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Epstein-Barr Virus LMP1 Modulates Lipid Raft Microdomains and the
Vimentin Cytoskeleton for Signal Transduction and Transformation
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The Epstein-Barr virus (EBV) is an important human pathogen that is associated with multiple cancers. The major oncoprotein
of the virus, latent membrane protein 1 (LMP1), is essential for EBV B-cell immortalization and is sufficient to transform rodent
fibroblasts. This viral transmembrane protein activates multiple cellular signaling pathways by engaging critical effector mole-
cules and thus acts as a ligand-independent growth factor receptor. LMP1 is thought to signal from internal lipid raft containing
membranes; however, the mechanisms through which these events occur remain largely unknown. Lipid rafts are microdomains
within membranes that are rich in cholesterol and sphingolipids. Lipid rafts act as organization centers for biological processes,
including signal transduction, protein trafficking, and pathogen entry and egress. In this study, the recruitment of key signaling
components to lipid raft microdomains by LMP1 was analyzed. LMP1 increased the localization of phosphatidylinositol 3-ki-
nase (PI3K) and its activated downstream target, Akt, to lipid rafts. In addition, mass spectrometry analyses identified elevated

vimentin in rafts isolated from LMP1 expressing NPC cells. Disruption of lipid rafts through cholesterol depletion inhibited
PI3K localization to membranes and decreased both Akt and ERK activation. Reduction of vimentin levels or disruption of its
organization also decreased LMP1-mediated Akt and ERK activation and inhibited transformation of rodent fibroblasts. These
findings indicate that LMP1 reorganizes membrane and cytoskeleton microdomains to modulate signal transduction.

ore than 90% of the world’s population is persistently in-

fected with the Epstein-Barr virus (EBV), a member of the
human gammaherpesvirus family (1). Latent EBV infection is as-
sociated with multiple lymphoid and epithelial cancers, including
Burkitt lymphoma, Hodgkin disease, nasopharyngeal carcinoma
(NPC), and gastric carcinoma. The malignant cells contain the
viral genome as an episome and express only a subset of viral genes
(2). One viral gene product that is expressed in many EBV-asso-
ciated malignancies is latent membrane protein 1 (LMP1). LMP1
is considered the major oncogene of EBV because it is essential for
B-lymphocyte immortalization, and the expression of LMP1
alone is sufficient to transform rodent fibroblasts cells in vitro (3,
4). Decreased expression of LMP1 levels or inhibition of LMP1-
activated signaling pathways impairs growth and inhibits trans-
formation, suggesting that targeting LMP1 signaling pathways
may be a specific therapy (5, 6).

The oncogenic potential of LMP1 requires its ability to self-
aggregate in the absence of ligand and function as a constitutively
active tumor necrosis factor receptor through the recruitment of
downstream signaling effector molecules including tumor necro-
sis factor associated factors (TRAFs) (7, 8). Multiple signaling
pathways are activated by LMP1 in both B cells and epithelial cells,
including mitogen-activated protein kinase (MAPK/ERK), phos-
phatidylinositol 3-kinase (PI3K)/Akt, NF-kB, and c-Jun N-termi-
nal kinase (JNK) (9-13). It is important to further define how
LMP1 specifically activates multiple signaling pathways. The lo-
calization of LMP1 to lipid raft microdomains is thought to con-
tribute to its ability to signal effectively as mutants of LMP1 that
are incapable of trafficking to lipid rafts are unable to activate
NF-kB in B cells (14). In addition, LMP1 has been shown to in-
teract with TRAF3 in lipid rafts, while cytosolic LMP1 associated
with TRAF2. The effects of LMP1 on lipid rafts may well be cell
type specific since simvastatin, a cholesterol synthesis inhibitor,
depleted LMP1 from B-cell lipid rafts but did not affect LMP1 raft
localization in NPC cells (15, 16).
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Lipid rafts are membrane microdomains that are enriched in
cholesterol and sphingolipids (17). Lipid rafts have been well
characterized based on their biochemical properties of detergent
insolubility and buoyancy in isopycnic density gradients and are
often referred to as detergent-resistant membranes (DRMs) (18).
These microdomains act as organization centers in membranes to
mediate cellular processes, including signal transduction, virus
entry and egress, endocytosis, and protein trafficking (17).

LMP1 alters the transcription of many host genes that are im-
portant for apoptosis, cell cycle progression, cell proliferation, and
migration (19-21). One target of LMP1 transcriptional upregula-
tion is vimentin. Vimentin levels are consistently increased by
LMP1 expression in B cells and epithelial cells; however, its func-
tions in LMP1-mediated signaling or transformation have not
been evaluated (19, 22). Vimentin is an intermediate filament that
is a major constituent of mesenchymal cells and contributes to
cellular processes, including attachment, migration, protein traf-
ficking, and signal transduction by organizing protein complexes
(23). These protein networks can contain integrins, growth factor
receptors or receptor-binding proteins, and kinases. Vimentin lo-
calizes to lipid rafts and is critical for the recruitment of specific
proteins to these microdomains (24, 25). LMP1 was initially
shown to colocalize with vimentin in B cells, and chemical disrup-
tion of vimentin localization induced relocalization of LMP1 to
sites of vimentin redistribution (26). These findings suggest that
vimentin and LMP1 may form a complex within cells in lipid rafts.

