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The frequent expression of latent membrane proteins LMP2A and LMP2B in Epstein Barr virus (EBV)-
associated tumors suggests that these proteins play a role in EBV-induced epithelial cell growth transforma-
tion. Expression of LMP2A and LMP2B had no effect on the morphology of squamous epithelial cells in
monolayer culture, but their expression was associated with an increased capacity to spread and migrate on
extracellular matrix. Although the mechanisms by which LMP2A and LMP2B promote cell spreading and
motility are unclear, the use of selective pharmacological inhibitors has established a role for tyrosine kinases
in this phenotype but ruled out contributions of phosphatidylinositol 3-kinase, extracellular signal-regulated
kinase/mitogen-activated protein kinase, and protein kinase C. The ability of LMP2B to induce a phenotype
that is virtually indistinguishable from that of LMP2A suggests that regions of the LMP2 protein in addition
to the cytosolic amino terminus are capable of inducing phenotypic effects in epithelial cells. Thus, rather than
serving to modulate the activity of LMP2A, LMP2B may directly engage signaling pathways to influence
epithelial cell behavior such as cell adhesion and motility.

Epstein-Barr virus (EBV) is a ubiquitous human herpesvirus
that is carried by greater than 90% of the population. Scientific
interest in EBV stems from the finding that it is causally asso-
ciated with a variety of B-cell malignancies (Burkitt’s lym-
phoma, immunoblastic lymphoma, and Hodgkin’s disease
[HD]) and epithelial cell malignancies (nasopharyngeal car-
cinoma [NPC] and gastric adenocarcinomas) (54). The exact
contribution of EBV to the development of NPC and other
carcinomas is unclear, although emerging data suggest that
viral infection may be a secondary event in tumor pathogenesis
(40). Although viral infection may constitute a relatively late
event in carcinoma formation, the finding that both NPC and
EBV-positive gastric carcinoma tumor cells carry monoclonal
viral genomes indicates that EBV infection must have occurred
prior to the expansion of the malignant cell clone (33, 52).

A novel form of virus-cell interaction has been demon-
strated in NPC and HD tumor cells, with the pattern of viral
gene expression restricted to Epstein-Barr nuclear antigen 1
and variable but consistent expression of the latent membrane
proteins (latent membrane protein 1 [LMP1], LMP2A, and
LMP2B) (7, 9, 13). The consistent detection of LMP2A and
LMP2B in EBV-associated malignancies such as HD, NPC,
and gastric adenocarcinoma suggests that these viral proteins
may participate in disease pathogenesis.

Unlike LMP1, much less is known about the function of
LMP2A and LMP2B in epithelial cells. LMP2 is a hydrophobic
membrane protein that exists as two alternative forms, LMP2A
and LMP2B (42). These forms are transcribed across the fused
terminal repeats of the EBV episome from promoters 3 kb
apart which generate mRNAs with eight common exons and a
5� exon unique to each type. The 5� exon of LMP2B is non-

coding, whereas the 5� exon of LMP2A encodes a 119-amino-
acid cytoplasmic domain which is implicated in cell signaling
(2). The proteins share other structural properties including 12
hydrophobic membrane-spanning domains and a 27-amino-
acid cytosolic carboxy terminus.

Although initial studies indicated that LMP2A and LMP2B
target the plasma membrane in lymphoblastoid cell lines (44),
further investigation revealed that they are broadly distributed
among intracellular membranes (43). This intracellular local-
ization has been substantiated with recent findings in non-B
cells, where most, if not all, LMP2A and LMP2B localizes to
perinuclear endosomes (17, 46). Most of the functional inves-
tigations of LMP2A and LMP2B have been performed in B
cells by using recombinant EBV and indicate that LMP2A and
LMP2B are dispensable for B-cell transformation in vitro (44,
45, 58). Although LMP2A and LMP2B do not appear to play
significant roles in B-cell transformation in vitro, LMP2A plays
a critical role in maintaining EBV latency. In latently infected
B cells, the switch from a latent to a lytic infection program
is regulated by engagement of the B-cell receptor (BCR).
LMP2A negatively regulates BCR signaling by (i) excluding
the BCR from “lipid rafts” (19) and (ii) targeting Src family
members Lyn and Syk protein tyrosine kinases (PTKs) for
ubiquitin-mediated degradation (32). In doing so, LMP2A
blocks BCR-mediated intracellular calcium release and PTK
cascades, the net effect of which is to block B-cell differentia-
tion (42).

Extensive mutational analysis has identified particular sig-
natures and motifs within the cytosolic amino terminus of
LMP2A that are essential for function (25, 26, 59). These
motifs include tyrosines located at positions 74 and 85 (Y74/
Y85), which constitute a putative immunoreceptor tyrosine
activation motif, and a tyrosine at position 112 (Y112), which
forms a consensus Src binding site. Once phosphorylated, the
immunoreceptor tyrosine activation motif (Y74/Y85) recruits
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and activates Src family and Syk PTKs. LMP2A is also a sub-
strate of these kinases including the Src family PTKs, especially
Lyn (2, 8). This subsequently results in the recruitment of
PTKs to LMP2A, possibly sequestering these enzymes away
from the BCR signaling complex and blocking downstream
signaling (25). LMP2A is also phosphorylated on serine and
threonine residues by mitogen-activated protein kinase
(MAPK) and interacts with extracellular signal-regulated ki-
nase 1 (ERK1) directly (51). LMP2A has been shown to en-
gage the phosphatidylinositol 3-kinase (PI3-K)/Akt pathway in
both B cells and epithelial cells (55, 60), a consequence of
which is the promotion of cell survival (27). Recently, LMP2A
has been shown to induce beta-catenin/Tcf activity through a
PI3-K/Akt-dependent pathway, although the physiological
consequences of this activation, as it relates to effects on epi-
thelial cell growth control, are still to be elucidated (48).

Recent evidence has shown that the expression of LMP2A in
the B cells of transgenic mice provides a developmental and
survival signal that bypasses the requirement for BCR signal-
ing (10, 11). Unlike the situation in B cells, targeting of
LMP2A to the epidermis of transgenic mice is not associated
with gross alterations in tissue architecture (41). Despite the
lack of a phenotype in normal differentiating epithelium, ex-
pression of LMP2A in an immortalized epithelial cell line,
HaCat, is associated with differentiation blockade and growth
transformation (55).

Comparatively little is known about the effect of LMP2A or
LMP2B on epithelial cell biology. The phosphorylation of
LMP2A in epithelial cells is triggered by cell adhesion, but this
does not appear to be mediated via Src kinases (56). It is
speculated that this phosphorylation is due to C-terminal c-Src
kinase (Csk, a negative regulator of Src kinases). Csk has been
shown to regulate the activity of focal adhesion kinase (FAK)
and paxillin, providing a mechanism whereby LMP2A may
influence cell spreading (62). In addition, both LMP2A and
LMP2B have been shown to alter the expression of keratino-
cyte adhesion molecules, although the effects of these findings,
as they relate to effects on epithelial cell behavior, are poorly
understood (20, 56). By using epithelial cell lines in which
LMP2A and LMP2B are stably expressed, we demonstrate that
these two proteins can alter the adhesive and migratory prop-
erties of epithelial cells. These data have important implica-
tions for our understanding of the role of LMP2A and LMP2B
in the pathogenesis of EBV-associated malignancies and may
provide better understanding of the mechanisms involved in
this process.

