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Epstein-Barr virus (EBV) latent membrane protein 2A (LMP2A) is widely expressed in both EBV-infected
cells and EBV-associated malignancies. However, the function of LMP2A is still veiled. In this study, LMP2A
was found to induce the kinase activities of extracellular signal-regulated kinase (ERK) and c-Jun N-terminal
kinase/stress-activated protein kinase JNK/SAPK. Furthermore, the downstream effector c-Jun showed hyper-
phosphorylation under LMP2A expression. The phosphorylation could be inhibited by the ERK pathway
inhibitor PD98059, indicating that ERK may contribute to the phosphorylation of c-Jun in LMP2A-expressing
cells. The impact on c-Jun phosphorylation by mitogen-activated protein kinase (MAPK) is suggested to
increase c-Jun protein stability, and this was also observed in LMP2A-expressing cells by a protein synthesis
inhibition assay. Moreover, LMP2A-induced cell invasion was inhibited in the presence of the ERK pathway
inhibitor. Taken together, we suggest that LMP2A may exploit MAPK kinases and affect both the phosphor-
ylation and stability of c-Jun protein. Additionally, LMP2A may thereby promote the mobility of the cells. In
doing so, it may enhance the mobility of EBV-infected cells and contribute to the metastatic process of
malignant cells. Here we demonstrated the first evidence of LMP2A-induced migration and the underlying
pathways accounting for it.

Epstein-Barr virus (EBV) belongs to the Gammaherpesviri-
dae family and establishes lifelong persistence in infected in-
dividuals (45). EBV is able to infect B cells and epithelial cells
(45). Several malignancies derived from lymphoid and epithe-
lial origin are strongly associated with EBV, including African
Burkitt’s lymphoma, Hodgkin’s lymphoma, and nasopharyn-
geal carcinoma (NPC) (45). The underlying mechanisms of
how EBV persists in humans and how the virus contributes to
the tumors are still veiled. But the oncogenic potential of EBV
has been demonstrated in vitro by immortalizing primary B
cells and epithelial cells (38, 45). The EBV-immortalized B
lymphocytes are termed lymphoblastoid cell lines, and they
express a restricted pattern of viral gene products, including
EBNAs, latent membrane protein 1 (LMP1), LMP2, and
EBV-encoded RNAs (45). In vivo, EBV is primarily latent in
memory B cells and only expresses the viral LMP2 gene (45).
Given that LMP2A is expressed both in vitro and in vivo, the
study of its function is of great interest. In addition to the B
cells, the ubiquitous expression of LMP2A transcripts in NPC
biopsies and the elevation of LMP2A antibody titers in NPC
sera hint at its importance in epithelial carcinomas as well (2,
4, 26).

LMP2A localizes at the plasma membrane and in the cyto-
plasm in EBV-infected cells (29). Sequence analysis of LMP2A
reveals eight tyrosine residues within its N-terminal region, and
LMP2A is shown to be highly tyrosine phosphorylated in B
cells (29). These phosphotyrosines are possible sites for the
binding of cellular signaling molecules that contain Src homol-

ogy 2 domains. In addition to phosphotyrosine residues,
LMP2A harbors multiple proline-rich regions and thus may
confer binding on proteins with Src homology 3 or WW do-
mains (29).

The breakthrough in understanding the LMP2A signaling
modulation capacity is initiated in the B-cell system. In B
lymphocytes, antigen cross-linking leads to the activation of the
B-cell receptor (BCR) (12). The immunoglobulin �/� immu-
noreceptor tyrosine-based activation motif (ITAM) of the
BCR is phosphorylated and in turn acts as a docking site for
Syk kinase (12), and the sequences adjacent to the ITAM in
the BCR can interact with Src family kinases such as Lyn (12).
The kinases clustered by the BCR are then activated and
stimulate downstream events such as recruitment and activa-
tion of other kinases and phosphatases, hydrolysis of phospho-
lipids, activation of protein kinase C, and mobilization of in-
tracellular calcium, and they eventually affect the nuclear
transcription factors (12). These signals finally lead B cells to
differentiation and proliferation (12).