In this study, the recruitment of PI3K to lipid rafts in LMP1
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expressing cells and the requirement of raft integrity in LMP1-
mediated signal transduction was analyzed. It was found that in
NPC cells and Rat-1 fibroblasts that express LMP1, PI3K, and the
activated downstream target (p-Akt) are redistributed to DRMs.
Importantly, disruption of lipid rafts through cholesterol deple-
tion decreased PI3K membrane recruitment. Raft disruption
impaired activation of the PI3K target, Akt, and activation of the ERK
kinase in epithelial cells, suggesting that lipid rafts are essential for
LMP1-mediated activation of these pathways and therefore trans-
formation. Identification of additional molecules recruited to
lipid rafts in LMP1-expressing cells using proteomic analysis re-
vealed elevated levels of vimentin in DRMs. The importance of
vimentin in LMP1 signaling and transformation was evaluated by
short hairpin RNA (shRNA) knockdown, expression of domi-
nant-negative vimentin protein, and chemical inhibitor experi-
ments. These data indicated that vimentin is required for both
activation of the PI3K and extracellular signal-regulated kinase
(ERK)/mitogen-activated protein kinase (MAPK) pathways and
transformation of Rat-1 cells by LMP1. This study provides the
first evidence for the recruitment of PI3K to lipid rafts by LMP1
and reveals a critical role for vimentin in LMP1 signal transduc-
tion and transformation.

MATERIALS AND METHODS

Cells and plasmids. Rat-1, 293T, and NPC cells (C666.1) were cultured in
Dulbecco modified Eagle medium (DMEM; Gibco) supplemented with
10% fetal bovine serum (FBS; Thermo), penicillin-streptomycin (Gibco),
and antibiotic-antimycotic (Gibco) at 37°C with 5% CO,. C666-1 cells
were established from an NPC sample. These cells retain the viral genome
but express little to no LMP1. Generation of stable Rat-1 and C666.1 cells
expressing pBabe-HA-LMP1 or pBabe (empty vector) have been de-
scribed previously (10, 21). Stable cells expressing shRNAs against vimen-
tin (shVIM) or pGIPZ (scrambled control) were generated by FuGENE6
transfection according to the manufacturer’s instructions (Roche) and
selected in DMEM containing 8 pug of puromycin/ml. Plasmids expressing
green fluorescent protein (GFP)-vimentin, GFP-vimentin-DN, or GFP
alone were kindly provided by Stuart Martin (University of Maryland)
and were used in transient transfection of Rat-1 cells using FuGENE6
(27). pBabe.V5-LMP1-DsRed was constructed by PCR amplification of
LMP1 from the pBabe. HA-LMP1 vector with primers containing the V5
tag sequence and restriction sites (EcoRI and Sacll). The resulting PCR
product was digested and cloned in frame into the pDsRed-N1 vector
(Clontech) using the EcoRI and Sacll sites. The entire sequence contain-
ing V5-LMP1-DsRed was excised by digestion with EcoRI and Sall prior
to ligation into the pBabe (puromycin) vector cut with the same enzymes.

Retrovirus production and focus formation assay. Recombinant ret-
rovirus particles were generated as previously described (13). Briefly, sub
confluent 293T cells grown in 100-mm dishes were transfected with
pBabe, pBabe.HA-LMP1, or pBabe.LMP1-DsRed and pVSVG and pGag/
Pol plasmids. After 24 h of incubation at 37°C, the medium was replaced
with fresh DMEM supplemented with 10% FBS and antibiotics and incu-
bated for 48 h at 33°C. The cell supernatant containing retrovirus particles
was clarified by centrifugation 1,000 X g for 10 min and frozen at —80°C
until use. The cells were transduced with medium containing retrovirus
particles and 4 g of Polybrene/ml for 24 h at 37°C. After transduction,
the medium was changed to fresh DMEM supplemented with 10% FBS
and antibiotics. For the focus formation assay, the medium was changed
every other day for 10 to 14 days. The cells were stained with 1% crystal
violet in 50% methanol, and the average number of foci per field was
determined from 10 independent fields. In experiments using a retrovirus
expressing a LMP1-DsRed construct foci were visualized using phase-
contrast and fluorescence microscopy. Fluorescent foci were measured
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with a ruler within the optical unit, and the average foci diameter was
determined from 30 independent foci.