MATERIALS AND METHODS

Cell lines and tissue culture. The A431 cell line, derived from an epidermal
carcinoma, was a kind gift from F. Berditchevski, Cancer Research UK Institute
for Cancer Studies, University of Birmingham, Birmingham, United Kingdom.
The HaCat cell line is a spontaneously immortalized nontumorigenic epidermal
keratinocyte cell line (6). The SCC12F cell line is an immortalized nontumori-
genic subclone established from a squamous cell carcinoma of facial epidermis
(53). The A431 and HaCat cell lines were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco) supplemented with 5% fetal calf serum (Gibco), 2 mM
glutamine, and the antibiotics penicillin (1,000 U/ml) and streptomycin (1 mg/ml)
(Sigma). For routine culture, A431 and HaCat cells were split once per week at
a 1:10 ratio. The SCC12F cell line was grown in DMEM-F12 (3:1 ratio; Gibco)
supplemented with a solution of 5% fetal calf serum (Gibco), 2 mM glutamine,
hydrocortisone (0.4 �g/ml; Up-John Ltd.), and the antibiotics penicillin (1,000
U/ml) and streptomycin (1 mg/ml) (Sigma). For routine culture, SCC12F cells

were split once per week at a 1:5 ratio. At this cell density, SCC12F cells do not
require NIH 3T3 feeder support (18).

Pharmacological inhibitors and growth factors. The pharmacological inhibi-
tors PP2, PP3, LY294002, and calphostin C were purchased from Calbiochem.
UO126 was purchased from Promega. Tetradecanoyl phorbol acetate (TPA) was
purchased from Sigma. All compounds were reconstituted in dimethyl sulfoxide
(DMSO; Fischer Scientific) and diluted to an appropriate concentration in serum-
free medium immediately prior to use. Epidermal growth factor (EGF; Sigma) was
reconstituted in water to give a stock solution of 1 �g/ml; this solution was then
further diluted in serum-free medium to a final concentration of 25 ng/ml.

Transduction of established cell lines with amphotrophic retroviruses. Ret-
roviral packaging cell lines producing LMP2A, LMP2B, or the neomycin control
retrovirus were obtained from G. Winberg (Karolinska Institute, Stockholm,
Sweden). The construction of the retroviral vectors and the generation of the
producer cell lines (PA317) have been detailed previously (17). The transduction
of established epithelial cell lines was achieved through cocultivation of retrovi-
rus-producing packaging cells and the cell line of interest. Briefly, 2 � 106 �-
irradiated packaging cells were seeded onto 9-cm petri dishes containing actively
growing cells (10% confluent) in growth medium containing 10 �g of hexadi-
methrine bromide/ml. After an overnight incubation, the medium was removed,
and fresh growth medium was added. The �-irradiated packaging cells were re-
moved by EDTA washing 48 h after cocultivation, and growth medium contain-
ing G418 (400 �g/ml) was added. After 10 days of drug selection, drug-resistant
polyclonal populations were screened for expression of LMP2A and LMP2B by
reverse transcription (RT)-PCR and indirect immunofluorescence. Drug-resistant,
polyclonal populations were then expanded in the presence of G418 (400 �g/ml).

RT-PCR analysis of LMP2A and LMP2B expression. Cells were grown until
�70% confluent and then harvested for analysis. Between 2� 106 and 5 � 106

cells were recovered by trypsinization and washed with two to three changes of
phosphate-buffered saline (PBS) prior to RNA extraction. Total RNA was ex-
tracted from cell lines by using a NucleoSpin RNA II kit (Macherey-Nagel)
according to the protocol of the manufacturer. Three micrograms of RNA was
used in a cDNA synthesis reaction with a reverse gene-specific primer (ATA
AAA ACT GGA CCG TAT CTT CTA TTT CCA) using AMV reverse tran-
scriptase (Roche). LMP2A and LMP2B transcripts were amplified by using the
forward and reverse primers ACT GAT TTT GGG CAC ACT TA and ATT
CGG TCA GGA TAG CAA GA, respectively. PCR was performed by using Red
Hot Taq DNA polymerase (Abgene) and involved an initial 3-min denaturation
step at 94°C followed by 35 cycles consisting of a denaturing step for 30 s at 94°C,
an annealing step for 1 min at 50°C, and an extension step for 2 min at 72°C. PCR
products (303 bp) were visualized on 1% agarose gels.

Immunofluorescent staining in situ. Cells were recovered by trypsinization,
resuspended in normal growth medium, and seeded out at between 2 � 104 and
5 � 104 cells/well onto Teflon-coated microscope slides (Hendley-Essex). Twenty-
four hours later, the cells were fixed in 4% paraformaldehyde followed by
permeabilization in 0.5% Triton X-100. After blocking in 20% heat-inactivated
normal goat serum, cells were incubated with a 1:50 dilution of the human NPC
reference serum Ba (17) or a 1:1 dilution of 8C3, a rat monoclonal antibody
(MAb) specific for the amino terminus of LMP2A (25). LMP2 staining was
visualized by using fluorescein isothiocyanate-conjugated goat anti-human im-
munoglobulin G (IgG) (Sigma) or, for 8C3 staining, Oregon Green-conjugated
anti-rat IgG (Molecular Probes). After washing, slides were mounted in DABCO
antifading agent and viewed under a light microscope.

For adhesion studies, 104 cells were plated onto Teflon-coated slides pre-
coated overnight with fibronectin (10 �g/ml), poly-L-lysine (10 �g/ml), or lami-
nin-5 matrix (LN-5M)-enriched slides (1). Cells were allowed to adhere for
various time points and then fixed in 4% paraformaldehyde, permeabilized in
0.5% Triton X-100 (ICN Biochemicals) in PBS, and stained with primary anti-
bodies to vinculin (Sigma), antiphosphotyrosine (p-Tyr) clone 4G10 (Upstate),
or anti-FAK397 (Biosource International) followed by AlexaFluor 594-conju-
gated anti-mouse or anti-rabbit antibodies (Molecular probes). To visualize
cellular actin, fixed and permeabilized cells were incubated with 0.5 �g of tet-
ramethyl rhodamine isothiocyanate-conjugated phalloidin (Sigma)/ml for 60
min. Slides were mounted with DABCO and viewed at �400 magnification with
a Nikon Eclipse E600 microscope and the Nikon ACT-1 program.

Transwell migration assays. Serum-starved cells were recovered as single-cell
suspensions and seeded into the upper well of a transwell migration chamber
(BD Biosciences) whose underside had been coated with 10 �g of fibronectin
(Sigma)/ml. Eighteen hours after incubation at 37°C, the wells were fixed in 30%
methanol and stained with 1% crystal violet, and the percentage of cell migration
was determined after photographing representative fields and counting the num-
ber of stained (migrating) cells. In each case, the number of cells per field was
scored, and the mean was determined from at least six representative fields.
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Transient adhesion assays. Cells expressing LMP2A, LMP2B, or the Neo
control were serum starved for 24 h and recovered as single-cell suspensions. A
total of 2.5 � 104 cells were plated out in triplicate into 96-well plates coated with
fibronectin or poly-L-lysine (10 �g/ml; Sigma). At various times after incubation
at 37°C, cells were washed extensively with serum-free DMEM and fixed in 100%
ethanol. The number of adherent cells were analyzed after staining with 0.1%
crystal violet followed by solubilization in 0.2% Triton X-100, and the absorbance
was read at 550 nm. The degree of cell attachment is expressed as raw optical
density (OD) values (OD at 550 nm [OD550]) on an arbitrary scale. One-way
analysis of variance with Tukey’s multiple-comparison posttest was performed on
the data set by using Graphpad Prism (San Diego, Calif.) software.

