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The Epstein-Barr virus (EBV) is an oncogenic human herpesvirus. EBV latent membrane protein 1 (LMP-1)
is a viral oncogene that manifests its oncogenic phenotype through activation of cellular signaling pathways
involved in cell growth, survival, differentiation, and transformation. Lytic LMP-1 (lyLMP-1) is a related EBV
gene without oncogenic properties. The lyLMP-1 gene is found in 60% of the EBV strains circulating in nature,
but it is not found in EBV strains associated with nasopharyngeal carcinoma. We recently demonstrated that
lyLMP-1 down-regulates the half-life of LMP-1 in epithelial cells. Therefore in this study, we tested the
hypothesis that lyLMP-1 concomitantly down-regulates LMP-1 oncogenic activity. The results demonstrated
that lyLMP-1 inhibits LMP-1-mediated intracellular signaling activation, epithelial cell growth and survival,
and fibroblast cell transformation in a dose-dependent manner. Lytic LMP-1 manifested this effect through the
promotion of LMP-1 degradation and a reduction in the expressed quantity of LMP-1. Thus, lyLMP-1
functions as a posttranslational negative regulator of LMP-1 oncogenesis. These results support a model of
EBV-associated epithelial oncogenesis in which lyLMP-1 may act in vivo to reduce the risk of LMP-1-mediated
transformation and is therefore subjected to negative selection in nasopharyngeal carcinoma pathogenesis.

Epstein-Barr virus (EBV) is an oncogenic human herpesvi-
rus associated with a broad spectrum of benign and malignant
diseases, including infectious mononucleosis, oral hairy leuko-
plakia, African Burkitt’s lymphoma, Hodgkin’s disease lym-
phoma, lymphoproliferative disorders of immunocompromised
hosts, and nasopharyngeal carcinoma. The EBV latent mem-
brane protein 1 (LMP-1) is a viral oncogene (30) that is be-
lieved to be important in the pathogenesis of many EBV-
associated diseases, including nasopharyngeal carcinoma (25).
In the B958 EBV strain, LMP-1 is a 63-kDa protein of 386
amino acids encoded by the BNLF1 gene. LMP-1 localizes to
cellular membranes and functions as a constitutively active
tumor necrosis factor receptor homologue that propagates in-
tracellular signaling, including the NF-�B, cJun N-terminal
protein kinase/AP-1, and Janus kinase/STAT pathways (5, 12,
15, 27). Through these signaling pathways, LMP-1 generates a
myriad of effects on host cell growth, differentiation, and apop-
tosis, including growth promotion and survival in epithelial
cells (4, 11, 16, 23, 32) and transformation of rodent fibroblasts
(3, 30). Although the mechanisms by which LMP-1 influences
cell biology have been intensively studied, little is known about
the mechanisms that regulate LMP-1 oncogenic activity.

Some EBV strains also encode an amino-terminally trun-
cated form of LMP-1 called lytic LMP-1 (lyLMP-1). Transcrip-
tion of lyLMP-1 is driven by the ED-L1A promoter that is
located in the first intron of the LMP-1 gene and that is present
in all EBV strains (6, 17, 29) (Fig. 1). However, the presence or
absence of the lyLMP-1 open reading frame (ORF) is deter-
mined by the sequence at LMP-1 gene codon number 129 in

the third exon: ATG (methionine) serves as the lyLMP-1 ini-
tiator, whereas ATT (isoleucine) prohibits translation of
lyLMP-1 from the ED-L1A transcript (6). Molecular epidemi-
ologic studies demonstrate that the lyLMP-1 ORF is present in
60% of EBV strains that circulate in nature (6) but consistently
absent from the LMP-1 genes found in nasopharyngeal carci-
noma (6, 14, 19), despite apparent transcriptional activity of
the ED-L1A promoter in nasopharyngeal carcinoma (20).
These observations suggest that selective pressures act in favor
of LMP-1 expression, but against lyLMP-1 expression, in the
pathogenesis of nasopharyngeal carcinoma.

The biological function of lyLMP-1 is largely unknown. Un-
like LMP-1, lyLMP-1 neither activates signaling nor trans-
forms cells, and lyLMP-1 may even negatively regulate some
LMP-1 signaling activity (7, 31). Recently, we demonstrated
that expression of lyLMP-1 significantly down-regulates the
half-life of LMP-1 in a dose-dependent manner in epithelial
cells (24). In this study, we tested the hypothesis that lyLMP-1
possesses the ability to down-regulate a broad range of LMP-1
signaling activities and the associated oncogenic cell phenotype
induced by LMP-1 signaling. We also present evidence sug-
gesting that lyLMP-1 down-regulates LMP-1 oncogenic activity
by promoting LMP-1 degradation and thereby reducing the
quantity of expressed LMP-1. Finally, we discuss the clinical
implications of these data for the pathogenesis of nasopharyn-
geal carcinoma.