Generation of cell lysates and immunoblot analysis. Cells were har-
vested at full confluence by washing with cold phosphate-buffered saline
(PBS), scraping into cold PBS, pelleted at 1,000 X g for 5 min, and lysed
with radioimmunoprecipitation assay (RIPA) buffer (20 mM Tris-HCl
[pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.1% sodium dodecyl
sulfate [SDS], 0.1% deoxycholic acid) supplemented with 0.5 mM phenyl-
methylsulfonyl fluoride, protease, and phosphatase inhibitor cocktails
(Sigma) and 1 mM sodium orthovanadate for 30 min on ice. Insoluble
material was removed by centrifugation for 5 min at 16,100 X g, and the
protein concentration of the soluble lysate fraction was determined by
using the Bio-Rad DC protein assay system. Equal amounts of protein (25
g) were mixed with 5X Laemmli sample buffer (10% [wt/vol] SDS, 250
mM Tris [pH 6.8], 1 mg of bromophenol blue/ml, 0.5 M dithiothreitol
[DTT], 5% B-mercaptoethanol, 50% [wt/vol] glycerol) to make a 1 X final
solution, boiled for 5 min, separated by SDS-PAGE, and transferred to
Optitran (Schleicher & Schuell) for immunoblot analysis. Membranes
were blocked for 1 h at room temperature in a Tris-buffered saline solu-
tion containing 0.1% Tween 20 and 5% nonfat dry milk. Primary anti-
bodies included anti-p85 (PI3K; Upstate), anti-phospho-Akt (S473), an-
ti-Akt (Cell Signaling), anti-LMP1 (CS1-4 and S12), anti-HSC70, anti-
vimentin, anti-phospho-ERK, anti-ERK2, anti-transferrin receptor
(Santa Cruz), anti-vimentin (Abcam), and anti-Flotillin-2 (Flot-2; BD
Biosciences). Secondary antibodies include horseradish peroxidase-con-
jugated anti-mouse and anti-rabbit (Amersham Pharmacia). After incu-
bation with secondary antibodies, blots were soaked in Pierce SuperSignal
West Pico or Femto chemiluminescence system and exposed to X-ray film
(ISCBioexpress).

Immunofluorescence. Semiconfluent Rat-1 or C666 cells grown on
glass-bottom dishes (MatTek) were washed two times with PBS and fixed
with a 1:1 solution of 95% ethanol and acetone for 20 min at —20°C. The
cells were then washed with 0.3% Triton X-100 in PBS (wash solution)
and blocked for 1 h at room temperature with 5% goat serum in 0.3%
Triton X-100 PBS solution (blocking buffer). After blocking, the cells were
incubated overnight with primary antibodies at a 1:100 dilution in block-
ing buffer, washed three times with 0.3% Triton X-100 in PBS, and incu-
bated for 45 min with secondary antibodies (1:200 dilution in blocking
buffer) conjugated to fluorescent molecules specific for primary antibod-
ies (goat anti-rabbit Alexa Fluor 647 [Molecular Probes] or goat anti-
mouse Cy3 [Jackson]). Primary antibodies included anti-LMP1 (CS1-4;
Dako); anti-p85 (PI3K), anti-flotillin-2 (Flot-2), and anti-caveolin-1
(Cav-1; Cell Signaling); and anti-vimentin (Santa Cruz). The cells were
then washed four times, covered with 1 ml of mounting medium (10 mM
Tris-HCI [pH 8.5], 90% glycerol, 2%, [wt/vol] n-propyl gallate, 0.25%
[wt/vol] 1,4-diazabicyclo[2.2.2]octane [DABCO]), and visualized using
an Olympus FV500 inverted laser scanning confocal microscope.

Lipid raft isolation. Lipid rafts were purified from confluent mono-
layers of cells as described previously (28). Briefly, five 150-mm culture
plates were washed twice with PBS, scraped into PBS, and centrifuged at
1,000 X gfor 10 min, and the remaining cell pellet (equivalent to 300 pl of
packed cells) was frozen at —80°C prior to lysis. The cells were lysed in 700
pl of 1% Triton X-100 in MNE buffer (25 mM morpholineethanesulfonic
acid, 150 mM NaCl, 5 mM EDTA [pH 8.5]), homogenized with a tight-fit
Dounce homogenizer (30 strokes), and incubated on ice for 30 min. After
incubation, the lysate was then mixed with the same volume (1 ml) of 80%
sucrose (wt/vol) in MNE buffer and transferred into a 12-ml polyallomer
SW41 ultracentrifuge tube (Beckman). Then, 7 ml of 30% sucrose followed
by 3 ml of 5% sucrose, both in MNE, were layered on top of the sample-
sucrose solution and subjected to ultracentrifugation at 187,813 X g at 4°C
using an SW41 rotor (Beckman). Fractions (1 ml) were collected from the
top of the gradient, and proteins in each fraction were concentrated using
Amicon Ultra 0.5-ml 10k filters (Millipore) prior to separation by SDS-
PAGE.

