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Mutation analysis of latent membrane protein 1 (LMP1) in Epstein-Barr virus (EBV)-induced B-cell
immortalization revealed two transformation effector sites, TES1 and TES2. TES2 mediates the interaction
with tumor necrosis factor receptor-associated death domain protein (TRADD) and plays a key role in
transactivating NF-kB and AP-1. Recombinant EBV containing LMP1 with TES2 deleted induces a limited
proliferation of B cells. The present study shows that a mutant with an LMP1 site-specific mutation at TES2,
LMP1TRADD, initially stimulates cell growth and significantly extends the life span of MEF. However, it is not
sufficient for the immortalization of MEF, and MEF-LMP1TRADD cells eventually enter growth arrest. Further
analysis reveals that although LMP1TRADD promotes cell growth, it does not prevent the eventual onset of
senescence and the expression of tumor suppressor p16Ink4a.

Epstein-Barr virus (EBV) is a prevalent human gamma her-
pesvirus. It is frequently associated with a number of human
cancers, including Burkitt’s lymphoma, nasopharyngeal carci-
noma, Hodgkin’s lymphoma, and gastric carcinoma (31). EBV
adopts highly restricted patterns of latent gene expression in
these cancers. In particular, only the nuclear protein EBNA 1
and latent membrane proteins LMP1 and LMP2 are present in
nasopharyngeal carcinoma and Hodgkin’s lymphoma (31). In
vitro, EBV induces a continuous proliferation of infected B
cells, resulting in the outgrowth of immortal lymphoblastoid
cell lines (LCLs) (23). While EBV-induced B-cell proliferation
serves as a good functional model system for studying EBV-
associated proliferative diseases such as infectious mono-
nucleosis, it may have limitations for analyzing EBV-associated
malignancies. It is clear that EBV-mediated B-cell immortal-
ization requires several EBV genes encoding latent membrane
protein 1 (LMP1) and nuclear antigens EBNA 2, EBNA 3A,
EBNA 3C, and EBNA LP (23), whereas of these five antigens,
only LMP1 is consistently present in most EBV-associated
cancers (31).

The viral transforming protein LMP1 is composed of six
transmembrane domains and a long carboxy-terminal cytoplas-
mic segment (9). The region containing the six transmembrane
domains mediates its oligomerization in the cytoplasmic mem-
brane, resulting in the constitutive activation of the down-
stream signal (10). There are at least two functional domains in
the cytoplasmic tail of LMP1 that interact with tumor necrosis
factor receptor-associated factors (TRAF) (29) and tumor ne-
crosis factor receptor-associated death domain protein
(TRADD) (19), resulting in the activation of transcription

factors NF-kB (17) (28) and AP-1 through c-Jun N-terminal
kinase (JNK) (7, 24). In parallel, genetic studies of EBV-
mediated B-cell immortalization revealed two transformation
effector sites (TES1 and TES2) correlated with both TRAF
and TRADD binding sites of LMP1. A mutant with a TES1
(TRAF site) deletion retains 75% of NF-kB activation activity
but is insufficient for B-lymphocyte transformation (18). Inter-
estingly, an EBV recombinant (MS231) with a LMP1-TES2
(TRADD) deletion, while retaining a low level of NF-kB ac-
tivation activities, is capable of effectively inducing an initial
primary B-cell proliferation (22) but not long-term LCL
growth (21). It is not known why MS231 supports a limited
proliferation but not the long-term outgrowth of B lympho-
cytes.

Our recent work indicates that LMP1 alone, when trans-
duced into primary mouse embryonic fibroblasts (MEF) via a
recombinant retrovirus, induces the proliferation of MEF (40).
Our data further indicate that LMP1 may suppress replicative
senescence and premature senescence induced by the ras on-
cogene (39). As LMP1-mediated MEF immortalization may
provide another model system for analyzing the roles of LMP1
in the control of cell growth and the development of malignant
diseases, it is important to correlate the functions of LMP1 in
MEF immortalization with that in EBV-mediated B-cell im-
mortalization. In addition, the activities of LMP1 in inducing
cell proliferation and suppressing senescence and the mecha-
nism of LMP1-mediated MEF immortalization need further
exploration through genetic analysis.