MATERIALS AND METHODS

LMP-1 and lyLMP-1 expression constructs. Three different expression vectors
were constructed in the pSG5 plasmid (Stratagene, La Jolla, Calif.) encoding the
simian virus 40 promoter, as previously described (24) and briefly characterized
as follows. (i) Clone B958WT encodes the LMP-1 ORF from the B958 EBV
strain. Clone B958WT encodes ATG (methionine) at codon 129 and intrinsically
expresses lyLMP-1 in addition to LMP-1. (ii) Clone K is identical to clone
B958WT in LMP-1 ORF sequence with the exception of a single nucleotide
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mutation at codon 129 (ATG to ATT, methionine to isoleucine) that ablates the
lyLMP-1 ORF. Clone K expresses only LMP-1 and is incapable of expressing
lyLMP-1. (iii) Clone lyLMP-1 encodes the lyLMP-1 ORF derived from the B958
EBV strain and expresses only lyLMP-1.

Two additional fluorescent fusion protein expression vectors were constructed
for LMP-1 and lyLMP-1. The LMP-1 coding sequence of clone K was subcloned
into the phrGFPII-1 plasmid (Stratagene, La Jolla, Calif.). This clone, called
LMP-1(K)-GFP, expresses the humanized recombinant green fluorescent pro-
tein (GFP; variant II) of Renilla reniformis fused to the carboxy terminus of
LMP-1. The lyLMP-1 coding sequence of clone lyLMP-1 was subcloned into the
pDsRed-Monomer-Hyg-N1 plasmid (BD Biosciences-Clontech, Mountain View,
Calif.). This clone, called lyLMP-1-DsRed, expresses the monomeric mutant of
the Discosoma spp. red fluorescent protein fused to the carboxy terminus of
lyLMP-1.

Cell lines, transient transfection, and protein expression. RHEK-1 is a non-
tumorigenic immortalized normal human keratinocyte cell line (26). BALB/3T3
(clone A31; American Type Culture Collection, Manassas, Va.) is a rodent
fibroblast cell line (1). Both cell lines have previously been utilized to study the
oncogenic and transforming properties of LMP-1 (3, 8, 16, 30, 32). Both cell lines
were maintained in Dulbecco’s modified Eagle’s media (DMEM) supplemented
with 10% fetal calf serum and 2 millimolar glutamine and incubated at 37°C with
5% CO2. LMP-1 and lyLMP-1 plasmid expression constructs were introduced
into both cell lines by electroporation at 260 V and 975 �F using a Gene Pulser
II electroporation system (Bio-Rad Laboratories, Hercules, Calif.). Expression
of LMP-1 and lyLMP-1 was detected by Western blotting using the S12 mono-
clonal antibody (BD Biosciences-Pharmingen, San Diego, Calif.). Western blot
band intensity was measured by spot densitometry (AlphaImager system; Alpha
Innotech Corporation, San Leandro, Calif.) as the mean pixel value enclosed in
the band after background correction, and protein expression data were re-
corded as numeric values of densitometry units. Expression of LMP-1 and
lyLMP-1 fluorescent fusion proteins was detected and analyzed by flow cytom-
etry (FACSort flow cytometer with CellQuest software; Becton-Dickinson, Fran-
klin Lakes, N.J.), and protein expression data were recorded as numeric values
of fluorescence intensity units.

LMP-1 signaling activation reporter assays. A Mercury pathway profiling
system (BD Biosciences-Clontech, Mountain View, Calif.) and a Dual-Lucif-
erase reporter assay system (Promega, Madison, Wis.) were used for LMP-1
signaling activation studies. RHEK-1 cells (2 � 105) were transiently cotrans-
fected with (i) 1 �g of a reporter plasmid encoding the firefly luciferase gene
driven by a specific cis-acting DNA enhancer element responsive to either NF-
�B, AP-1, STAT1 homodimer, STAT1/STAT2 heterodimer, or STAT3 ho-
modimer; (ii) 0.5 �g of an internal control plasmid encoding the Renilla lucif-
erase gene; and (iii) 4 to 40 �g of clones B958WT, K, and/or lyLMP-1. After 6 h
of incubation in complete medium, cells were fed with fresh medium containing