In some experiments, the floating opaque band corresponding to the
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detergent-resistant membrane (DRM) fraction present between the 30
and 5% interface was removed (2 ml), diluted in 9 ml of PBS, and pelleted
by ultracentrifugation at 111,132 X gfor 1 hina SW41 rotor. The remain-
ing pellet containing the DRMs and associated proteins was dissolved in
RIPA buffer, and equal amounts of total protein were mixed with Laemmli
sample buffer, separated by SDS-PAGE, and analyzed by immunoblot-
ting. Methyl-B-cyclodextrin (MBCD) is routinely used to remove choles-
terol from membrane preparations. To analyze the requirement of cho-
lesterol for DRM localization, the cells were serum starved for 1 h and then
treated with 10 mM MBCD for 30 min prior to DRM isolation.

Cytoskeletal disruption. To determine the importance of intact cyto-
skeletal networks on LMP1 signaling, the cells were grown to confluence,
serum starved for 1 h, and then treated with a final concentration of 5 g
of nocodazole/ml (tubulin disruption), 1 g of cytochalasin D/ml (actin
disruption), 1% 3,3’-iminodipropionitrile (IDNP; vimentin disruption),
or mock treated (DMSO) for 1 h. The cells were then washed twice with
PBS, scraped into PBS, pelleted, and lysed in RIPA buffer. The soluble
protein lysates were then analyzed by SDS-PAGE and immunoblot anal-
ysis.

In-gel trypsin digestion and matrix-assisted laser desorption ion-
ization (MALDI) mass spectrometry. Purified lipid rafts and associated
proteins were dissolved in Laemmli sample buffer, separated in SDS—4 to
20% polyacrylamide gels, and fixed and stained with Imperial protein
stain (Thermo) according to the manufacturer’s instructions. After
destaining in ultrapure water, protein bands were excised from the gel
with a clean scalpel, placed in a clean microcentrifuge tube (Eppendorf),
and cut into small pieces. Gel slices were washed with ultrapure water at
room temperature with shaking for 10 min. To destain the gel pieces, the
water was removed and replaced with 25 mM ammonium bicarbonate in
50% acetonitrile (ACN) and incubated an additional 10 min. The ammo-
nium bicarbonate-ACN solution was removed and replaced with fresh
solution. This was repeated until the gel pieces were completely destained
(i.e., small hard and opaque). The final ammonium bicarbonate-ACN
solution was removed, and the samples were dehydrated with 100% ACN
and dried in a SpeedVac for 5 min after removal of the ACN with a pipette.
Proteins within the gel plugs were reduced with 10 mM DTT at room
temperature for 30 min. The DTT solution was then removed, replaced
with 55 mM iodoacetamide, and incubated for 45 min at room tempera-
ture in the dark to alkylate the proteins in the gel. After reduction and
alkylation, the gel slices were washed with 25 mM ammonium bicarbon-
ate for 10 min, dehydrated again with 100% ACN, and dried in a SpeedVac
as described above. Gels were rehydrated with 20 g of trypsin (sequenc-
ing grade; Promega)/ml in 25 mM ammonium bicarbonate for 30 min on
ice. The excess trypsin solution was removed, and then the gel slices were
covered with 30 wl of 25 mM ammonium bicarbonate, followed by incu-
bation overnight at 36°C.

To extract tryptic peptides, 50 wl of ACN was added to the digests and
incubated for 10 min with shaking at room temperature. After incubation,
the solution was removed, and the gel was rehydrated with 30 .l of high-
pressure liquid chromatography-grade water for 10 min with shaking.
ACN was then added as before for a second extraction, which was com-
bined with the first, frozen at —80°C, and dried in a SpeedVac. Peptides
were then reconstituted in 5 pl of 50% ACN-0.1% trifluoroacetic acid
(TFA) prior to spotting on MALDI plates with Matrix solution (50%
ACN, 0.1% TFA, 5 mM ammonium citrate, 10 mg of a-cyano-4-hydroxy-
cinnamic acid methyl ester/ml). The spots were analyzed using an AB
Sciex 4800 plus MALDI-time of flight (TOF)/TOF mass spectrometer.
The most intense peptides (up to 25) were selected for tandem mass spec-
trometry (MS/MS) analysis, and the combined MS and MS/MS data were
analyzed by using ProteinPilot (AB Sciex) interfaced with the Mascot 2.3
search engine (Matrix Science, London, United Kingdom). The NCBInr
database was used with the Homo sapiens taxonomy restriction applied.
The data was searched with tolerances of 100 ppm for the precursor ions
and 0.5 Da for the fragment ions, trypsin as the cleavage enzyme (up to
two missed cleavages), carbamidomethyl modification of cysteines as a
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FIG 1 LMP1 colocalizes with PI3K in internal membranes containing lipid
raft resident proteins. Rat-1 cells stably expressing LMP1 were fixed and
stained with primary antibodies specific for LMP1 (CS1-4), p85 (PI3K), flotil-
lin-2 (Flot-2), or caveolin-1 (Cav-1). Cells were visualized by confocal micros-
copy with a X60 oil objective lens.

fixed modification, and methionine oxidation selected as a variable mod-
ification. Protein identifications were considered significant (P = 0.05)
with at least two unique peptides and a Mascot score of =66.