However, BCR-mediated signal transduction is prohibited
in the presence of LMP2A (33). In the N-terminal domain of
LMP2A, sequences around tyrosine 74 and tyrosine 85 form a
functional ITAM. This motif and the adjacent region in
LMP2A are documented as required not only for association
with the Lyn, Fyn, Syk, and Csk kinases but also for the inhi-
bition of BCR signals (3, 15, 16, 29, 30, 46). LMP2A also has
proline-rich motifs, which can bind to WW domain-containing
Nedd-4 family ubiquitin-protein ligases (22). LMP2A is sug-
gested to be a molecular scaffold for the recruitment of both
BCR-associated tyrosine kinases and E3 protein-ubiquitin li-
gases, and this may prevent B cells from being activated (55).
One of the consequences of BCR activation is the induction of
the EBV lytic cycle, which expresses 80 to 100 EBV genes (31,
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45). Many of them are highly immunogenic and may thus
jeopardize the virus-infected cells at the risk of being eradi-
cated (45). Through inhibiting BCR activation, LMP2A may
have the role of sustaining the EBV in the latent stage and
thereby keeping the infected cells from being recognized by the
immune system (32). On the other hand, in the in vivo trans-
genic mouse model, the expression of LMP2A confers certain
unidentified signals to help the survival and proliferation of the
cells (5, 29).

In epithelial cells, by contrast, the identified signals triggered
by LMP2A are more obscure than in B cells. The phosphory-
lation of LMP2A is dependent on the stimulation of the ex-
tracellular matrix, which suggests that LMP2A can probably
initiate signaling after having attached to the extracellular ma-
trix (46). Another report showed the transformation ability of
LMP2A demonstrated by the hyperproliferative rate and an-
chorage independence in LMP2A-expressing HaCaT cells
(47).

In light of the ample motifs harbored by LMP2A, it becomes
interesting to ask whether LMP2A can also modulate signal
transduction pathways and how the signal changes account for
its function. Previously, LMP2A had been shown to augment
the AP-1 and NF-�B pathway triggered by another EBV on-
coprotein, LMP1 (10, 24, 35), but no evidence regarding the
signaling provoked by LMP2A per se had ever been discov-
ered.

Mitogen-activated protein kinases (MAPKs) not only con-
nect the cell surface signals to the decisive nuclear factors but
also act as convergence points in the signaling networks (53).
The MAPK members, including extracellular signal-regulated
kinase (ERK), c-Jun N-terminal kinase (JNK), and p38, have
great influence on the control of metabolic processes, such as
proliferation, migration, differentiation, and apoptosis, under
normal physiological conditions (19, 23). In view of the prin-
cipal roles played by MAPK, and since LMP2A is suggested to
be a signaling modulator, we then investigated the activation
status of MAPK and its downstream effectors in LMP2A-
expressing cells.

Characterization of LMP2A-expressing epithelial cells. To
investigate signaling changes induced by LMP2A expression,
constitutive LMP2A-expressing cell line 293-LMP2A was es-
tablished (18). pRC-LMP2A contains the full-length LMP2A
sequence originated from pLMP2A (30). Cells were trans-
fected by using a modified calcium phosphate method (8) and
then selected with neomycin (800 �g/ml). To check the expres-
sion of LMP2A in stable clones and transient transfectants,
cells were transfected with Rc/CMV LMP2A or vector plasmid
pRc/CMV (Invitrogen, Groningen, The Netherlands) and
lysed in 1% NP-40 buffer (50 mM Tris [pH 8.0], 137 mM NaCl,
10% glycerol, 2 mM EDTA, 50 mM sodium orthovanadate,
1% NP-40, 50 mM NaF, 0.001% leupeptin, 0.001% aprotinin,
and 1 mM phenylmethylsulfonyl fluoride). Then the protein
was resolved by sodium dodecyl sulfate–8% polyacrylamide gel
electrophoresis and blotted onto a polyvinylidene difluoride
nitrocellulose membrane (Millipore, Bedford, Mass.). The
LMP2A antibody was generated by immunizing the rabbit with
full-length LMP2A (data not shown). Thus, the expression of
LMP2A was confirmed by Western blot analysis with anti-
LMP2A antibody (Fig. 1A). The detection of tubulin by anti-
tubulin antibody (Amersham Pharmacia, Piscataway, N.J.)