5% fetal calf serum (serum starvation). At 24 h after transfection, cells were
washed with phosphate-buffered saline and lysed in reporter lysis buffer. Firefly
and Renilla luciferase activities were measured in 20 �l of cleared lysate with a
TD-20/20 luminometer (Promega, Madison, Wis.). Renilla luciferase values were
used to normalize the firefly luciferase results as a control for transfection
efficiency between experiments. All experiments were performed in triplicate,
and mean values and standard deviations were calculated. The t test was used to
evaluate differences between means, and P values less than 0.050 were regarded
as statistically significant.

LMP-1 cell growth and survival assay. RHEK-1 cells (2 � 105) were harvested
in the exponential growth phase, transiently transfected with 4 to 40 �g of clones
B958WT, K, and/or lyLMP-1, and transferred into a culture dish with fresh
media containing either 10%, 1%, or 0.1% fetal calf serum. The cells were fed
with fresh growth media twice weekly. At set time points over a 14-day period,
the cells were trypsinized, and the viable cells (trypan blue exclusion method)
were counted using a hemacytometer. Cell density did not reach confluence for
any of the cultures over the 14-day period of the experiment. All experiments
were performed in duplicate or triplicate, and mean values and standard devia-
tions were calculated. Different mean comparator values with nonoverlapping
standard deviations were regarded as statistically significant.

LMP-1 cell transformation assay. Transformation of BALB/3T3 cells by
LMP-1 was assayed by anchorage-independent colony formation in soft agar.
The culture base layer was prepared as DMEM with 0.5% low-melting-temper-
ature agarose. BALB/3T3 cells were transiently transfected with 4 to 40 �g of
clones B958WT, K, and/or lyLMP-1. The culture feed layer was prepared by
resuspending 2 � 105 transfected cells per milliliter in DMEM with 0.25%
low-melting-temperature agarose and then pouring it onto the previously pre-
pared base layer. The agarose was set by placing the culture plates at 4°C for 20
min before incubation. Cells were fed with fresh growth media twice weekly until
colonies grew to a suitable size for observation (2 to 3 weeks). Colonies larger
than 100 �m in diameter were considered to be evidence of cell transformation
and were counted by light microscopy. All experiments were performed in trip-
licate, and mean values and standard deviations were calculated. The t test was
used to evaluate differences between means, and P values less than 0.050 were
regarded as statistically significant.

RESULTS

Lytic LMP-1 inhibits LMP-1 activation of responsive pro-
moters. LMP-1 constitutively activates multiple signaling path-
ways (5, 12, 15, 27). In this study, LMP-1-transfected RHEK-1
epithelial cells were analyzed for their ability to induce lucif-
erase expression from responsive promoters. LMP-1 expressed
from clone K stimulated NF-�B-, AP-1-, STAT1 homodimer-,
and STAT3 homodimer-responsive promoters to a signifi-
cantly greater degree than did LMP-1 expressed from clone
B958WT (Fig. 2A to D). Consistent with previous data on
STAT activation by LMP-1 (12, 15), the STAT1/STAT2 het-
erodimer-responsive promoter was not activated by LMP-1
expressed from either clone (data not shown). These results
suggest that the absence of lyLMP-1 enhances the ability of
LMP-1 to activate cellular signaling pathways.

Cotransfection of clone lyLMP-1 with clone K resulted in a
significant dose-dependent inhibition of LMP-1-mediated ac-
tivation of each of four responsive promoters, restoring a low-
signaling phenotype similar to that of clone B958WT (Fig. 2A
to D). Cotransfection of clone lyLMP-1 with clone K at a
plasmid quantity ratio of 10:1 suppressed LMP-1 signaling
activation to levels even below those of clone B958WT and
similar to those of the nontransfected cells (Fig. 2A to D).
Transfection of clone lyLMP-1 alone demonstrated low-level
but statistically significant activation of the NF-�B- and STAT3
homodimer-responsive promoters but not the AP-1- and
STAT1 homodimer-responsive promoters (Fig. 2A to D). This
activation was similar to that of clone B958WT, was not dose
responsive, and was interpreted to be nonspecific and biolog-

FIG. 1. LMP-1 promoters and gene expression. The ED-L1 and
ED-L1E promoters are located upstream of the LMP-1 ORF. Tran-
scripts from either of these two promoters express complete LMP-1.
The ED-L1A promoter is located in the first intron of the LMP-1 gene.
Transcripts from the ED-L1A promoter express lyLMP-1 only when
LMP-1 gene codon number 129 encodes ATG (methionine) and cre-
ates the lyLMP-1 ORF.
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ically insignificant. These results indicate that lyLMP-1 inhibits
LMP-1-mediated NF-�B, AP-1, and STAT signaling activity in
epithelial cells in a dose-dependent manner.