RESULTS

Previous studies using density gradients have shown that LMP1
can be detected in cytosolic, cytoskeletal, and lipid raft fractions
within cells and that a significant proportion of the LMP1 con-
taining rafts are within intracellular fractions (29, 30). LMP1 spe-
cifically recruits TRAF3 to these microdomains and mutations
within LMP1 that affect its ability to target to lipid rafts also inhibit
LMP1-mediated NF-kB activation (14, 31). These data indicate
that proper localization or trafficking of LMP1 is critical for its
ability to signal effectively. In addition to NF-kB, LMP1 also acti-
vates the PI3K/Akt and ERK pathways which are required for the
transformation of rodent fibroblasts by LMP1 (10).

LMP1 colocalizes with PI3K within internal lipid raft con-
taining membranes. Visualization of LMP1 using confocal mi-
croscopy identified the majority of LMP1 localized to internal
perinuclear membranes. Interestingly, PI3K was also predomi-
nantly located in these internal membranes (Fig. 1, top panels).
The lipid raft markers flotillin-2 (Flot-2) and caveolin-1 (CAV-1)
also colocalized with LMP1 in perinuclear regions but were not
detected as extensively as LMP1 throughout the cytoplasm (Fig. 1,
bottom panels). These data support previous findings that a sub-
population of LMP1 localizes to lipid raft microdomains and sug-
gests that these domains also contain PI3K (14, 31).

LMP1 recruits PI3K to lipid raft microdomains. To deter-
mine whether LMP1 affects the localization of PI3K to lipid rafts,
DRMs were purified from lysates prepared using a nonionic de-
tergent. The lysates were layered at the bottom of a discontinuous
sucrose gradient (28). Based on their buoyant density, lipid rafts
and associated proteins float to the top of the gradient after ultra-
centrifugation (Fig. 2A). Fractions were collected and analyzed for
specific proteins. Lipid raft resident protein flotillin-2 was found
in the DRM fraction where the non-lipid-raft-resident transmem-
brane protein transferrin receptor remained at the bottom of the
gradient (Fig. 2A). Immunoblotting analysis of the lipid raft frac-
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FIG 2 LMP1 induces the lipid raft localization of PI3K. (A) Schematic diagram of lipid raft isolation protocol. Detergent-resistant membranes (DRMs) or lipid
rafts were isolated from cell lysates separated on a discontinuous sucrose gradient by ultracentrifugation. Due to their buoyant density, lipid rafts and associated
proteins migrate to the top of the gradient. Fractions were collected from the gradient, separated by SDS-PAGE, and analyzed by immunoblot for flotillin-2 and
transferrin receptor as controls. The lipid raft fraction or whole-cell lysates of C666 cells (B) or Rat-1 cells (C) expressing LMP1 or vector control (pBabe) were
separated by SDS-PAGE and analyzed by immunoblot analysis for the indicated proteins. The band intensities of PI3K were determined from four independent
experiments using Image] software, normalized to flotillin-2 levels, and represented relative to the pBabe control level. (D) Rat-1 cells were grown in the absence
of serum for 24 h prior to the isolation of lipid rafts and analysis of PI3K levels.

tions purified from NPC cells (C666) stably expressing LMP1 or
vector control (pBabe) detected increased levels of PI3K and its
phosphorylated, activated target (pAkt) in LMP1 DRMs (Fig. 2B).
Quantitation of four independent experiments revealed an 8-fold
increase of PI3K in DRMs isolated from LMP1 expressing cells
compared to vector control DRMs.

Similar analysis of Rat-1 cells grown in the presence of serum
readily detected PI3K in rafts and LMP1 expression slightly in-
creased PI3K in these microdomains (Fig. 2C). The constitutive
presence of PI3K in rafts likely reflects the activation and recruit-
ment of PI3K to lipid rafts induced by growth factors present in
serum. Importantly, when grown in the absence of serum, PI3K
was only detected in LMP1-containing DRMs (Fig. 2D). These
findings reveal that PI3K is constitutively recruited to lipid raft
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microdomains by LMP1 and substantiates the model that LMP1 is
able to act as a constitutively active growth factor receptor in the
absence of external ligands.