An LMP1TRADD site-specific mutant induces the initial pro-
liferation of MEF. A site-specific mutant of LMP1 with a
defective TRADD binding site (LMP1TRADD) was chosen for
its roles in NF-kB and AP-1 activation, and for its interesting
phenotype in inducing a limited B-cell proliferation (19, 21,
22). The LMP1TRADD mutant was constructed with a substi-
tution of ID for YYD in the last three amino acid residues of
the protein (positions 384 to 386) as previously described (14).
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This particular LMP1TRADD is completely defective in AP-1
activation, 80% defective in NF-kB activation, and partially
defective in Rat-1 transformation (14). Previous studies indi-
cated that this change affects the ability of LMP1 to bind to
TRADD and the capacity of recombinant EBV to sustain a
long-term LCL outgrowth (19). To evaluate the ability of
LMP1TRADD in stimulating cell proliferation, MEF were in-
fected with retroviruses containing genes for LNSX, LMP1, or
LMP1TRADD at passage 3, and they were passaged without
drug selection. The expression of LMP1 was confirmed at
passage 4 by both immunofluorescence and immunoblotting
with S12 antibody (data not shown). An immunofluorescence
assay at passage 4 also revealed that approximately 25 to 30%
of the cells were LMP1 positive. Due to concerns about the
effect of the cell density on the growth of primary MEF, the
infected cells were split 1:2 only when they reached confluence.
MEF-LMP1 and MEF-LMP1TRADD cells started to exhibit a
growth rate significantly higher than that of MEF-LNSX cells
three passages later, at passage 6. To demonstrate the ability of
LMP1TRADD to stimulate proliferative growth, all three types
of infected cells were plated out for growth analysis in tripli-
cate at passage 8. Subsequently, the number of cells per well
was counted every other day, and the data indicated that both
MEF-LMP1 and MEF-LMP1TRADD cells grew much faster
than the control MEF-LNSX cells (Fig. 1A). At this early
passage, no visible difference in the growth rate was detected
between MEF-LMP1 and MEF-LMP1TRADD cells. Further
cytological examination supports the above observation. While
all cells were identical in morphology immediately following
the infections at passage 4, they were very different at passage
10 (Fig. 1B). The MEF-LNSX control cells were large and flat,
reminiscent of replicative senescence (36). In contrast, both
MEF-LMP1 and MEF-LMP1TRADD cells presented fibroblast
morphology. Thus, it appears that LMP1TRADD also has a
similar activity in stimulating the initial cell growth of MEF
despite the fact that the mutant is completely defective in AP-1
activation and 75% defective in NF-kB activation.

LMP1TRADD is not sufficient to sustain long-term growth of
MEF. Previous work with recombinant EBV carrying the
LMP1TRADD gene shows that such mutant virus, although
capable of inducing the initial proliferation of resting B cells, is
insufficient to sustain the long-term outgrowth of B cells (21,
22). To investigate the long-term effect of the LMP1TRADD

gene as the sole EBV gene on the proliferation of MEF,
MEF-LMP1 and MEF-LMP1TRADD cells were continuously
passaged at 1:2 per split whenever they reached confluence.
They began to exhibit a small difference in the growth rate at
passages 10 (also population doubling 10), the last obtainable
passage for MEF-LNSX control cells (Fig. 2A), when MEF-
LMP1 cells started to grow faster (3 days per passage) than
MEF-LMP1TRADD cells (4 days per passage). Four passages
later, MEF-LMP1 cells again decreased the doubling time to a
steady rate of 2 days for the next 30 passages without any sign
of growth restriction in 3 months. Up to the present time, the
LMP1 retrovirus-infected MEF have been passaged for 80
doublings and they are immortalized. In contrast, MEF-
LMP1TRADD cells had a doubling time of 4 days till passage 11,
after which their rate of doubling gradually decreased. MEF-
LMP1TRADD cells reached passage 19 in 3 months and could
not be passaged further. Similar results were reproduced in

three independent experiments. Thus, LMP1TRADD prolongs
the life span of MEF but is not sufficient to induce their
immortalization.

Cell growth analysis further confirms that MEF-LMP1TRADD

cells stop dividing as they reach a later passage. When both
MEF-LMP1 and MEF-LMP1TRADD cells were seeded for
growth analysis at passage 16, it became apparent that while
MEF-LMP1 cells proliferated continuously, MEF-LMP1TRADD

cells exhibited little growth (data not shown). Cells of both
types were collected and analyzed for cell cycle distribution
with a fluorescence-activated cell sorter. The results revealed
that 50% of MEF-LMP1 cells were in G1 phase of the cell
cycle, whereas over 90% of MEF-LMP1TRADD cells were in G1

(data not shown). Thus, after extended passages, MEF-
LMP1TRADD cells eventually came to cell growth arrest.