served as an internal control for the protein amounts. Since
tyrosine phosphorylation plays a pivotal role in LMP2A func-
tion, anti-phosphotyrosine antibody (4G10; Upstate Biotech-
nology, Lake Placid, N.Y.) was used to evaluate the phosphor-
ylation status of LMP2A in these cells. The major difference
between LMP2A-expressing cells and the control lines was a
heavily tyrosine-phosphorylated protein at around 54 kDa, the
predicted mass of LMP2A (Fig. 1B). However, the possibility
cannot be excluded that this signal comes from a cellular pro-
tein induced by LMP2A with the same molecular mass. There-
fore, LMP2A was immunoprecipitated from the lysates by anti-
LMP2A antibody and then probed with the anti-
phosphotyrosine antibody in the following Western blot
analysis. The same pattern was obtained (Fig. 1B). Therefore,
LMP2A is suggested to be tyrosine phosphorylated in epithe-
lial cells. According to previous reports, tyrosine phosphoryla-
tion is important for LMP2A to function in B cells (reviewed in
reference 29). The presence of similar tyrosine phosphoryla-
tion indicates that LMP2A may influence some signaling in
epithelial cells. Besides, an immunofluorescence assay was car-
ried out to determine the percentage of cells expressing the
LMP2A protein. More than 90% of the cells expressed
LMP2A protein at the plasma membrane and in the cytoplasm
(data not shown).

Investigation of endogenous MAPK activities in LMP2A-
expressing cells. MAPK cascades are involved in a wide spec-
trum of key events, including proliferation, migration, differ-
entiation, and apoptosis (7). Since LMP2A structurally
resembles a signaling modulator, the possibility that LMP2A
regulates the MAPK cascades was tested. Three major groups
of MAPK have been identified. They are ERK, JNK, and p38
MAPK. All of them are activated by being phosphorylated at

FIG. 1. Characterization of LMP2A-expressing epithelial cells.
(A) Demonstration of the expression of LMP2A in transient and stable
transfectants by Western blot analysis. Total proteins from transient
transfectants (trans) or stable clones (stable) of LMP2A (2A) and
vector control (V) cells were blotted onto the polyvinylidene difluoride
membrane and reacted with LMP2A-specific antibodies. The detection
of tubulin served as an internal control of protein amounts. (B) Ex-
amination of the phosphorylation status of LMP2A protein. Cell ly-
sates of LMP2A and stable vector control clones underwent immuno-
precipitation (IP) with anti-LMP2A antibodies or an irrelevant
antibody control (JNK). Then the immunocomplex products were de-
natured, subjected to electrophoresis, and blotted onto the membrane.
The blots were then reacted with anti-phosphotyrosine antibodies
(4G10) for Western blot analysis. The numbers on the left are markers
presenting molecular mass in kilodaltons.
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specific amino acids. Activation of ERK occurs through phos-
phorylation of Thr 202 and Tyr 204 (40). JNK is activated by
phosphorylation on Thr 183 and Tyr 185 (13). p38 is activated
when Thr 180 and Tyr 182 have been phosphorylated (44).
Therefore, phosphoprotein-specific antibodies (Cell Signaling
Technology, Beverly, Mass.) were used to evaluate the activa-
tion status of these endogenous MAPKs. Some differential
activation patterns were observed between LMP2A and vector
control cells: phospho-ERK was present in LMP2A-expressing
lines but not in vector control lines (Fig. 2A). The same pattern
was also detected in another epithelial cell line, NPC-TW01
(data not shown). In addition, LMP2A prominently increased
the amounts of phospho-JNK (Fig. 2A), but no obvious acti-
vation of p38 MAPK was observed (Fig. 2A). Besides, no
changes occurred when detecting the total amount of JNK and
ERK (Fig. 2B). The two phosphorylated products of JNK are
of different isoforms. Until now, no functional difference be-
tween these isoforms had been discovered (52). Besides, in
order to rule out the possibility of clonal variation, calcium-
based transient transfection was also carried out. Consistently,
phospho-ERK and phospho-JNK were increased in LMP2A

transfectants only but not in vector control transfectants (Fig.
2C). Therefore, LMP2A could regulate the activation of ERK
and JNK but not the amount of each.