Lytic LMP-1 inhibits LMP-1-mediated cell growth and sur-
vival. LMP-1 promotes epithelial cell growth and survival (4,
11, 16, 23, 32). In this study, LMP-1-transfected RHEK-1 ep-
ithelial cells were analyzed for growth and survival in culture
media with different serum concentrations. Cells transfected
with clone K continued in logarithmic growth phase and sur-
vived for longer periods of time than did cells transfected with
clone B958WT and nontransfected cells (Fig. 3A). The effect
of clone K LMP-1 was apparent at all three serum concentra-
tions but was especially evident at the lowest serum concen-
tration (0.1%). These results suggest that the absence of
lyLMP-1 enhances the ability of LMP-1 to promote cell growth
and survival.

The growth and survival advantage of clone K LMP-1 was
completely reversed by cotransfection of clone lyLMP-1 at a
10:1 lyLMP-1-to-LMP-1 plasmid quantity ratio at all three
serum concentrations (Fig. 3A). Interestingly, this inhibitory
effect became evident only after 4 to 7 days, reaching its max-
imum by 11 to 14 days (Fig. 3A). Western blotting demon-
strated both LMP-1 and lyLMP-1 expression at 14 days (Fig.
3B), indicating that the reversal of the cell growth and survival

effect was not due to a loss of transient LMP-1 expression. It
was shown by the luciferase promoter studies that LMP-1
signaling activation is significantly inhibited by a 10:1 lyLMP-
1-to-LMP-1 plasmid quantity ratio within 24 h of cotransfec-
tion (Fig. 2A to D). Thus, the delayed onset of the inhibitory
effect of lyLMP-1 on cell growth and survival may represent
the time to reverse the oncogenic cell phenotype induced by
LMP-1 signaling that may have occurred briefly after transfec-
tion and before lyLMP-1 could exert its down-regulatory effect
on LMP-1. These results indicate that lyLMP-1 inhibits the
ability of LMP-1 to promote epithelial cell growth and survival.

Lytic LMP-1 inhibits LMP-1-mediated cell transformation.
LMP-1 is recognized as an oncogene for its ability to transform
rodent fibroblast cells, as defined by colony formation and
anchorage-independent growth in soft agar (3, 30). In this
study, LMP-1-transfected BALB/3T3 rodent fibroblast cells
were analyzed for induction of the transformed phenotype.
Cells transfected with clone K formed colonies in soft agar in
greater numbers and of greater size than did cells transfected
with clone B958WT and nontransfected cells (Fig. 4). These
results suggest that the absence of lyLMP-1 enhances the abil-
ity of LMP-1 to transform BALB/3T3 cells. Cotransfection of
clone lyLMP-1 with clone K significantly reduced colony for-
mation in a dose-dependent manner, restoring a less-trans-

FIG. 2. Effect of lyLMP-1 on LMP-1-mediated signaling activity. Luciferase reporter assays in standardized quantities of transfected RHEK-1
epithelial cells were used to study LMP-1 and lyLMP-1 activation of specific promoters responsive to (A) NF-�B, (B) AP-1, (C) STAT-1
homodimer, and (D) STAT3 homodimer. The results are presented as bar graphs representing the mean (with standard deviation) n-fold increase
in luciferase activity relative to nontransfected cells. P values are shown for comparative bars as indicated by matching symbols. The quantities of
the LMP-1 and lyLMP-1 expression plasmids transfected or cotransfected for each experiment are shown below each bar of the graph. Taken
together, these results indicate that clone K activates LMP-1-mediated signaling activity better than clone B958WT in epithelial cells and that
lyLMP-1 specifically down-regulates clone K LMP-1-mediated signaling activity in a dose-dependent manner.
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forming phenotype similar to that of clone B958WT (Fig. 4B).
These results indicate that lyLMP-1 inhibits LMP-1-mediated
transformation of rodent fibroblast cells.