The transduction of LMP1 into MEF also had a clear effect
on the expression of cyclin A, specific for the S and G2 phases
of the cell cycle (15, 33). In the control MEF-LNSX cells,
decreased expression of cyclin A was observed at passage 4 and
subsequent passages (Fig. 2B). On the other hand, the level of
cyclin A was never reduced in MEF-LMP1 cells. Instead, it was
significantly induced from passage 10 and stayed at this higher
level throughout the experiment. Interestingly, MEF-
LMP1TRADD cells exhibited a transient induction of cyclin A
expression at passage 10, but it quickly subsided in subsequent
passages. The data further support the idea that LMP1TRADD

initially induces cell proliferation but such induction is short-
lived.

LMP1TRADD cannot suppress the replicative senescence of
MEF. During in vitro passage, MEF go through a process
known as replicative senescence, in which the expression of
senescence-associated acidic b-galactosidase (SA-b-Gal) was
increased (5). Our previous results reveal that LMP1 sup-
presses replicative senescence of MEF (39). To understand the
factors underlying the inability of LMP1TRADD to sustain long-
term proliferation of MEF, the occurrence of cell senescence
at different passages was examined. MEF infected with LNSX,
LMP1, and LMP1TRADD retroviruses were examined for se-
nescent cells with a SA-b-Gal assay. The results showed that
MEF-LNSX cells quickly entered senescence. Nearly 45% of
the cells were positive for SA-b-Gal at passage 6, and virtually
all of them were positive at passage 10 (Fig. 3). In contrast,
about 15% of MEF-LMP1 cells were in senescence at passages
4 and 6. The low percentage of senescence in MEF-LMP1 cells
may be due to the fact that a significant population of MEF
(70%) was not infected by LMP1 retrovirus. The percentage of
senescent cells was significantly decreased at passage 10. By
passage 13, the MEF were nearly free from senescent cells.
Interestingly, the transduction of LMP1TRADD into MEF ini-
tially prevented replicative senescence. By passage 10, while
virtually all MEF-LNSX cells were in senescence, MEF-
LMP1TRADD cells showed little sign of it. However, MEF-
LMP1TRADD cells exhibited increasing levels of replicative se-
nescence in the subsequent passages. By passage 15, half of
MEF-LMP1TRADD cells were positive for SA-b-Gal. There-
fore, the data suggest that MEF-LMP1TRADD cells, while dis-
playing a delayed onset of replicative senescence, cannot es-
cape from normal cellular mechanisms against proliferation
and eventually enter senescence.

VOL. 75, 2001 NOTES 3011



FIG. 1. LMP1TRADD induces an immediate proliferation of MEF comparable to that of wild-type LMP1. (A) Growth analysis of MEF infected
with retroviruses carrying genes for LMP1TRADD and wild-type LMP1 (14, 40). The infected cells were seeded at 2,000/well into 24-well dishes at
passage 8. They were removed by trypsin digestion and counted at the indicated time points. The experiment was done in triplicate to determine
the mean and standard deviation. (B) Morphology of MEF infected with retroviruses carrying genes for LNSX, LMP1, or LMP1TRADD at passages
4 and 10 (P4 and P10). At passage 10, the MEF-LNSX cells exhibited the flat and enlarged morphology that was absent in MEF with either LMP1
or LMP1TRADD. Magnification, 3100.
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LMP1TRADD fails to suppress the expression of senescence-
associated p16Ink4a. The gene for the tumor suppressor
p16INK4a was implicated to have a critical role in replicative
senescence in both rodent and human fibroblasts (1, 20, 35,
41). Our previous results revealed that LMP1 suppressed rep-
licative senescence associated with the inhibition of p16 ex-
pression (39). Similarly, the data presented here indicate that
LMP1 inhibits p16 expression. No p16 was detected in MEF-
LMP1 cells at passage 8 and subsequent passages (Fig. 4A).
The presence of p16 in the earlier passages (passages 4 and 6)
could be due to the absence of LMP1 in some of the MEF, as
only about 25% of the MEF were positive for LMP1 immedi-
ately after infection. It is also apparent that the levels of LMP1
at passage 8 and later passages were higher than those in
earlier passages, suggesting an increasing percentage of LMP1-
positive cells in late passages. In comparison, p16 was consis-
tently detected in all passages of MEF-LNSX cells. Interest-
ingly, contrary to the effect of wild-type LMP1, LMP1TRADD