To further evaluate the contribution of lipids to LMP1 raft
localization and signaling, cells were treated with MBCD which
removes cholesterol from membranes and disrupts lipid rafts
(32). Rat-1 (Fig. 3A) or C666 (Fig. 3B) cells expressing LMP1 were
treated with MBCD or mock treated for 30 min, and the DRMs
were isolated from these cells and analyzed by immunoblotting.
MBCD treatment decreased the localization of PI3K in microdo-
mains in both cell types. The localization of Flot-2 to the raft
fractions was also decreased by MBCD treatment confirming raft
disruption by this drug. Unexpectedly, the levels of LMP1 in
DRMs increased with MBCD treatment. Since LMP1 is known to
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PI3K, LMP1, and flotillin-2 were determined using Image]J software and are
represented relative to the untreated control level. (C) The results of three
independent experiments were graphed as mean averages with standard errors
of the mean. Statistical significance was determined by using the paired two-
tailed Student 7 test.

self-aggregate and cholesterol depletion increases membrane flu-
idity, it is possible that MBCD treatment increases the formation
of LMP1-LMP1 containing protein complexes that also float in
these experiments (14, 33). These findings indicate that LMP1
induces the recruitment of PI3K to cholesterol-rich lipid rafts.

Disruption of lipid rafts through cholesterol depletion in-
hibits LMP1 Akt and ERK activation. To determine the require-
ment for PI3K lipid raft localization for activation of Akt, C666-
pBabe or C666-LMP1 cells were mock treated or treated with
MPBCD for 10 min or 30 min, and the lysates were analyzed by
immunoblotting. LMP1 expression in these cells greatly increased
Akt activation as determined using a phospho-specific antibody
for pS473-Akt antibody and treatment with MBCD rapidly inhib-
ited this activation (Fig. 4A). Longer treatment decreased total Akt
levels possibly due to degradation of the protein. Similarly, treat-
ment with MBCD also inhibited LMP1-induced activation of ERK
and decreased pERK levels in C666-LMP1 cells (Fig. 4A). Treat-
ment with MBCD did not affect the levels of LMP1. These data
indicate that raft structure is an important factor in LMP1-medi-
ated activation of both Akt and ERK.

Rat-1 cells have higher basal levels of Akt activation, which was
slightly increased by LMP1. Treatment with MBCD completely
blocked LMP1-induced Akt activation but did not affect the basal
levels of Akt activation in the pBabe control cells. These findings
indicate that PI3K/Akt activation by LMP1 requires the recruit-
ment of PI3K to cholesterol-rich rafts, while the activation of Akt
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FIG 4 Lipid raft disruption inhibits LMP1-mediated Akt and ERK activation.
C666 (A) or Rat-1 (B) cells expressing pBabe or LMP1 were serum starved for
1 h and then treated with vehicle (NT) or MBCD for the indicated times. After
treatment, cell lysates were prepared and separated in SDS-10% polyacryl-
amide gels, transferred to nitrocellulose, and subjected to immunoblot analy-
sis with the indicated primary antibodies.

in control cells is independent of raft localization (Fig. 4B). In
contrast, treatment with MBCD greatly increased levels of p-ERK
in both control and LMP1-expressing cells. These findings suggest
that in the presence or absence of LMP1, disruption of lipid rafts
results in high levels of ERK activity. Raft disruption by treatment
with MBCD has been previously shown in Rat-1 cells to increase
ERK activation, EGFR signaling, and basal alpha(1A)-adrenergic
receptor signaling (34, 35). This may indicate that in rapidly grow-
ing Rat-1 fibroblasts, raft disruption releases upstream activators
of ERK that are sequestered in rafts, while in the presence of LMP1
ERK is activated possibly through increased proximity of ERK to
specific activators in rafts.

LMP1 induces vimentin protein expression and lipid raft lo-
calization. Previous studies and the data presented here indicate
that LMP1 alters the constituents within lipid raft microdomains
to activate signaling pathways. To identify other potential proteins
recruited to lipid rafts by LMP1 expression, DRMs were isolated
from C666-pBabe and C666-LMP1 cells, separated by SDS-PAGE,
and the total protein profile was visualized following Coomassie
blue staining. The relative abundances of multiple proteins were
changed between pBabe and LMP1 lipid rafts (Fig. 5A). Proteins
that were specifically detected in LMP1 rafts but not in the pBabe
rafts were excised, digested with trypsin, and analyzed by MALDI
TOF/TOF MS. Using Protein Pilot and Mascot database searches
of the MS and MS/MS spectra, myosin-9, cytoskeletal-associated
protein 4 (CKAP4), vimentin, and actin were found to be signifi-
cant and major components of the excised bands (Fig. 5A, ar-
rows). These data support previous findings that LMP1 associates
with cytoskeleton components including vimentin, the first pro-
tein identified to form a complex with LMP1. The increased level
of vimentin in LMP1 lipid rafts was confirmed by immunoblot
analysis in comparison to HSC70 and Flot-2 (Fig. 5B). These find-
ings reveal that in epithelial cells, similarly to EBV-infected B cells,
LMP1 increased expression of the intermediate filament protein
vimentin and induced its localization to the lipid raft membrane
fraction.