Immunoblotting analysis. Serum-starved cells were recovered by light tryp-
sinization and held in suspension for 60 min prior to plating onto fibronectin-
coated dishes. Cells (2 � 106 to 3 � 106 cells/plate) were allowed to adhere and
were lysed in RIPA buffer (50 mM Tris-HCl [pH 7.4], 1% NP-40, 0.25% Na-
deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride,
1 mM Na3VO4, 1 mM NaF, 1 �g [each] of aprotinin, leupeptin, and pepstatin/
ml) at the indicated time points. Total cellular phosphorylated proteins induced
in response to adhesion was assessed by using standard immunoblotting proce-
dures. Briefly, a total protein extract from each time point (equivalent to �106

cells) was separated on a sodium dodecyl sulfate–10% polyacrylamide gel elec-
trophoresis gel. Separated proteins were immunoblotted onto nitrocellulose
membranes and, after blocking with Tris-buffered saline-Tween (0.1%) contain-
ing 5% bovine serum albumin, incubated with primary antibodies specific for
phosphotyrosine using the 4G10 MAb (Upstate Biotechnology) or p-ERK-
MAPK/p-Akt (Cell Signaling Technologies). After several washes in TBS-Tween
(0.1%), the nitrocellulose membrane was incubated with either horseradish per-
oxidase (HRP)-conjugated goat anti-mouse immunoglobulin (Sigma) or HRP-
conjugated goat anti-rabbit immunoglobulin (Sigma). After an additional three
15-min washes in TBS-Tween (0.1%), antibody-protein complexes were visual-
ized by enhanced chemiluminescence (Amersham). In the case of p-ERK-MAPK
and p-Akt, blots were stripped and reprobed with polyclonal rabbit antibodies to
total ERK-MAPK and Akt (Cell Signaling Technologies). To ensure equal load-
ing of samples, blots were reprobed with a mouse monoclonal antibody to �-actin
followed by HRP-conjugated goat anti-mouse immunoglobulin (Sigma); anti-
body-protein complexes were then visualized by enhanced chemiluminescence.

Preparation of LN-5M. LN-5M was prepared according to the method de-
scribed by Baker et al. (1). A431 cells were grown to confluence on either Teflon-
coated microscope slides or 6-cm petri dishes. Thereafter, cells were rinsed in PBS
and removed after treatment with 20 mM ammonium hydroxide. The treated
plates or slides were subjected to extensive washing in sterile distilled water to
remove all traces of ammonium hydroxide and stored at 4°C prior to use.

Flow cytometry. Subconfluent cultures of Neo control cells and LMP2A- and
LMP2B-expressing cells (both A431 and SCC12F) were recovered by mild tryp-
sinization (0.0125% trypsin plus 0.02% EDTA). Single-cell suspensions were col-
lected by centrifugation, counted, and distributed into the wells of a 96-well mi-
crotiter plate at 2.5 � 105 cells/well. Cell pellets were resuspended in 50 �l of
antibody and incubated on ice for 45 min. Monoclonal antibodies used in this
study included P1E6, P1B5, P1D6, and GoH3, directed against the �2, �3, �5,
and �6 integrin subunits (Telios), and 3E1, directed against the �4 integrin
subunit (Immunotech). After three washes in cold PBS (4°C), the cells were re-
suspended in fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Sigma)
and incubated on ice for an additional 45 min. After an additional three washes, the
cell suspensions were fixed in 1% paraformaldehyde and processed for fluorescence-
activated cell sorter (FACS) analysis. Fluorescent staining of cell surface inte-
grins was analyzed by flow cytometry with a Coulter EPICS XL FACSCAN. Values
are presented as mean fluorescence intensity values on an arbitrary log scale.

PKC translocation assay. A total of 104 SCC12F cells were seeded onto Teflon-
coated slides and serum starved for 18 h prior to stimulation. Where appropriate,
cells were incubated in the presence of 30 �M calphostin C or DMSO vehicle
control for 30 min prior to TPA stimulation. Cells were stimulated with 100 ng
of TPA/ml for 30 min, fixed in 4% paraformaldehyde, and permeabilized with
0.1% Triton X-100. Protein kinase C (PKC) activation was assessed after immu-
nostaining with a polyclonal rabbit antiserum specific for PKC� (Sigma) and
detection with AlexaFluor 488-conjugated goat anti-rabbit antibodies (Molecular
Probes). When activated, PKC� undergoes translocation from the cytosol to the
membrane, which is clearly visible after immunostaining (4).

RESULTS

Stable expression and cellular localization of LMP2A and
LMP2B in epithelial cells. To examine the effects of LMP2A

and LMP2B expression on epithelial cell adhesion, A431,
SCC12F, and HaCat cells were transduced with recombinant
neomycin-resistant retroviruses containing cDNAs for LMP2A
and LMP2B or the neomycin drug resistance cassette alone
(17). Polyclonal, drug-resistant populations were expanded
and subjected to further experimental analysis. To confirm
expression of LMP2A and LMP2B in transduced epithelial cell
lines, RNA was isolated from representative panels of cells,
and RT-PCR analysis was performed with a set of primers that
amplify both LMP2A and LMP2B mRNA. As shown in Fig.
1A, LMP2A and LMP2B expression was confirmed in cell lines
transduced with the relevant retroviruses. Amplification of pu-
rified mRNA with this set of primers generated a 303-bp frag-
ment, confirming expression of LMP2A and LMP2B mRNA in
A431, SCC12F, and HaCat epithelial cells with the absence of
any signal in the Neo control cells. To confirm expression of
LMP2A and LMP2B at the protein level, representative cell
lines were screened for LMP2A and LMP2B expression with
either 8C3, a rat monoclonal antibody specific for LMP2A
(25), or Ba serum, an NPC serum with reactivity for both
LMP2A and LMP2B (17). As shown in Fig. 1B, immunostain-
ing with 8C3 confirmed expression of LMP2A in SCC12F cells
transduced with the LMP2A retrovirus, whereas Neo control
and LMP2B-expressing cells gave only background levels of
staining. In keeping with previous reports, the majority of
LMP2A localized to intracellular vesicles (17, 46). Immuno-
staining of epithelial cells with Ba serum confirmed expression
of LMP2A and LMP2B in SCC12F cells transduced with the
LMP2A and LMP2B retroviruses, respectively, with the ma-
jority of LMP2A and LMP2B localizing to perinuclear vesicles.
Immunostaining of SCC12F cells transduced with the neomy-
cin resistance gene alone gave only background levels of stain-
ing with Ba serum. Identical results were obtained for both
A431 and HaCat epithelial cells (data not shown).

LMP2A and LMP2B do not induce morphological changes
in squamous epithelial cells. Epithelial cell cultures trans-
duced with the LMP2A and LMP2B retroviruses were similar
in appearance to Neo control cells. As shown in Fig. 2, SCC12F
and A431 cells expressing LMP2A or LMP2B were indistin-
guishable from Neo control cells. LMP2A- and LMP2B-ex-
pressing cells displayed a flat cuboidal morphology, maintained
tight intercellular contacts, and, in the case of SCC12F cells,
showed evidence of stratification at high cell densities.