Lytic LMP-1 reduces the quantity of expressed LMP-1. The
inhibition of LMP-1 oncogenic activity by lyLMP-1 occurred in
a parallel manner across several different functional assays,
suggesting that lyLMP-1 acts upon LMP-1 at a proximal level
rather than upon each LMP-1 effector pathway individually.
The known ability of lyLMP-1 to down-regulate LMP-1 half-
life and promote LMP-1 degradation (24) would constitute
such a proximal effect and would predict that lyLMP-1 down-
regulates LMP-1 oncogenic activity by reducing the quantity of
expressed LMP-1.

This potential lyLMP-1 effect on LMP-1 quantity was ini-
tially investigated by Western blot and quantitative densitom-
etry of lyLMP-1- and LMP-1-transfected RHEK-1 epithelial
cells. It was confirmed that lyLMP-1 is intrinsically expressed
from clone B958WT but not from clone K (Fig. 5). Cotrans-
fection of clone lyLMP-1 with clone K at a plasmid quantity
ratio of 1:1 demonstrated lyLMP-1 expression without appre-
ciable change in the expressed LMP-1 quantity (Fig. 5). How-
ever, an lyLMP-1-to-LMP-1 plasmid quantity ratio of 10:1 re-
duced the total expressed LMP-1 quantity by over fourfold
(Fig. 5). The specificity of this lyLMP-1 effect was shown by
cotransfecting an EBNA-2-expressing plasmid with LMP-1 at a
10:1 plasmid quantity ratio, which resulted in an insignificant

FIG. 3. Effect of lyLMP-1 on LMP-1-mediated cell growth and survival. A cell growth and survival assay using culture media with different
serum concentrations was used to study the effect of LMP-1 in transfected RHEK-1 epithelial cells. (A) The results are presented as the mean (with
standard deviation) number of cells present in culture at each time point over a 14-day period. Note the different scale on the vertical axis of the
0.1% serum graph, illustrating that the magnitude of the clone K effect is relatively greater here than for the higher serum concentrations. Four
micrograms each of clone B958WT plasmid and clone K plasmid were used for transfection. Forty micrograms of clone lyLMP-1 plasmid was
cotransfected with four micrograms of clone K plasmid (ratio � 10:1) to ensure expression levels of lyLMP-1 that would achieve a detectable
inhibitory effect on LMP-1. (B) A Western blot illustrates that both LMP-1 and lyLMP-1 were expressed in the transfected cells for the duration
of the 14-day experiment. All available cells at the 14-day time point for each of the four transfection cultures were harvested, lysed, and loaded
into the designated lane. Taken together, these results indicate that clone K confers a greater growth and survival advantage to epithelial cells than
does clone B958WT at all three serum concentrations and that lyLMP-1 completely reverses the growth and survival advantage of clone K.
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change in the expressed LMP-1 quantity (Fig. 5). While these
Western blot results generally supported the hypothesis that
lyLMP-1 reduces expressed LMP-1 quantity, a few inconsis-
tencies were noted at the lower lyLMP-1-to-LMP-1 plasmid

quantity ratios between the down-regulatory effects in the sig-
nal activation and transformation assays and the relative quan-
tities of protein expression detected by Western blotting.

Under transient cotransfection conditions, expressed pro-

FIG. 4. Effect of lyLMP-1 on LMP-1-mediated cell transformation. BALB/3T3 rodent fibroblast cells were used to study the transformation
efficiency of LMP-1, as defined by colony formation and anchorage-independent growth in soft agar. (A) Colony formation and growth is illustrated
with representative photomicrographs for cultures of nontransfected cells and for cells transfected with clone B958WT or clone K. The 50�
magnification photomicrographs illustrate that colony formation (indicated by an arrow) was commonly detected in LMP-1-transfected cells but
rarely detected in nontransfected cells. The 400� magnification photomicrographs illustrate that colonies of the clone K-transfected cells were
generally larger in size than colonies of clone B958WT-transfected cells. The nontransfected cells retained their diffuse single-layer, spindle-shaped
morphology. (B) Colony count results are presented as bar graphs representing the mean (with standard deviation) n-fold increase in the number
of colonies per unit area relative to nontransfected cells. P values are shown for comparative bars as indicated by matching symbols. The quantities
of the LMP-1 and lyLMP-1 expression plasmids transfected or cotransfected for each experiment are shown below each bar of the graph. Taken
together, these results indicate that clone K transforms rodent fibroblast cells more efficiently than does clone B958WT and that lyLMP-1 inhibits
LMP-1-mediated transformation in a dose-dependent manner.
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tein quantities are determined not only by the quantity of each
plasmid transfected and its relative transfection efficiency but
also by the relative rates of synthesis and degradation for each
protein. It is especially difficult to determine the stoichiometry
of a protein-protein interaction when one of the coexpressed
proteins acts to promote the degradation of the other, as lyLMP-1
does to LMP-1 (24) and as LMP-1 may do to lyLMP-1 (Fig. 5).
Given the inherent variability in plasmid cotransfection efficien-
cies, the reciprocal effects that lyLMP-1 and LMP-1 exert upon
each other, and the relative insensitivity of Western blot densi-
tometry to distinguish between small changes in protein quantity,
we sought a more sensitive and accurate method to quantify
changes in LMP-1 expression in these transient cotransfection
experiments.