Phosphorylation status of MAPK downstream effectors.
Since ERK and JNK are activated in response to LMP2A
expression, we next examined the downstream effectors of
ERK and JNK (13, 27, 34, 41). The levels of phospho-c-Jun
(Ser 63), and phospho-ATF2 (activating transcription factor 2)
were detected with anti-phospho-c-Jun (Santa Cruz, Santa
Cruz, Calif.) and anti-phospho-ATF2 antibodies (Cell Signal-
ing Technology). Apparently, phospho-c-Jun was increased in
LMP2A stable clones and transient transfectants (Fig. 3A),
whereas the level of ATF2 was constant (Fig. 3B). The phos-
phorylation of c-Jun is also elevated in LMP2A-expressing
NPC-TW01 cells (data not shown).

The involvement of ERK in LMP2A-mediated c-Jun phos-
phorylation. To clarify whether LMP2A increases c-Jun phos-
phorylation through the activation of ERK, the ERK pathway
inhibitor PD98059 (Calbiochem, San Diego, Calif.) was used
(11). Cells were seeded on six-well plates (4 � 105 cells/well)
and starved for 12 h. The cells were then treated with 100 �M
PD98059 for 30 min. Apparently, PD98059 inhibited LMP2A-
induced phosphorylation of c-Jun coinciding with inhibition of
ERK phosphorylation (Fig. 4). In the presence of PD98059,
the phosphorylated JNK remained in LMP2A-expressing cells,
showing the specificity of the inhibitor (data not shown). The
dimethyl sulfoxide (DMSO) and tubulin controls excluded the
possibility of signals induced by the DMSO dissolvent or un-
equal amounts of protein loading. Therefore, the phosphory-
lation of c-Jun is in part contributed by ERK.

Detection of c-Jun stability in LMP2A-expressing cells. The
action of phosphorylation on c-Jun not only increases its DNA
binding ability but also prevents c-Jun from degradation (17,
36). In LMP2A-expressing cells, ERK/JNK and its downstream

FIG. 2. Detection of the phosphorylation status of three major
components of MAPK families (ERK, JNK, and p38) in LMP2A-
expressing cells. (A) Western blot analyses with phosphospecific ERK
(p-ERK), JNK (p-JNK), and p38 (p-p38) antibodies were performed
to detect the phosphorylation status of these MAPKs in stable LMP2A
(2A) and vector control (V) clones. (B) Total amounts of ERK, JNK,
and p38 were also detected. (C) Total proteins from transient trans-
fectants (trans) or stable clones (stable) of LMP2A (2A) and vector
control (V) were blotted on the membrane and reacted with anti-
phosphorylated JNK (p-JNK) antibody and anti-phosphorylated ERK
(p-ERK) antibody. The detection of tubulin served as an internal
control of protein amounts. The numbers to the left of each panel
represent molecular mass in kilodaltons.

FIG. 3. Investigation of the phosphorylation status of MAPK
downstream effectors in LMP2A-expressing clones. (A) Antibodies
that specifically react with phospho-c-Jun were used to investigate the
phosphorylation of c-Jun in stably expressing clones (stable) and tran-
sient transfectants (trans) in LMP2A-expressing (2A) and vector con-
trol (V) cells. UV-treated (200 J/m2) 293 cells (UV) served as the
positive controls for phospho-c-Jun induction. (B) Antibodies that
specifically react with phospho-ATF2 were used to investigate the
phosphorylation of ATF2 in LMP2A-expressing (2A) and vector con-
trol (V) cells. The detection of tubulin served as an internal control of
protein amounts. The numbers to the left of each panel represent
molecular mass in kilodaltons.
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substrate c-Jun were both phosphorylated. We then tested
whether c-Jun gains more stability under LMP2A expression.
Actually, the expression level of c-Jun was higher in LMP2A-
expressing cells; this also hints at the possibility of an increase
in stability (Fig. 5A). Cycloheximide (35 �M; Sigma, St. Louis,
Mo.) was added to the vector and LMP2A-expressing cells to
block de novo protein synthesis. Then the stability of pre-
formed c-Jun was measured at the indicated periods. The
amounts of c-Jun decreased dramatically in the control cells
while the amounts of c-Jun in LMP2A-expressing cells per-

sisted (Fig. 5B). Therefore, the expression of LMP2A can also
modulate the stability of c-Jun.