LMP2A and LMP2B enhance cell spreading on ECM. Pre-
vious studies identified a link between epithelial cell adhe-
sion and LMP2A phosphorylation, suggesting that signals
generated as a consequence of cell adhesion are required
for LMP2A phosphorylation (56). Although these initial stud-
ies highlighted the requirement for integrin activation in this
process, they did not address any possible contribution of
LMP2A to the adhesion process itself. Observations made
through the course of our studies identified a direct effect of
LMP2A and LMP2B on epithelial cell attachment and spread-
ing, raising the possibility that LMP2A and LMP2B influence
the adhesive process directly. To investigate this phenomenon
in more detail, time-lapse video microscopy was performed to
analyze the kinetics of attachment and cell spreading on extra-
cellular matrix (ECM). HaCat cells were serum starved for
24 h, recovered as single-cell suspensions, and plated onto
petri dishes coated with purified extracellular matrix proteins
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(fibronectin or collagen type I) or LN-5M. As shown in Fig. 3,
relative to Neo control cells, the kinetics of cell spreading on
fibronectin was clearly accelerated in LMP2A- and LMP2B-
expressing cells. In typical experiments, Neo control cells re-
mained rounded and “phase bright” up to 60 min after plating,
after which time they started to spread. This contrasted with
LMP2A- and LMP2B-expressing cells which, although clearly
round and phase bright at the time of plating, began to spread
within 15 min and had become fully spread within 60 min. This
accelerated cell spreading was more pronounced for LMP2B-
expressing cells, which attached and became fully spread within
30 to 45 min after plating. Similar results were obtained when
cells were plated onto LN-5M or collagen type I (data not
shown), suggesting that the accelerated spreading displayed by
LMP2A- and LMP2B-expressing cells was not confined to a
particular ECM substrate.

To ensure that the ability of LMP2A and LMP2B to pro-
mote cell spreading was not due to a loss of viability in Neo
control cells after serum starvation and suspension, cell viabil-
ity was assayed by trypan blue dye exclusion. In three individ-
ual experiments, serum starvation and suspension resulted in
an 18% reduction of viability in Neo control cells, whereas this
increased to 31% in LMP2A-expressing cells and 29% in
LMP2B-expressing cells. This analysis ruled out the possibility

FIG. 1. Expression of LMP2A and LMP2B in HaCat, SCC12F, and
A431 epithelial cell lines. (A) RT-PCR analysis confirming expression
of LMP2A and LMP2B mRNA transcripts in epithelial cells trans-
duced with LMP2A and LMP2B retroviruses but not with the Neo
control retrovirus. (B) Immunofluorescence staining of Neo control
and LMP2A- and LMP2B-expressing SCC12F epithelial cells with the
LMP2A-specific rat MAb 8C3 shows expression of LMP2A only,
whereas the NPC reference serum Ba recognizes both LMP2A and
LMP2B. Arrows denote vesicular localization of LMP2A and LMP2B.
Bar, 20 �m.

FIG. 2. LMP2A and LMP2B do not alter the morphology of squa-
mous epithelial cell lines in monolayer culture. Phase-contrast micro-
graphs of Neo control and LMP2A- and LMP2B-expressing epithelial
cells growing in monolayer culture. Transduced SCC12F and A431
cells are shown. Bar, 20 �m.
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that LMP2A and LMP2B promote cell spreading by increasing
viability after serum starvation or suspension.

LMP2A and LMP2B accelerate cell spreading and focal
adhesion assembly in response to adhesion. To determine
whether LMP2A and LMP2B influenced cell spreading by
accelerating the kinetics of focal adhesion formation, cells
were plated onto ECM-coated slides (fibronectin or LN-5M),
and after various times, the degree of focal adhesion formation
was assessed after staining for vinculin, a known component of
focal adhesions. As shown for SCC12F cells in Fig. 4, 60 min
after plating, Neo control cells, although attached, failed to
spread and to establish prominent focal adhesions on ECM.
This was in marked contrast to cells expressing LMP2A or
LMP2B, which not only had attached and spread at this time
point but also had established large prominent focal adhesions.
The ability of the Neo control cells to initiate the formation of
these structures at the later 120-min time point suggests that
LMP2A and LMP2B accelerate the normal processes of cell
spreading and focal adhesion formation. Interestingly, at this

later time point, focal adhesion formation in LMP2A- and
LMP2B-expressing cells was less prominent and accompanied
by an alteration in cell shape indicative of motile cells.

LMP2A and LMP2B promote cell migration on ECM. Our
finding that LMP2A and LMP2B both promoted cell spread-
ing and focal adhesion formation upon adhesion to ECM
prompted us to examine whether LMP2A and LMP2B could
also stimulate cell migration. Transwell migration assays were
employed to assay the migratory properties of cells in the ab-
sence of a chemotactic stimulus. Serum-starved SCC12F cells
were recovered as single-cell suspensions and seeded into the
upper chamber of a transwell migration chamber. The ability
of cells to migrate in response to fibronectin, so-called “hap-
totactic” migration, was examined 18 h later by measuring the
number of cells that had migrated through the fibronectin
matrix. As shown in Fig. 5, compared to Neo control cells, of
which only 10 to 15% of cells migrated over 18 h, between 45
and 50% of LMP2A-expressing cells migrated over the same
time period. Interestingly, LMP2B-expressing cells showed a
response that was appreciably lower than that of LMP2A-
expressing cells, with between 20 and 25% of cells migrating
over the same time frame. Similar findings were observed with
A431 and HaCat epithelial cells (data not shown).

The ability of LMP2A and LMP2B to promote cell spread-
ing and migration on extracellular matrix is integrin depen-
dent. To establish whether the ability of LMP2A and LMP2B
to promote epithelial cell spreading was integrin dependent,
we compared the rates of epithelial cell attachment and

FIG. 3. Epithelial cells expressing LMP2A and LMP2B show in-
creased rates of attachment and spreading on extracellular matrix. Neo
control and LMP2A- and LMP2B-expressing HaCat epithelial cells
were serum starved, collected as single cells, and plated onto fibronec-
tin-coated petri dishes. Time-lapse video microscopy was used to an-
alyze the kinetics of cell attachment and spreading over a 60-min time
frame, with frames taken every 15 min. Magnification, �100. Serum
starvation and suspension culture resulted in a loss of cell viability that
was 18% (	1.7%) in Neo control cells, 31% (	2.6%) in LMP2A-
expressing cells, and 29% (	1.5%) in LMP2B-expressing cells (data
are from three independent experiments).

FIG. 4. LMP2A and LMP2B accelerate the process of cell spread-
ing on ECM and promote focal adhesion formation. Neo control and
LMP2A- and LMP2B-expressing SCC12F cells were serum starved,
recovered as single cells, and plated onto fibronectin-coated slides. The
extent of focal adhesion formation was assessed after 60 and 120 min
using an antibody specific for vinculin. Bar, 20 �m.
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spreading on fibronectin to rates on poly-L-lysine. Unlike
adhesion to ECM, which requires integrins, adhesion to poly-
L-lysine is mediated through nonspecific electrostatic interac-
tions. Serum-starved SCC12F cells were recovered as single-
cell suspensions and plated onto petri dishes coated with either
fibronectin or poly-L-lysine. At various times after plating, the
degree of cell attachment and spreading was assessed by phase-
contrast microscopy. As shown in Fig. 6A, the rate of cell
attachment to poly-L-lysine was almost identical for all three
cell lines, with Neo control and LMP2A- and LMP2B-express-
ing cells showing maximal attachment 30 min after plating.
This was in marked contrast to cells plated onto fibronectin
where, at the same 30-min time point, LMP2A- and LMP2B-
expressing cells had attached and spread, whereas Neo control
cells, although clearly attached, were still rounded and had
failed to spread. Similar results were obtained by using colla-
gen type I and LN-5M, findings which suggest that the ability
of LMP2A and LMP2B to promote cell spreading was not
confined to a particular ECM substrate (data not shown). To
rule out the possibility that LMP2A and LMP2B promote cell
spreading by accelerating the rate of cell attachment to ECM,
we analyzed the rates of cell attachment to ECM in more

detail. Single-cell suspensions were plated onto fibronectin and
poly-L-lysine, and the number of adherent cells was quantified
after 5, 15, 30, and 60 min. As shown in Fig. 6B, the rates of cell
attachment to fibronectin and poly-L-lysine were broadly sim-
ilar over the 60-min time course. These data indicate that
LMP2A and LMP2B do not affect cellular processes that are
important for cell attachment but rather influence pathways
that regulate cell spreading.