The question of an lyLMP-1 effect on LMP-1 quantity was
further investigated by transient transfection and expression of
red and green fluorescent fusion proteins of lyLMP-1 and
LMP-1 in RHEK-1 epithelial cells, with quantitative detection
of protein expression by two-color flow cytometry. It has pre-
viously been demonstrated that green fluorescent protein fu-
sions to the carboxy terminus of LMP-1 do not influence
LMP-1 stability, signaling, proliferation, transformation, or tu-
morigenicity (28). Consequently, the phenotypes of the red
and green fluorescent fusion proteins of lyLMP-1 and LMP-1

are expected to be identical to those of clones lyLMP-1 and K,
respectively. Unlike Western blotting, which detects only total
protein expression across an entire cell population, this flow
cytometry approach has the ability to quantify variations in
lyLMP-1 and LMP-1 expression at the individual cell level.

Transfection of lyLMP-1 or LMP-1 alone yielded similar
transfection efficiency rates (Fig. 6A and D) (M2 � 36.6% and
35.3%, respectively). Notably, there was extremely wide cell-
to-cell variation in the quantity of each protein expressed,
especially for LMP-1 (Fig. 6D) (range from 5 � 101 to greater
than 104 fluorescent intensity units). Compared to transfection
of the same plasmid quantity of each clone alone, cotransfec-
tion of lyLMP-1 with LMP-1 at a 1:1 plasmid quantity ratio
resulted in a reduced transfection efficiency specifically for
clone lyLMP-1 (Fig. 6A and B) (M2 from 36.6% to 21.3%) and
generally lower levels of expression for both lyLMP-1 (Fig. 6A
and B) and LMP-1 (Fig. 6D and E). Compared to a 1:1 plasmid
quantity ratio, cotransfection of lyLMP-1 with LMP-1 at a 10:1
ratio resulted in an increase in total lyLMP-1 expression (Fig.
6B and C and Table 1) and a decrease in total LMP-1 expres-
sion. Specifically, the decreased LMP-1 expression was evi-
denced by (i) a decrease in the number of cells expressing high
levels of LMP-1 (Fig. 6E and F, arrows), (ii) a decrease in the
number of cells expressing any LMP-1 (Fig. 6E and F) (M2
from 35.9% to 27.0%), (iii) a decrease in the number of cells
expressing only LMP-1 (Table 1) (from 25.7% to 3.1%), and
(iv) a decrease in both the mean and median values for ex-
pressed LMP-1 fluorescence intensity (Fig. 6E and F) (mean
from 763 to 536, and median from 743 to 523), reflecting a
reduction in the total amount of LMP-1 expressed among all
transfected cells. Compared to a 1:1 plasmid quantity ratio,
cotransfection of lyLMP-1 with LMP-1 at a 10:1 plasmid quan-
tity ratio also resulted in an increase in the number of cells
coexpressing both lyLMP-1 and LMP-1 (Table 1) (from 10.2%
to 23.9%). Thus, the results of these flow cytometry analyses
greatly extend the original Western blot densitometry results
and strongly support the hypothesis that lyLMP-1 down-regu-
lates LMP-1 oncogenic activity by promoting LMP-1 degrada-
tion and reducing the quantity of expressed LMP-1 in epithe-
lial cells.