LMP1 expression in B cells results in vimentin reorganization
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FIG 5 LMPI increases vimentin levels within DRMs isolated from NPC cells.
DRMs were isolated from C666 cells expressing pBabe or LMP1 and separated
in an SDS—4 to 20% gradient polyacrylamide gel. The gel was fixed and stained
with Coomassie blue to visualize proteins. The predominant bands in the
LMP1 rafts not detected in the corresponding region within pBabe rafts were
excised, and proteins within that band were digested with trypsin and analyzed
by MALDI MS. The major protein components of these bands based on sig-
nificant Mascot ion sores were determined to be myosin-9, CKAP4, vimentin,
and actin. (B) The increased levels of vimentin within lipid rafts were con-
firmed by immunoblot analysis of pBabe and LMP1 lipid rafts, with HSC70
and Flot-2 serving as loading controls.

to perinuclear regions of the cell that colocalize with LMP1 (26).
Vimentin relocalization to the perinuclear region was also ob-
served when LMP1 was expressed in Rat-1 cells (Fig. 6A). The
majority of LMP1 colocalized with vimentin within internal struc-
tures (Fig. 6B). Vimentin localization was also reorganized in
C666-LMP1 cells compared to C666-pBabe cells (data not
shown), providing further evidence that LMP1 and vimentin may
form a complex within cells that is linked to lipid raft microdo-
mains.

Vimentin is important for LMP1 MAPK/ERK. Vimentin has
been identified in lipid rafts and is thought to function as a scaffold
for the organization of cellular processes such as signal transduc-
tion (24, 25). Recent findings implicate vimentin as a critical me-
diator of ERK activation (36, 37). To evaluate the contribution of
vimentin to LMP1 effects on raft components and signaling,
IDNP, a chemical inhibitor that disrupts vimentin filament orga-
nization, was tested for its effects on LMPI1 activation of ERK
signaling (36). Tubulin (Noco; nocodazole) and actin (Cyto; cy-
tochalasin D) depolymerizing agents were also used in these ex-
periments. IDNP treatment of Ratl-LMP1 cells consistently in-
hibited ERK activation but had little effect on the vector control
cells (Fig. 7A). In contrast, IDNP treatment did not consistently
decrease Akt activation (Fig. 7A).

To further evaluate the contribution of vimentin in LMP1-
mediated signaling, LMP1 cells were transfected with a dominant-
negative vimentin (VIM-DN-GFP), GFP-tagged vimentin (VIM-
GFP), or GFP alone, and the lysates were analyzed for ERK and
Akt activation. Expression of the VIM-DN-GFP construct signif-
icantly inhibited LMP1-mediated ERK and Akt activation (Fig.
7B) with little effect on p-Akt or the low levels of p-ERK in control
cells detected on long exposures. VIM-DN-GFP expression did
not affect LMP1 levels. In addition, expression of the GFP-vimen-
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FIG 6 LMP1 colocalizes with and reorganizes vimentin within cells. Rat-1
cells expressing pBabe or LMP1 were fixed and subjected to immunofluores-
cence using primary antibodies against vimentin (A) or LMP1 (CS1-4) and
vimentin (B). Cells were visualized by confocal microscopy after incubation
with fluorescently labeled secondary antibodies.

tin slightly impaired LMP1-mediated ERK activation and had
variable effects on pAkt levels. Taken together, these data suggest
that proper organization of vimentin is essential for the activation
of Akt and ERK by LMP1.

Vimentin is important for LMP1-mediated transformation.
Activation of the ERK pathway in rodent fibroblasts by LMP1 is
required for transformation as monitored by loss of contact inhi-
bition in a typical focus formation assay (13). Therefore, it was
predicted that vimentin would be important for LMP1-mediated
focus formation in Rat-1 cells. To test this, stable cell lines were
generated that express a shRNA against vimentin (shVIM) or a
scrambled control (pGIVZ). These cell lines were transduced with
equivalent retrovirus particles that expresses LMP1, and 10 to 14
days posttransduction the cells were stained with crystal violet and
visualized by microscopy for the formation of foci. Although vi-
mentin was only partially decreased (~65%) (Fig. 8B, vimentin
panel), there was a marked reduction (~10-fold) in the number of
foci induced by LMP1 expression (Fig. 8A). Importantly in the
shVIM cells, LMP1-mediated activation of both Akt and ERK was
greatly reduced (Fig. 8B). This experiment was repeated with a
retrovirus that expresses a fluorescently tagged LMP1 construct.
Transduction of Rat-1 cells with this LMP1 construct produced
large fluorescent foci and shRNA reduction of vimentin resulted
in significantly smaller and fewer fluorescent foci when measured
by microscopy. Expression of the fluorescent LMP1 was detected
throughout an example of a large LMP1-induced focus with mul-
tiple LMP1™ cells and compared to the smaller focus in the pres-
ence of the vimentin shRNA with fewer LMP1* cells (Fig. 8C). In
the presence of the shRNA to vimentin, the cells in the small focus
had levels of LMP1 apparently equivalent to the cells in the large
focus formed in the presence of the scrambled shRNA. Thus, the
impaired cellular growth, as evidenced by smaller foci, is not a
result of effects on LMP1 expression. Expression of the shRNA
constructs was evaluated using GFP expression and revealed ex-
pression in all cells (data not shown). These data indicate that
vimentin is a critical contributor to LMP1-mediated signaling,
ERK activation, and transformation.