We next chose to examine cells for expression of individual
integrin family members to determine whether the increased
adhesive properties of LMP2A- and LMP2B-expressing cells
was due to an increase in the levels of cell surface integrins.
The integrin profiles of Neo control and LMP2A- and LMP2B-
expressing cells were analyzed by flow cytometry (FACS). As
shown in Fig. 6C, the integrin profiles of LMP2A- and LMP2B-
expressing cells were broadly similar to that of Neo control
cells. SCC12F cells expressed high levels of the collagen and
fibronectin/LN-5 receptors �2�1 and �3�1 and lower levels of
the LN-5 and fibronectin receptors �6�4 and �5�1. Essentially
similar findings were observed with A431 cells, although much
higher levels of the laminin-5 receptor �6�4 were expressed in
this background. Taken together, these findings suggest that
the ability of LMP2A and LMP2B to promote cell spreading
on ECM is not attributable to increased levels of cell surface
integrins.

LMP2A and LMP2B accelerate focal adhesion assembly and
turnover—a role for tyrosine kinases. Attachment and spread-
ing of cells on ECM requires the recruitment of specific struc-
tural proteins to sites of focal adhesion. These proteins partic-
ipate in focal adhesion assembly but also serve to recruit and
activate proteins that transduce signals to promote prolifera-
tion and survival (31). Key molecules that regulate focal adhe-
sion formation and intracellular signaling are nonreceptor
tyrosine kinases such as Src and FAK. To examine the dis-
tribution of FAK and other tyrosine-phosphorylated pro-
teins in adhering cells, serum-starved, single-cell suspensions
were plated onto fibronectin-coated slides and fixed and
stained for vinculin, FAK, and phosphotyrosine 60 min after
plating. As shown in Fig. 7, immunostaining with an antibody
to vinculin revealed diffuse cytoplasmic staining in Neo control
cells at this time point, whereas intense focal adhesion forma-
tion was observed in LMP2A- and LMP2B-expressing cells.
To determine whether FAK activity was elevated in adher-
ing LMP2A- and LMP2B-expressing cells, immunostaining
was performed with a polyclonal antiserum specific for the
active phosphorylated form of FAK, Tyr397-FAK. Whereas
immunostaining for Tyr397-FAK in Neo control cells gave only
diffuse cytosolic staining and weak staining of focal adhesions,
both LMP2A- and LMP2B-expressing cells showed intense
staining for Tyr397-FAK at focal adhesions (Fig. 7). Essentially
similar patterns of staining were observed when cells were
stained with a phosphotyrosine-specific antibody (4G10).
Again, diffuse cytosolic staining was observed in loosely at-
tached Neo control cells that had failed to assemble strong
focal adhesions, whereas intense staining was observed at focal
adhesions in strongly adherent LMP2A- and LMP2B-express-
ing cells. These findings are consistent with published reports
demonstrating increased tyrosine phosphorylation of structural
proteins at focal adhesions in strongly adherent cells. To de-
termine whether LMP2A and LMP2B were themselves tar-

FIG. 5. LMP2A and, to a lesser extent, LMP2B promote epithelial
cell migration on ECM. Neo control and LMP2A- and LMP2B-ex-
pressing SCC12F cells were assessed for their ability to migrate in
response to ECM (in the absence of serum growth factors) in transwell
migration assays. The upper panel shows representative transwell
membranes stained after 18 h. The lower graph shows the percentage
of total cells migrating through fibronectin over an 18-h time interval.
Data show the means 	 standard deviations from triplicate wells and
are representative of six experiments.

1794 ALLEN ET AL. J. VIROL.



geted to focal adhesions in response to adhesion, the subcel-
lular localization of LMP2A and LMP2B was investigated in
fully spread cells. Unexpectedly, immunostaining with the Ba
serum showed that the bulk of LMP2A and LMP2B remained
perinuclear at all time points analyzed, with no evidence of
localization to focal adhesions (Fig. 7).

LMP2A- and LMP2B-mediated cell spreading requires ty-
rosine kinase but not PI3-K, ERK-MAPK, or PKC activity.
Members of the Src family of tyrosine kinases are known to
play an important role in cell attachment and spreading by
modulating the activity of FAK and other kinases that localize
to focal adhesions. Similarly, PI3-K, ERK-MAPK, and PKC
have been shown to play key roles in promoting cell spreading
and motility induced by EGF, scatter factor, or insulin-like
growth factor or via engagement of the �3�1 and �6�4 integrin
receptors (36, 61, 66). A role for these signaling effectors in
LMP2A- and LMP2B-mediated cell spreading was investi-
gated by using pharmacological inhibitors specific for these

FIG. 6. LMP2A and LMP2B promote cell spreading rather than
attachment on extracellular matrix. (A) Neo control and LMP2A- and
LMP2B-expressing SCC12F cells were serum starved, collected as
single cells, and plated onto petri dishes coated with fibronectin or
poly-L-lysine. The extent of cell attachment and spreading was visual-
ized after 60 min by phase-contrast microscopy. Magnification, �50.
(B) Attachment of Neo control and LMP2A- and LMP2B-expressing
cells to extracellular matrix (fibronectin and poly-L-lysine) are similar,
indicating that LMP2A and LMP2B promote cell spreading rather
than attachment. Serum-starved cells were plated onto 96-well plates
precoated with fibronectin or poly-L-lysine, and the number of adher-
ent cells were quantitated at various times after plating. Data are
presented as raw values (OD550) from triplicate determinations (one-
way analysis of variance showed no significant differences in the rates
of adhesion between Neo control cells, LMP2A-expressing cells, and
LMP2B-expressing cells at the time points indicated). (C) The integrin
profiles of Neo control and LMP2A- and LMP2B-expressing SCC12F
and A431 cells were analyzed by cytofluorimetric (FACS) analysis
using a panel of MAbs specific for the �2, �3, �5, �6, and �4 integrin
subunits. Data are presented as mean fluorescence intensity (MFI) on
an arbitrary scale. Data shown are the means 	 standard deviations
from three independent experiments.
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families of kinases. Included in this study were (i) the broad-
spectrum tyrosine kinase inhibitor PP2 and its inactive ana-
logue PP3, (ii) the selective PI3-K inhibitor LY294002, (iii) the
MEK inhibitor UO126, and (iv) the broad-spectrum PKC in-
hibitor calphostin C.

