sequence changes on either side of the PxQxT motif, e.g.,
the Q—P (codon 189 B95.8 LMP1), S—=T (codon 192), or
G—S (codon 212) changes, account for the functional differ-
ences between B95.8-LMP1 and CAO-LMP1 genes.

Notwithstanding the above discussion, our experiments with
chimeric B95.8 X CAO and CAO X B95.8 LMP1 genes sug-
gest that it may be naive to attempt to attribute all the func-
tional differences of the CAO-LMP1 to a specific sequence
variation in one functional domain. Thus, while these two
chimeras showed properties consistent with the elevated NF-
kB-activating function of CAO-LMP1 residing outside the
CTAR-2 domain (Fig. 8B), the ability to induce cell surface
CD54 was unexpectedly impaired in the B95.8 X CAO chimera
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FIG. 8. (A) Analysis of the effects of LMP1 mutants on cell surface phenotype. The T-cell line Jurkat was transfected with the indicated expression plasmids, and
the relative induction of CD54 was measured by two-color flow cytometry as described in the legend to Fig. 2. Data shown are from one representative experiment from
which the Western blot in Fig. 7B was obtained. (B) Effects on NF-kB activation by the LMP1 mutants. Jurkat cells were transfected with the indicated expression
plasmids together with the 3Enh.xkB-ConALuc reporter plasmid, and NF-«kB activation was measured as described in the legend to Fig. 3. Data shown are the mean

and standard deviation of at least four separate experiments.

as well as in the CAO X B95.8 chimera (Fig. 8A). Further-
more, neither chimera showed as severe an impairment of
CD54-inducing function as did the parental CAO gene (Fig. 8).
Our data with chimeric LMP1 genes are compatible with a
scenario in which the signaling events arising from a physical
interaction between CTAR-1 and CTAR-2 may differ qualita-
tively or quantitatively from the sum of the signalling events
that can be induced separately from CTAR-1 and CTAR-2.
Recent work in our laboratory, which involved cotransfection
of a series of mutated B95.8-LMP1 genes that formed either
mixed oligomeric complexes or separate homogeneous oli-
gomers, demonstrated that CTAR-1 and CTAR-2 do indeed
cooperate with each other to affect the nature of the signals
generated by LMP1 complexes (19a). The recent data of other
groups showing that TRAF1 and TRAF2 bind more efficiently
to CTAR-2-deleted LMP1 sequences than they do to the
whole carboxy region containing both CTAR-1 and CTAR-2
(13, 58) is also consistent with the possibility that CTAR-1 and
CTAR-2 cooperate to bind a different set of TRAF signaling
molecules than would be predicted from the factors known to
bind CTAR-1 and CTAR-2 in isolation. Against this back-
ground, it is not surprising that swapping of the CTAR-1 and
CTAR-2 domains between B95.8-LMP1 and CAO-LMP1 does
not necessarily produce simple results. In addition to the like-
lihood that the CTAR-1 and CTAR-2 domains of these two
LMP1 genes may not be fully compatible with each other, it is
possible to envisage a more subtle role for intervening se-
quences such as the number of repeats and the phosphoryla-
tion sites (49), which have received little attention in recent
structure-function investigations. Further work is in progress
to elucidate the sequence changes responsible for the distinct
functional properties of CAO, but the evidence to date points
to a cooperative effect of more than one sequence variation in
different parts of the molecule.

There remains the paradox of why the CAO-LMP1 gene
causes a two- to threefold-greater activation of NF-«kB than the
B95.8-LMP1 or Ag876-LMP1 genes and yet is impaired in its
ability to induce more downstream functions such as expres-
sion of cell surface CD40 and CD54 in lymphoid cells (Fig. 3
and 4). Both the CD40 and CD54 genes have NF-«kB binding
regulatory sequences in their promoter regions, and they do
appear to be regulated by NF-kB activation in response to
cytokines (21, 62). We have confirmed the specificity of our

regular luciferase reporter assay by testing a second luciferase
reporter construct based on an HIV promoter construct, to-
gether with a control reporter in which the NF-«B binding site
is mutated; furthermore, the LMP1-mediated luciferase activ-
ity was inhibited by cotransfection with a gene expressing the
IkBa inhibitory protein (Fig. 5). One explanation for the par-
adox is that CAO-LMP1 and B95.8-LMP1 genes differ in their
ability to activate signalling pathways other than NF-«B. This
is supported by many published examples where LMP1-medi-
ated NF-kB activation does not correlate with other pheno-
typic readouts of LMP1 function (29, 46, 47), and the nature of
the second signaling pathway may have been revealed by a
report published during the preparation of this paper which
showed that LMP1 can activate the AP-1 transcription factor
via the SEK/JNK kinase cascade (36). Another explanation,
which is not mutually exclusive, is that the CAO-LMP1 gene
activates different species of NF-kB or NF-kB-like transcrip-
tion factors that may bind with higher affinity to the reporter
constructs but do not efficiently activate the endogenous CD40
or CD54 genes.

The recent literature has been inundated with papers de-
scribing the presence of del-LMP1 in various EBV-associated
tumors. To some extent, these data may simply reflect the
incidence of variant LMP1 in the healthy population in the
geographical location studied (10, 23, 34). However, this does
not preclude a role for sequence variants in promoting lym-
phoproliferative disease in certain circumstances such as
immunosuppression. If distinct functional properties of del-
LMP1 genes are important in EBV-associated lymphoprolif-
erations, our results suggest that attention should be paid to
the role of sequence variations other than the 10-aa deletion
itself.
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