DISCUSSION

The results of this study strongly support our hypothesis that
lyLMP-1 down-regulates LMP-1 oncogenic activity in human
epithelial and rodent fibroblast cells. We observed statistically
highly significant inhibitory effects of lyLMP-1 on LMP-1 using
standard assays that are widely accepted as in vitro measures of
LMP-1 oncogenic activity, including (i) LMP-1 signaling
through the NF-�B, cJun N-terminal protein kinase/AP-1, and
Janus kinase/STAT pathways, (ii) LMP-1 promotion of cell
growth and survival, and (iii) LMP-1 transformation as mea-
sured by the induction of anchorage-independent cell growth
and colony formation in soft agar. In each of these functional
assays, a single nucleotide mutation and ablation of intrinsic
lyLMP-1 expression greatly enhanced the oncogenic properties
of LMP-1, while the less-oncogenic LMP-1 phenotype was
restored to the mutated LMP-1 gene by ectopic coexpression
of lyLMP-1. Thus, lyLMP-1 appears to function as a posttrans-
lational negative regulator of LMP-1 oncogenesis.

FIG. 5. Effect of lyLMP-1 on expressed LMP-1 quantity detected
by Western blotting. Western blotting illustrates the quantities of
LMP-1 and lyLMP-1 expressed at 24 h after RHEK-1 cell transfection
with the quantities of the plasmids indicated below each lane. Equal
numbers of cells were transfected, lysed (including both adherent and
nonadherent cells), and loaded for each lane. Densitometry quantita-
tions of the LMP-1 and lyLMP-1 bands were performed. The total
expressed LMP-1 quantity was reduced by more than fourfold when
clone lyLMP-1 was cotransfected with clone K at a 10:1 plasmid quan-
tity ratio (lane 4 LMP-1 � 2.2 versus lane 1 LMP-1 � 9.7). Cotrans-
fection of a pSG5-based control clone expressing the Epstein-Barr
virus nuclear antigen-2 gene (pSG5-EBNA-2) with clone K at a 10:1
plasmid quantity ratio did not have a significant effect on LMP-1
quantity (lane 6 LMP-1 � 8.6 versus lane 1 LMP-1 � 9.7), indicating
that nonspecific effects cannot explain this reduction in LMP-1 quan-
tity. The greater than threefold reduction in lyLMP-1 quantity despite
a 10-fold increase in transfected plasmid quantity (lane 4 lyLMP-1 �
12.9 versus lane 5 lyLMP-1 � 41.4) suggests that the interaction
between LMP-1 and lyLMP-1 may accelerate the degradation of
lyLMP-1 as well. Taken together, these results generally support the
hypothesis that lyLMP-1 coexpression with LMP-1 reduces the ex-
pressed quantity of LMP-1 in RHEK-1 epithelial cells.
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The results of this study also lend strong support to the
hypothesis that lyLMP-1 exerts its down-regulatory effect on
LMP-1 by promoting LMP-1 degradation and thereby reduc-
ing the quantity of LMP-1 available to generate oncogenic
signals. In this study, we demonstrated a dose-dependent re-
duction in LMP-1 oncogenic activity by lyLMP-1 that mirrors
the previously demonstrated dose-dependent reduction in
LMP-1 half-life by lyLMP-1 (24). More importantly, we dem-
onstrated a reduction in expressed LMP-1 quantity by lyLMP-1.
Our results are consistent with previous studies noting pos-
sible correlations between LMP-1 quantity and phenotype
(3, 9, 10, 13, 16, 18, 30, 31) and between LMP-1 turnover

rate and signal activation (21, 22, 28). However, our dem-
onstration that lyLMP-1 induces parallel quantitative changes in
both LMP-1 expression and activity greatly expands upon the
previous evidence and supports a strong correlation between
expressed LMP-1 quantity and the oncogenic LMP-1 pheno-
type.

The results of this study have important technical implica-
tions for future studies of the lyLMP-1 interaction with LMP-1.
The flow cytometry analyses of the transient cotransfections
clearly illustrate the dual phenomena of variable cotransfec-
tion efficiency and reciprocal protein stability effects. It is im-
portant to understand that increasing the cotransfected plas-