Serum-starved cells were recovered as single-cell suspen-
sions and incubated in the presence of various pharmacological
inhibitors for 30 min prior to plating. Treated cells were then
plated onto fibronectin-coated slides and allowed to attach for
60 min prior to fixation. The degree of cell spreading and focal
adhesion formation was then assessed in cells after staining for
vinculin. As shown in Fig. 8, compared to solvent control or
PP3-treated cells (data not shown), the ability of Neo control

and LMP2A- and LMP2B-expressing cells to attach and spread
on fibronectin was severely inhibited in the presence of 5 �M
PP2. Closer inspection revealed that relative to Neo control
cells, LMP2A- and LMP2B-expressing cells were clearly more
resistant to the inhibitory effects of PP2, and although cell
spreading was somewhat impaired, these cells were clearly able
to establish focal adhesions. Titration studies showed that at
lower concentrations of PP2 (0.05 to 1 �M), LMP2A- and
LMP2B-expressing cells were able to overcome the inhibitory
effects of this compound and initiate cell spreading and focal
adhesion formation (data not shown). In marked contrast to
PP2, treatment of cells with 50 �M LY294002, 30 �M UO126,
or 30 �M calphostin C had little if any effect on the ability of

FIG. 7. LMP2A and LMP2B promote tyrosine phosphorylation of FAK and other proteins at sites of focal adhesion. Neo control and LMP2A-
and LMP2B-expressing SCC12F cells were serum starved, recovered as single cells, and plated onto fibronectin-coated slides. Sixty minutes after
plating, the cells were fixed and stained with antibodies to vinculin, FAK397, phosphotyrosine, and LMP2. Bar, 20 �m.
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LMP2A- or LMP2B-expressing cells to attach and spread on
fibronectin. These findings suggest that, unlike tyrosine kinase
activity, PI3-K, ERK-MAPK, and PKC activity are not re-
quired by LMP2A and LMP2B to promote the cell spreading
on ECM.

To establish that the pharmacological inhibitors used in
these studies were effective at blocking the biological activity of
their respective target kinases, each compound was assayed for

its ability to block ERK-MAPK, PI3-K/Akt, and tyrosine ki-
nase activation in response to EGF stimulation (Fig. 9). EGF
was chosen primarily because the EGF receptor is known to
activate these kinases in epithelial cells (66). SCC12F cells
were serum starved for 18 h prior to stimulation with EGF (25
ng/ml). Where appropriate, cells were incubated for 30 min
with the selective compound prior to stimulation. Cell lysates
were then analyzed for ERK-MAPK, Akt, and tyrosine kinase

FIG. 8. Tyrosine kinase but not PI-3 kinase, ERK-MAP kinase, or PKC is required by LMP2A and LMP2B to initiate cell spreading on ECM.
(A) Neo control and LMP2A- and LMP2B-expressing SCC12F cells were serum starved, collected as single cells, and treated with DMSO, 5 �M
PP2, 50 �M LY294002, 30 �M U0126, or 30 �M calphostin C for 30 min prior to plating onto fibronectin-coated slides. Sixty minutes after plating,
cells were fixed and stained with an antibody to vinculin to assess the degree of focal adhesion formation. Bar, 20 �m.
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activity using reagents specific for phospho-ERK (p-ERK),
phospho-Akt (p-Akt), and phosphotyrosine (p-Tyr). As shown
in Fig. 9A, stimulation of SCC12F cells with EGF resulted in
robust ERK-MAPK phosphorylation that was completely
blocked by pretreatment with 30 �M U0126. Similarly, EGF
stimulation resulted in marked Akt phosphorylation (Fig. 9B),
a response that was completely inhibited by pretreatment with
50 �M LY294002. Treatment of SCC12F cells with the broad-
spectrum tyrosine kinase inhibitor PP2 significantly reduced
EGF-induced tyrosine phosphorylation, with the extent of the
inhibition increasing as the dose of PP2 was increased from 5
to 50 �M (Fig. 9C). In contrast, the inactive analogue PP3 was
significantly less effective at blocking EGF-induced tyrosine
phosphorylation over the same concentration range. To assess
the ability of calphostin C to block PKC activity, serum-starved
SCC12F cells were treated with TPA, and its ability to block
membrane translocation of PKC� was assessed by UV micros-
copy. As shown in Fig. 9D, treatment of SCC12F cells with 100
ng of TPA/ml resulted in a marked redistribution of PKC�
from the cytosol to large membranous aggregates and to the
leading edge of membrane ruffles. In marked contrast, 30 �M

calphostin C completely blocked TPA-induced PKC� mem-
brane translocation, whereas pretreatment with DMSO was
ineffective; here, PKC� translocation was identical to TPA
treatment alone. These data confirmed the biological potency
of the pharmacological inhibitors used in this study and sub-
stantiate the findings that LMP2A and LMP2B do not utilize
PI3-K, ERK-MAPK, and PKC activity to promote epithelial
cell spreading on ECM.

LMP2A augments tyrosine phosphorylation of cellular pro-
teins in response to adhesion. As integrins are coupled to
intracellular signaling pathways, we next examined the effects
that LMP2A and LMP2B expression may have on integrin
signaling. As adhesion of cells to ECM is associated with
changes in tyrosine phosphorylation, we chose to examine the
effects of cell adhesion on “global” tyrosine phosphorylation
over a 180-min time course. Serum-starved SCC12F cells were
recovered as single-cell suspensions, held in suspension for 60
min, and then plated onto fibronectin-coated petri dishes. At
various times after plating, cells were lysed in situ and then
subjected to immunoblotting with a phosphotyrosine-specific
antibody to identify changes in protein tyrosine phosphoryla-
tion that occur as a consequence of cell adhesion. As shown in
Fig. 10, significant differences were observed in the pattern of
tyrosine-phosphorylated proteins in the adhesion of Neo con-
trol and LMP2A- and LMP2B-expressing cells. Adhesion of
cells to fibronectin resulted in the appearance of multiple ty-
rosine-phosphorylated cellular proteins that increased over
time. A band migrating at approximately 125 kDa became
hyperphosphorylated in response to adhesion, but in addition,
abundant proteins migrating between 56 and 60 kDa were also
hyperphosphorylated. Of particular interest was the finding
that the kinetics and amplitude of tyrosine phosphorylation of
both common and novel proteins were significantly elevated in
adhering LMP2A-expressing cells. This was in marked contrast
to LMP2B-expressing cells, where slight increases in the phos-

FIG. 9. Validation of pharmacological inhibitors. SCC12F cells
were serum starved in the presence or absence of various pharmaco-
logical inhibitors for 30 min prior to stimulation with EGF (25 ng/ml).
The ability of 30 �M U0126, 50 �M LY294002, and 5 to 50 �M PP2
to block EGF-induced ERK, Akt, and tyrosine phosphorylation was
then analyzed by Western blotting using antibodies specific for phos-
phorylated forms of ERK and Akt and phosphotyrosine. The ability of
30 �M calphostin C to block PKC activation was assessed in SCC12F
cells treated for 30 min with 100 ng of TPA/ml. PKC activation was
assessed by determining the extent of PKC� translocation in response
o TPA stimulation. Arrows denote plasma membrane-associated PKC�.
Bar, 10 �m.

FIG. 10. LMP2A enhances global tyrosine phosphorylation of cel-
lular proteins in response to adhesion. Neo control and LMP2A- and
LMP2B-expressing SCC12F cells were serum starved, collected as
single cells, and held in suspension for 60 min prior to plating onto fi-
bronectin-coated petri dishes. At various times after plating, cells were
harvested and subjected to immunoblotting with an antibody to (A)
p-Tyr (4G10) to assess the degree of tyrosine phosphorylation and
(B) �-actin to ensure equal loading.
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phorylation of certain common proteins was evident relative to
Neo control cells but the extent of tyrosine phosphorylation
was significantly lower than that observed in LMP2A-express-
ing cells.