never affected the expression of p16. The inhibition of p16 by
LMP1 appears to be specific, as no obvious inhibitory effect

was observed for another cyclin-dependent kinase inhibitor,
p21Waf1, in the infected MEF. In our previous report, LMP1
was shown to inhibit the expression of p16 associated with
suppression of p16 promoter transactivation (39). To further
examine the effect of LMP1TRADD on the p16 promoter activ-
ity, a similar promoter reporter study was carried out in rat
embryonic fibroblasts (REF52). The results indicated that
while LMP1 significantly inhibited the p16 promoter, consis-
tent with the previous report, LMP1TRADD was not capable of
inhibiting this promoter (Fig. 4B). Interestingly, an LMP1D
(187–351) mutant with most of the cytoplasmic domain deleted
but with the TRADD domain intact (8) exhibited an inhibitory
effect comparable to that of wild-type LMP1, suggesting that
the suppression of p16 promoter by LMP1 may be dependent
on a functional TRADD binding domain. Thus, the data sug-
gest that although LMP1TRADD induces a limited proliferation
of MEF and temporarily suppresses the onset of replicative
senescence, it cannot suppress the expression of p16 the way
wild-type LMP1 does.

Conclusions. The present results indicate that although the
LMP1TRADD mutant stimulates an initial proliferative growth
of MEF and significantly extends their life span, it is not suf-
ficient for their immortalization. In contrast to wild-type
LMP1, which completely inhibits replicative senescence,
LMP1TRADD only delays the onset of such senescence. After
extended passages in culture, MEF-LMP1TRADD cells eventu-
ally come to growth arrest and replicative senescence. Further-
more, while LMP1 specifically down-regulates the expression
of tumor suppressor p16, LMP1TRADD is defective in such
suppression.

Our previous study shows that a single LMP1 is capable of
inducing the proliferation and immortalization of MEF. While
MEF provide a simpler model system to study the roles of
oncogenes and tumor suppressor genes in cell growth regula-
tion, such a system needs validation to establish its biological

FIG. 2. LMP1TRADD is not sufficient for MEF immortalization. (A)
MEF were infected with retroviruses carrying genes for LNSX, LMP1,
or LMP1TRADD at passage 3. They were subsequently split 1:2 when-
ever they reached confluence in the absence of any drug selection.
MEF-LNSX cells had a limited life span of 10 passages (10 popula-
tion doublings) and did not reach confluence afterwards. MEF-
LMP1TRADD cells had an extended passage number of 19 in about 3
months but ceased proliferating afterwards. (B) Transient induction of
S-phase-specific cyclin A by LMP1TRADD. Cell lysates were obtained
from the infected MEF at the indicated passages and examined for the
expression of cyclin A by Western blotting. A blot against b-actin was
used to control loading.

FIG. 3. LMP1TRADD delays the onset of replicative senescence of
MEF. Replicative senescence was examined in MEF infected with
retroviruses carrying genes for LNSX, LMP1, or LMP1TRADD at the
indicated passage numbers with SA-b-Gal staining (39). The mean and
standard deviation of the percentage of blue cells were determined in
three independent areas with about 300 cells each.
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relevance for EBV-associated cancers. Genetic analysis of
LMP1TRADD mutants revealed a remarkable resemblance be-
tween EBV-mediated B-cell growth transformation (19, 21, 22)
and LMP1-mediated primary fibroblast immortalization in this
study. Therefore, the genetic analysis of LMP1TRADD mutants
provides important evidence on the biological relevance of the
MEF system for studying the function of LMP1 in cell prolif-
eration and immortalization. Consequently, the system of
LMP1-induced MEF immortalization provides a more direct
way to examine the critical functions of LMP1 in cell growth
control and immortalization.

This study further explored the process of LMP1-induced
cell immortalization. It is well known that normal cells have a
limited number of population doublings before reaching a sta-
ble and permanent growth arrest known as replicative senes-

cence (4, 11, 13). MEF can normally be passaged for 10 to 12
doublings before they enter senescence (41). Previous LMP1
mutation analysis suggests that the TES1 domain is involved in
the initial B-cell proliferation and TES2 is required for its
long-term outgrowth (18, 22). However, the differences be-
tween the initial proliferation and long-term outgrowth are not
clear, nor are the different roles of LMP1 in these processes
understood. The present study indicates that LMP1TRADD

stimulates the initial growth of MEF in the first 10 passages,
similar to that of wild-type LMP1. However, the induction of
cyclin A is short-lived, and it is followed by the onset of rep-
licative senescence associated with cell growth arrest. Thus,
although LMP1TRADD effectively induces the initial MEF pro-
liferation, it does not suppress replicative senescence and fails
to induce MEF immortalization. It is tempting to suggest that
LMP1-mediated cell immortalization may involve two func-
tions, growth stimulation and prevention of the programmed
cell growth arrest, or senescence. The relationships between
these two functions in inducing cell immortalization need to be
further investigated.