Involvement of the ERK pathway in LMP2A-mediated cell
mobility. The ERK pathway is important for the migration of
breast cancer cells, fibrosarcoma cells, and endothelial cells (9,
28, 37). Therefore, a three-dimensional collagen gel assay was
carried out to investigate the possible effects elicited by
LMP2A. In brief, cells (8 � 103 cells) were resuspended in a
collagen gel mixture (70 �l of 3-mg/ml rat tail collagen I [Sig-
ma], 9 �l of 10� Dulbecco’s minimal essential medium, 2 �l of
0.2 M HEPES [pH 7.3], and 5 �l of H2O, with the pH adjusted
to around 7.4 with 5 N NaOH). The cells were moved into a
37°C incubator with 5% CO2 for 30 min. Then, 100 �l of 1�
Dulbecco’s minimal essential medium containing 2.5% fetal
calf serum was added. After 14 days of incubation, the pheno-
types were observed and photographed by an inverted pho-
tomicroscope (Axiovert 10; Zeiss, Oberkochen, Germany).
LMP2A-expressing cells extended into the collagen gel and
exhibited a spindle-like shape in a three-dimensional environ-
ment while vector control cells exhibited a spherical shape in
the collagen gel (Fig. 6A and B). This invasiveness phenotype
could be blocked by the ERK pathway inhibitor PD98059 but
not by the DMSO control (Fig. 6C and D). Therefore, acti-
vated ERK may account for LMP2A-mediated cell migration.

LMP2A is often detected in EBV-associated epithelial pa-
thologies, such as NPC and oral hairy leukoplakia (2, 4, 54).
But the consequences of this viral gene expression in epithelial
cells, especially the changes it brings in intracellular signaling
proteins, are still waiting to be uncovered.

By immunoprecipitation and Western analysis, it was dem-
onstrated that LMP2A is heavily tyrosine phosphorylated (Fig.
1). LMP2A-expressing cells were shown to have elevated JNK

FIG. 4. Involvement of the ERK pathway in LMP2A-induced c-Jun
phosphorylation. Both the 293 LMP2A-expressing (2A) and vector
control (V) stable clones were treated with DMSO (D) or ERK path-
way inhibitor PD98059 (PD) for 30 min. After 15 or 90 min of incu-
bation in the presence of 10% fetal bovine serum, the cells were
harvested. Western blot analyses were performed with anti-phospho-
ERK (p-ERK) antibody, anti-phospho-Jun (p-Jun) antibody, and anti-
tubulin antibody.

FIG. 5. Examination of the stability of c-Jun protein in LMP2A and
vector control cells. (A) Total amounts of c-Jun protein in LMP2A-
expressing (2A) and vector control (V) cells were detected with anti-
c-Jun antibodies by Western blot analysis. (B) Both LMP2A-express-
ing (2A) and vector control (V) cells were treated with 10 �g of
cycloheximide/ml to inhibit protein synthesis. Cell lysates were har-
vested at each indicated time and subjected to Western blot analysis
with anti-Jun antibodies. The detection of tubulin served as an internal
control of protein amounts. The numbers to the left of each panel
represent molecular mass in kilodaltons.

FIG. 6. Demonstration of the invasion ability of LMP2A-express-
ing cells in a three-dimensional collagen gel. Cells transfected with
vector control (A) and LMP2A expression plasmid (B) were embed-
ded in a type I collagen gel. After 14 days of incubation, the invasion
phenotypes were observed and are highlighted with arrows. To explore
the involvement of the ERK pathway in this invasion behavior, DMSO
control (C) and ERK inhibitor PD98059-treated (D) LMP2A-express-
ing cells were also embedded in the collagen gel for comparison.
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and ERK activities in comparison to the vector control cells
(Fig. 2). Their common downstream effector c-Jun was also
phosphorylated (Fig. 3A). Moreover, this activation of ERK
and c-Jun decreased in the presence of the ERK pathway
inhibitor PD98059 (Fig. 4), indicating that the phosphorylation
of Jun was partially dependent on ERK activation. However,
the incomplete PD98059 inhibition of c-Jun phosphorylation
raises the possibility of JNK involvement.