LMP2A induces Akt activity in the absence of integrin sig-
nals. Integrin-dependent signaling pathways are linked not
only to cell motility but also to cell survival. By virtue of their
ability to activate receptor tyrosine kinases such as Src and
FAK, integrins transduce signals to ERK-MAPK and PI3-K,
signaling pathways that provide both growth and survival sig-
nals. To establish whether expression of LMP2A and LMP2B
had any effect on integrin-regulated signaling, serum-starved
SCC12F cells were placed in suspension for 60 min prior to
plating on fibronectin. At various times after plating, cells were
lysed in situ and processed for immunoblotting. The degree of
ERK-MAPK and Akt activation was then assessed after
immunoblotting with antibodies specific for phosphorylated
forms of ERK-MAPK and Akt. As illustrated in Fig. 11A,
when serum-starved Neo control or LMP2B-expressing cells
were placed in suspension, basal Akt phosphorylation was
markedly reduced, presumably due to the lack of growth fac-
tor- and/or integrin-generated signals. This was in marked con-
trast to LMP2A-expressing cells, where Akt phosphorylation
remained high, presumably through a direct ability of LMP2A

to activate PI3-K. In response to adhesion, Akt phosphoryla-
tion increased with time in Neo control and LMP2A- and
LMP2B-expressing cells (Fig. 11B), but interestingly, the am-
plitude of Akt phosphorylation was clearly much greater in
LMP2A-expressing cells. Although the kinetics of Akt phos-
phorylation started to decline over time in Neo control and
LMP2B-expressing cells, Akt phosphorylation remained high
in LMP2A-expressing cells for the full duration of the time
course. Interestingly, and unlike Akt, little or no effect was
observed with ERK-MAPK activation in response to cell ad-
hesion, with basal ERK-MAPK being constitutively elevated
even in serum-starved SCC12F cells (data not shown).

DISCUSSION

In contrast to LMP1, NPC tumors show consistent expres-
sion of LMP2A and LMP2B (7, 9, 13). Although speculative,
these findings suggest that these membrane proteins may con-
tribute to epithelial cell growth transformation and may ulti-
mately play a role in the pathogenesis of NPC. Although stud-
ies have started to address the effects of LMP2A on epithelial
cell growth and phenotype, functional roles for LMP2A and
LMP2B in this cell type are yet to be fully elucidated (52).
Unlike LMP1, targeting LMP2A to the epidermis of transgenic
mice is not associated with gross alterations in tissue architec-
ture. Indeed, LMP2A fails to induce any histomorphological
changes in mouse epidermis (41). Despite the lack of a phe-
notype for LMP2A in normal epithelial cells, at least one study
has demonstrated a “transforming” function for LMP2A in an
immortalized epithelial cell line. In an original study, Scholle et
al. (55) demonstrated that LMP2A induced not only a differ-
entiation blockade but also full malignant transformation of
the HaCat epithelial cell line. These observations suggest that
phenotypes associated with LMP2A expression are more sub-
tle than those of LMP1 and, perhaps more interestingly, are
only manifest in a particular cellular context.

In our study, expression of LMP2A and LMP2B in A431,
HaCat, or SCC12F cells was not associated with a striking
alteration in cell morphology. Cells retained a flat cuboidal
morphology, formed clearly visible tight junctions, and, in the
case of SCC12F cells, stratified when confluent. Despite the
lack of an effect on epithelial cell morphology, we found that
expression of LMP2A and LMP2B was associated with a strik-
ing change in the behavior of epithelial cells. A novel pheno-
type which relates to the ability of these proteins to promote
epithelial cell spreading and motility has been identified. This
observation is clearly relevant to NPC pathogenesis, as dereg-
ulated cell movement may facilitate tumor cell spread and
invasion (36). Of particular interest is the finding that LMP2B
is able to exert biological effects, a finding that is intriguing
given that LMP2B lacks the cytosolic amino terminus that
possesses most of LMP2A’s signaling capabilities (42). The
mechanisms by which LMP2A and LMP2B promote this par-
ticular phenotype remain unknown. Both proteins localize to
perinuclear endosomes in adherent cells and do not translo-
cate to focal adhesions in response to adhesion. Indeed, at-
tempts to demonstrate an association of LMP2A or LMP2B
with structural components of focal adhesions by confocal im-
aging have proved unsuccessful. In view of these findings, it is
more likely that these two proteins engage signaling pathways

FIG. 11. LMP2A but not LMP2B induces constitutive Akt phos-
phorylation in the absence of growth factor and integrin signals. (A)
Neo control and LMP2A- and LMP2B-expressing SCC12F cells were
serum starved, collected as single cells, and held in suspension for 60
min in the absence of serum. The degree of Akt phosphorylation was
assessed after immunoblotting total cell lysates with an antibody rec-
ognizing the serine 473-phosphorylated form of active Akt. (B) The
same cells were then plated onto fibronectin-coated dishes and har-
vested for immunoblotting at the indicated times. Total cell lysates
were assayed for Akt phosphorylation using an antibody recognizing
the serine 473-phosphorylated form of active Akt. The same blots were
then stripped and reprobed with antibodies for total Akt and �-actin to
ensure equal loading.
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that directly promote cell spreading and motility. Such a sce-
nario is not without precedent, as many growth factor, cyto-
kine, and immunoglobulin receptors engage signaling path-
ways that promote cell adhesion and motility in addition to cell
proliferation (12, 28, 66).

Although the processes by which LMP2A and LMP2B in-
fluence cell spreading are unknown, it is likely that these pro-
teins modulate the activity of integrins or influence integrin-
signaling pathways. The initial engagement of integrins with
their substrate triggers signaling pathways that regulate changes
in morphology and cell spreading. That LMP2A and LMP2B
promote cell spreading rather than attachment suggests that
they may modulate integrin signaling directly. Integrin engage-
ment activates a variety of intracellular signaling molecules.
These molecules include tyrosine kinases, serine/threonine ki-
nases, lipid kinases, and the small Rho GTPases (49). Rho
GTPases play an essential role in cell shape change, as cell
spreading requires the polymerization and reorganization of
actin filaments into lamellopodia and filopodia and the forma-
tion of new integrin-substrate adhesions (3, 57, 67). The ability
of LMP2A and LMP2B to regulate activity of the small Rho
GTPases is clearly an area for future study.

Through the use of specific pharmacological inhibitors, we
have ruled out contributions of a number of signaling mole-
cules as key effectors in the cell spreading phenotype induced
by LMP2A and LMP2B. We found that high concentrations of
the tyrosine kinase inhibitor PP2 partially inhibited the spread-
ing of both LMP2A- and LMP2B-expressing cells on ECM.
These results are not surprising given that Src and Src-related
tyrosine kinases regulate focal adhesion assembly and turnover
by modulating the activity of FAK and other focal adhesion-
associated proteins (22, 23). However, the fact that lower doses
of PP2 (0.05 to 5 �M) were less effective at inhibiting the
spreading of LMP2A- and LMP2B-expressing cells suggests
that LMP2A and LMP2B are able to overcome the inhibitory
effects of this compound. Whether this is a direct effect on
tyrosine kinase activity or is mediated indirectly via inhibition
of a negative regulator such as Csk or a protein tyrosine phos-
phatase remains to be elucidated.