FIG. 6. Effect of lyLMP-1 on expressed LMP-1 quantity detected by flow cytometry. Flow cytometry results of RHEK-1 cells harvested 24 h
after transfection with clone lyLMP-1-DsRed and/or clone LMP-1(K)-GFP at the indicated plasmid quantity ratio (0 � 0 �g; 1 � 4 �g; 10 � 40
�g) are shown as histogram plots of the number of cells (counts; vertical axis) versus the quantitative level of lyLMP-1 or LMP-1 fluorescent fusion
protein expression as measured in log-scale fluorescence intensity units (horizontal axis). Red and green shaded areas represent protein expression
data for the adherent (viable) cell population. Purple lines represent protein expression data for the nonadherent (nonviable) cell population and
demonstrate that comparatively little lyLMP-1 or LMP-1 is expressed in these cells. M2, mean, and median fluorescence values were derived only
from the protein expression data illustrated by the shaded areas (adherent, viable cells). (A to C) Red fluorescence data representing lyLMP-1
expression from clone lyLMP-1-DsRed. (D to F) Green fluorescence data representing LMP-1 expression from clone LMP-1(K)-GFP. The arrows
draw attention to tall bars representing the presence of a number of cells expressing greater than 104 fluorescence intensity units (off scale),
indicating very high levels of LMP-1 expression in those cells. The change in height in the bars between panel E and panel F indicates a decrease
in the number of cells expressing very high levels of LMP-1 with the 10:1 compared to the 1:1 plasmid quantity ratio. Taken together, these flow
cytometry results strongly support the hypothesis that lyLMP-1 coexpression with LMP-1 reduces the expressed quantity of LMP-1 in RHEK-1
epithelial cells.
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mid quantity ratio from 1:1 to 10:1 did not necessarily increase
the quantity of lyLMP-1 expressed in each individual cell, but
it did significantly increase the number of cells in which
lyLMP-1 was coexpressed with LMP-1. These cells coexpress-
ing both lyLMP-1 and LMP-1 are the only cells in which the
interaction between lyLMP-1 and LMP-1 could potentially oc-
cur. At the lower plasmid quantity ratio, the ability of Western
blot densitometry or a functional assay to detect an lyLMP-1
effect on LMP-1 quantity or oncogenic activity is confounded
by the overwhelming excess of cells expressing noninteracting
lyLMP-1 or LMP-1 alone, an unavoidable anomaly of this
experimental system. Increasing the plasmid quantity ratio in-
creases the prevalence of coexpressing cells, which serves pri-
marily to increase the signal-to-noise ratio of the Western blot
and functional assays and thereby to permit the prodegrada-
tion or down-regulatory effect of the lyLMP-1 interaction with
LMP-1 to be somewhat more readily detectable. LMP-1 deg-
radation is known to occur through ubiquitination and protea-
some cleavage (2, 28), but the actual molecular mechanism by
which lyLMP-1 accelerates the process of LMP-1 degradation
remains to be determined. Future studies to determine the
intracellular stoichiometry and the molecular mechanism of
the lyLMP-1 interaction with LMP-1 will depend upon the
ability to obtain a pure population of cells that stably coexpress
both proteins.

The clinical significance of this study is the identification of
lyLMP-1 as a virally encoded regulator of LMP-1 oncogenic
activity with the potential to function in vivo as an EBV tumor
suppressor mechanism. EBV-associated oncogenesis is a com-
plex process with multiple contributing factors, including host
susceptibilities, environmental influences, and viral determi-
nants such as EBV strain variation. The EBV oncogene LMP-1
is believed to play a critical role in the cell transformation
process that leads to malignancy, especially in nasopharyngeal
carcinoma (25). The discovery that lyLMP-1 down-regulates
LMP-1 oncogenic activity in epithelial cells is especially inter-
esting in light of recent studies suggesting strong negative se-
lection pressure in nasopharyngeal carcinoma against EBV
strains encoding the lyLMP-1 ORF (6, 14, 19).

Drawing upon currently available data, it is now possible to
envision a model in which the EBV strain-dependent level of
LMP-1 oncogenic activity is a viral determinant of nasopha-
ryngeal carcinoma pathogenesis. In the presence of other na-
sopharyngeal carcinoma risk factors, infection of nasopharyn-
geal epithelial cells with an EBV strain that expresses LMP-1
alone would contribute a given quantity of transformation risk,
while infection with an EBV strain that coexpresses lyLMP-1

with LMP-1 would contribute a relatively reduced quantity of
transformation risk by virtue of the down-regulatory effect of
lyLMP-1 on expressed LMP-1 quantity and oncogenic activity.
Unlike the artificial situation of transient cotransfection of
cultured cells in vitro, lyLMP-1-encoding EBV strains in vivo
would presumably possess the ability to coexpress lyLMP-1 in
every cell in which LMP-1 is expressed, thereby reducing the
risk of oncogenic transformation at the level of each individual
cell. Testing this hypothesized protective effect of lyLMP-1 in
nasopharyngeal carcinoma pathogenesis will require molecular
epidemiologic studies of at-risk populations in areas where
nasopharyngeal carcinoma is endemic.
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