The cyclin-dependent kinase inhibitor p16Ink4a is a tumor
suppressor that exclusively binds and inhibits the D-type cyclin-
dependent kinases, and it is an important cell cycle checkpoint
protein (34). Deletion of INK4a results in the development of
an extensive number of tumors in mice (32), similar to that of
p53 null mice. Studies further indicate an important role of p16
in regulating cellular senescence and aging; while its expression
is not detectable during mouse embryonic development, it is
up-regulated as the mouse ages (41). Primary mouse fibro-
blasts lacking p16 do not become senescent and can readily be
established as immortalized cells (32). Furthermore, the over-
expression of the oncogene bmi-1 induces the immortalization
of MEF associated with the down-regulation of p16 (20). Our
previous results suggest that wild-type LMP1 inhibits the in-
duction of senescence-associated p16 in MEF (39). In contrast,
LMP1TRADD does not have any inhibitory effect on p16
expression. Thus, it appears that the removal of the cell
cycle checkpoint regulator p16 maybe important for LMP1-
mediated MEF immortalization, as the LMP1TRADD mutant
is incapable of inhibiting p16 expression and suppressing
replicative senescence and is deficient in inducing MEF
immortalization.

The TRADD binding site of LMP1 is also critical for the
LMP1 signaling process. By interacting with TRADD, it leads
to the aggregation of TRAF proteins into complexes, which in
turn accounts for 75% of LMP1-mediated NF-kB activation
and all of its AP-1 activation (3). It is not clear how a mutation
at this site affects LMP1’s ability to induce cell immortalization
or suppress replicative senescence. However, the activation of
NF-kB and JNK is important for cell proliferation and cancer
development. It is clear that the amplification and rearrange-
ment of Rel and NF-kB genes are common in leukemias,
lymphomas, and some solid tumors (30). Conversely, mutation
in IkBa seems to be the most common event for Hodgkin’s
disease (2, 25, 38). In addition, there is ample evidence dem-
onstrating that Tax protein of human T-cell leukemia virus
type 1 activates IKK kinase and leads to a persistent NF-kB
activation (30). Furthermore, our recent study suggests that
NF-kB activation is involved in LMP1-mediated transforma-
tion and tumorigenesis of Rat-1 fibroblasts (14). NF-kB in-

FIG. 4. LMP1TRADD fails to suppress the expression of p16Ink4a.
(A) Cell lysates were prepared from MEF infected with various ret-
roviruses at the indicated passages and examined for the expression of
LMP1, p16Ink4a, and p21Waf1 by immunoblotting with specific antibod-
ies as previously described (39). (B) p16 promoter reporter assay.
REF52 rat embryonic fibroblasts were cotransfected with 5 ng of pRL-
SV40 reporter, 100 ng of pGL2-p16 promoter reporter (21214 to 21),
and 1,000 ng of the indicated LMP1 constructs by FuGENE 6
(GIBCO). pGL2-basic plasmid was used as a control in the reporter
assay. Cells were harvested 48 h after transfection, and a dual lucif-
erase assay was performed (Promega). The results shown here are
representative of at least three separate experiments performed in
triplicate. The error bars represent calculated standard deviations.
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duces the expression of a variety of genes involved in cell
proliferation and cell cycle progression, including myc (6, 26)
and the gene encoding cyclin D1 (12, 16). Alternatively, acti-
vated JNK leads to the phosphorylation and activation of c-Jun
and the up-regulation of AP-1 activity. c-Jun is capable of
regulating cell proliferation (27) and may regulate the tran-
scription of genes such as cyclin D1 (37). Interestingly, primary
fibroblasts derived from c-Jun null mice have a severe prolif-
eration defect and undergo premature cell growth arrest in
vitro (37). All the evidence suggests the importance of NF-kB
and AP-1 activation in cell proliferation and cancer develop-
ment, and further examination of each pathway may help us to
understand the mechanism of LMP1-mediated cell immortal-
ization.
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