The inability to block adhesion and spreading of LMP2A-
and LMP2B-expressing cells with LY294002 suggests that
LMP2A and LMP2B bypass the requirement for PI3-K in the
initial phase of cell spreading. This is particularly interesting,
as PI3-K along with c-Src appear critical for cell spreading and
focal adhesion formation in many cell types (3, 38, 39). The
lipid products generated as a consequence of PI3-K activation
are known to activate guanine nucleotide exchange factors for
Rho GTPases such as Rac. D3-phosphorylated lipids sensitize
guanine nucleotide exchange factors such as Vav and Tiam-1
to further activation by tyrosine kinases (29). Although it is
possible that LMP2A and LMP2B may promote Rac activity
through a pathway independent of PI3-K, it is also possible
that they elevate the basal levels of these D3 lipid products to
overcome PI3-K inhibition, possibly as a consequence of in-
hibiting PTEN activity.

In a number of cell types, ERK-MAPK appears to be im-
portant for cell migration (63, 65). MEK-ERK activation ap-
pears to play an important role in the later stages of cell
spreading by facilitating filopodia and microspike formation at
the leading edge of spreading epithelial cells; indeed, phos-

phorylated ERK is targeted to focal adhesions in spreading
cells (21, 65). Our finding that the MEK inhibitor UO126
was ineffective at blocking the attachment and spreading of
LMP2A- and LMP2B-expressing cells on ECM suggests that
ERK activity is not required by LMP2A and LMP2B to pro-
mote cell spreading. However, the fact that ERK-MAPK is
required for phosphorylation of myosin light chain kinase,
which functions to coordinate actin-myosin contractility, sug-
gests that sustained ERK-MAPK activity may be required for
LMP2A and LMP2B to promote protracted cell movement
(65). A recent study by Chen et al. (15) supports such a notion,
as sustained ERK-MAPK activation is essential for LMP2A to
promote tubulogenesis and motility in embedded matrices.
Although basal ERK-MAPK activity was high in SCC12F cells
expressing LMP2A and LMP2B, this level of ERK-MAPK
activity did not appear to be significantly greater than that
observed in Neo control cells. Further work will examine the
effects of stable LMP2A expression on ERK-MAPK activation
in other epithelial cell lines and, more specifically, whether
LMP2B is able to engage the ERK-MAPK pathway.

Inhibitor studies also showed that LMP2A and LMP2B do
not require PKC activity to induce cell spreading, as treatment
of cells with the PKC inhibitor calphostin C had little effect on
the attachment and spreading of LMP2A- and LMP2B-ex-
pressing SCC12F cells on ECM. Accumulating evidence indi-
cates that members of the PKC superfamily influence cell
attachment and spreading by modulating integrin avidity (35,
49). Both PKC� and PKCε are activated in response to cell
attachment (35) and appear to promote cell spreading (16, 64).
EGF, a growth factor with proven ability to promote epithelial
cell migration, does so in part through activation of phospho-
lipase C � (PLC-�) and PKC (61). Although PLC-� and PKC
activities appear to be essential for EGF-mediated cell spread-
ing and motility (14, 66), this activity does not appear to be
required by LMP2A and LMP2B. This finding is particularly
interesting, as it suggests that LMP2A and LMP2B affect cell
adhesion and motility through pathways that are distinct from
those of EGF and possibly other receptor tyrosine kinases. In
a recent study, Kassis et al. (37) demonstrated that EBV-
infected AGS cells were more motile than their noninfected
counterparts in an in vitro Matrigel invasion assay. This study
ruled out contributions of classical receptor tyrosine kinase
signaling cascades, as EBV-infected cells were refractory to
inhibitors of the EGF receptor, PLC-�, PI3-K, and ERK-
MAPK. Although EBV-infected gastric epithelial cells do not
express LMP1, they do express low levels of LMP2A (34, 50).
These findings lend weight to our observations and suggest that
LMP2A and/or LMP2B is the probable effector of this pheno-
type.

In response to cell adhesion, LMP2A promotes robust
global tyrosine phosphorylation of many cellular proteins. Al-
though it is likely that many of the tyrosine-phosphorylated
species are structural proteins, it is also possible that some of
these proteins represent signaling molecules such as protein
kinases and phosphatases. The ability of LMP2A to promote
Akt activation in the absence of growth factor-integrin signals
is in agreement with previous observations (55, 60) and dem-
onstrates that LMP2A is able to activate the PI3-K/Akt path-
way directly. This ability may, under certain circumstances,
inhibit or delay suspension-induced apoptosis (anoikis), a form
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of apoptosis that is induced as a consequence of epithelial cell
detachment (24). The ability of LMP2A to engage this signal-
ing pathway would provide LMP2A-expressing cells with a
distinct survival advantage in vivo and would enhance the sur-
vival of EBV-infected carcinoma cells. Although our findings
demonstrate that PI3-K activity remains elevated in LMP2A-
expressing cells maintained in suspension, the same is not true
for LMP2B. These findings suggest that PI3-K/Akt activation
does not play a role in the adhesion and spreading phenotype,
as LMP2B is able to promote cell spreading in the absence of
sustained PI3-K/Akt activity.

The consistent expression of LMP2A and LMP2B in NPC
tumors coupled with the highly metastatic rate of this tumor
type suggest that like LMP1, LMP2A and LMP2B may con-
tribute to the invasion and the metastatic spread of EBV-
positive tumors. The precise mechanism(s) by which these pro-
teins induce this phenotype is still unclear. Unlike LMP2A,
LMP2B lacks the cytosolic amino terminus that contains pu-
tative binding sites for tyrosine kinases, ruling out a contribu-
tion of the amino terminus to this effect. However, a potential
clue to their mode of action may lie in their subcellular local-
ization. LMP2A localizes to cholesterol and sphingolipid-en-
riched lipid rafts in B cells (19, 30). Although data confirming
the localization of LMP2B to lipid rafts are not available, it is
likely that LMP2B also targets these structures. Immunofluo-
rescent staining shows that LMP2B localizes to identical intra-
cellular compartments as LMP2A in epithelial cells (17, 46),
although whether these intracellular vesicles are glycolipid-rich
microdomains remains to be determined. Whether lipid raft
association is an important facet of LMP2A and LMP2B sig-
naling and whether this association has any bearing on this
particular phenotype are unknown. A domain within the C
terminus common to both LMP2A and LMP2B which facili-
tates homo- or hetero-oligomerization of LMP2A and LMP2B
has been identified (47). This domain contains motifs that
interact with PDZ domain-containing proteins. PDZ binding
proteins, by virtue of their ability to bind cellular proteins and
receptors, regulate signal transduction (5). The identification
of these interacting proteins may shed light on the signaling
properties of both LMP2A and LMP2B.

Our finding that LMP2B is able to generate a phenotype in
epithelial cells raises the possibility that this protein may be
more functionally active than appreciated and, rather than
serving to modulate the activity of LMP2A, may engage
signaling pathways to promote changes in epithelial cell be-
havior. The notion that EBV-positive carcinomas possess a
highly invasive phenotype suggests that expression of one or
more viral proteins can have an impact on cell motility and
invasion. In this respect, the vast majority of research has
focused on LMP1, given its ability to induce profound alter-
ations in epithelial cell growth. However, its low and variable
expression in EBV-positive carcinomas suggests that in its ab-
sence, LMP2A and LMP2B may provide the stimulus to pro-
mote cell motility and invasion.
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