At the posttranslational level, c-Jun activity could be regu-
lated by activated ERK and JNK (43). Phosphorylation on Ser
63 has been suggested to reduce the ubiquitination of c-Jun
protein and thereby retard its degradation (17, 36). The phos-
phorylation on c-Jun was increased in LMP2A-expressing cells
and makes us wonder how stable c-Jun is (Fig. 3A). In the
presence of a protein synthesis inhibitor, the c-Jun protein,
which is influenced by LMP2A, was strikingly steadier than in
the control cells (Fig. 5B). The data probably had delineated
an LMP2A pathway beginning with the activation of the
MAPK kinases and changing the phosphorylation state of c-
Jun, and it may thereby stabilize it from rapid turnover. Most
interestingly, LMP2A does exhibit features distinct from those
previously documented in B cells. It was suggested that
LMP2A might enhance the degradation of BCR-associated
kinases through the interaction between LMP2A PY motifs
and Nedd4 family ubiquitin-protein ligases (21, 22, 55). Taken
together, the data indicate that LMP2A may exert distinct
effects on protein stability through different mechanisms.

What is the consequence of c-Jun phosphorylation regulated
by LMP2A? The phosphorylated amino acids 63 and 73 are
located in the � domain of c-Jun (51). The � domain is the
region that intercedes in unphosphorylated c-Jun multiubiq-
uitination and degradation (51). Interestingly, the aggressive
viral oncoprotein v-Jun is deleted within these sequences and
becomes more stable than c-Jun, indicating that the stability of
Jun may contribute to its oncogenicity (20, 51). The phosphor-
ylation and stability of c-Jun are enhanced by LMP2A, which
suggests that some Jun-mediated signaling probably occurs in
these cells. Under mitogen stimulation, c-Jun is induced as an
immediate early factor, suggesting a role in the promotion of
cell growth (1, 25). Furthermore, Jun harbors oncogenicity in
that it is capable of transforming chicken embryo fibroblasts (6,
56). Additionally, in mammalian cell cultures, c-Jun can coop-
erate with another factor, such as activated Ras, to carry out
effective transformation (48, 49). c-Jun is also a strong inhibi-
tor of differentiation (42, 50). LMP2A has been shown to
transform and inhibit the differentiation of keratinocytes in
organic raft cultures (47) and also to promote proliferation in
B cells; therefore, it would be worthwhile to check whether the
potency comes from c-Jun activation in those systems.

In addition to its mitogenic role, the ERK pathway is also
important in cell migration, as demonstrated in migration and
invasion in breast cancer, fibrosarcoma, and endothelial cells
(9, 28, 37). ERK activation could be triggered by integrin
engagement, growth factors, and v-Src expression (14, 37, 57).
In our study, we also found that LMP2A could induce cell
invasion through the ERK pathway (Fig. 6). In light of the high
metastasis rate of NPC and the high expression of LMP2A in
it, LMP2A may contribute to the metastatic property of these
malignant cells.

How does LMP2A regulate the activation of MAPK? In the

B-cell system, LMP2A is described as a molecular scaffold for
the recruitment of tyrosine kinases (55). The abundance of
functional motifs within the LMP2A N terminus contributes to
this potency. The identification of an LMP2A-interacting pro-
tein or the use of serial mutant constructs in the putative
interacting motifs may give clues as to which effectors are
involved in this LMP2A/MAPK/c-Jun pathway. Furthermore,
LMP2A has been shown to be phosphorylated by ERK (39),
and there may exist a reaction circuit between LMP2A and
ERK. In our lab, we previously used a microarray assay to
examine the genes transcriptionally regulated by LMP2A (data
not shown). A putative G protein-coupled receptor (GPCR) is
upregulated under LMP2A expression (data not shown). Since
the GPCR could be one of the upstream effectors of the
MAPK (19), the possibility of a closer linkage between this
GPCR to MAPK/c-Jun is currently being researched.
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