Assessment of the effect of decreased vimentin on raft compo-
nents revealed that, similarly to the effects of depletion of choles-
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FIG 7 Vimentin organization is essential for LMP1-mediated ERK activation. (A) pBabe or LMP1 stable Rat-1 cells were serum starved for 1 h, treated for 1 h
with the indicated compounds, and then analyzed by immunoblot for the activation of ERK and Akt with phospho-specific antibodies. HSC70 and total ERK and
Akt antibodies were used as loading controls. (B) pBabe or LMP1 Rat-1 cells were transfected with GFP, VIM-GFP, or VIM.DN-GFP using FugeneHD. At 24 h
posttransfection, the cells were harvested, and protein lysates were analyzed for p-Akt, p-ERK, and total protein levels by immunoblotting. The band intensities
of p-Akt and p-ERK from were determined using ImageJ software, normalized to their corresponding total protein levels, and represented relative to DMSO-
treated cells. The results of three independent experiments were graphed as mean averages with the standard errors of the mean. Statistical significance was

determined using the paired two-tailed Student ¢ test.

terol on LMP levels in rafts, decreased vimentin also increased
LMP1 in rafts and slightly increased the levels of PI3K in rafts (Fig.
8D). These findings suggest that in the absence of vimentin- or
cholesterol-containing lipid rafts, LMP1 aggregation and flotation
occurs and PI3K is also affected possibly due to its indirect or
direct link to LMP1. Overall, these data demonstrate that raft
structure and the components of rafts that are modulated by
LMP1 are essential for LMP1 signaling.

DISCUSSION

In this study it was found that LMP1 expression results in the
reorganization of lipid rafts and that these microdomains are im-
portant for LMP1-mediated signal transduction and transforma-
tion capabilities. Specifically, in LMP1-expressing cells increased

February 2013 Volume 87 Number 3

levels of PI3K, pAkt, and vimentin were found in lipid rafts. Lipid
raft disruption through cholesterol depletion resulted in a signif-
icant reduction of PI3K localization to rafts and a reduction in the
activation of the downstream target Akt, although the amount of
LMP1 in rafts was increased by cholesterol depletion. Cholesterol
depletion also inhibited LMP1-mediated activation of ERK in ep-
ithelial cells. In contrast, in Rat-1 fibroblast cells, cholesterol de-
pletion increased the high basal levels of activated Akt in the con-
trol cells but effectively inhibited LMP1-mediated activation of
Akt. MBCD treatment also greatly activated ERK in both the con-
trol and the LMP1-expressing cells. The significant activation of
ERK in the control cells by cholesterol depletion may mask any
specific inhibitor effects on LMP1-mediated ERK activation.
However, the levels of activated ERK are equivalent in the MBCD-
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purified rafts in the presence of the scrambled or vimentin-specific ShRNAs were determined by immunoblotting.

treated control and LMP1-expressing cells, suggesting that MBCD
treatment indeed blocked LMP1-mediated ERK activation.
Recent studies using keratinocyte cell lines demonstrated that
membrane cholesterol is critical for PI3K association with lipid
raft microdomains and Akt activity (38). Similar results have been
observed in lymphocyte, breast, prostate, and melanoma cell lines
(39-41). The data presented here reveal that a viral oncoprotein
similarly activates Akt through relocalization of PI3kinase to cho-
lesterol rich lipid rafts. The recruitment of PI3K to lipid rafts is
likely the result of interaction with LMP1 since LMP1 localizes to
these microdomains and forms a complex with PI3K (42). It is
currently unknown whether the two proteins interact directly or
are potentially linked through an adaptor protein possibly the
TRAF molecules. TRAF3 represents a potential bridging protein
since it has previously been shown to bind PI3K and interact with
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CTARLI, is recruited to lipid rafts by LMP1, and is important for
LMP1-mediated transformation (43, 44). Further studies will help
clarify the mechanism of LMP1-mediated recruitment of PI3K to
lipid rafts. This effect on lipid raft components may represent a
potential target to inhibit LMP1 transformation effects.

This study also revealed that LMP1 increases vimentin associ-
ation with lipid raft microdomains and that this effect was re-
quired for LMP1-mediated signaling since decreased vimentin ex-
pression by shRNA and expression of a dominant-negative
vimentin inhibited LMPIl-induced Akt and ERK activation.
Chemical disruption of vimentin filaments consistently impaired
ERK activation but had variable effects on the activation of Akt.
Vimentin was also found to be important for transformation of
Rat-1 fibroblasts by LMP1. The findings of the present study in-
dicate that LMP1 modulates protein trafficking through lipid raft
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FIG 9 LMP1 modulation of membrane rafts and the vimentin cytoskeleton to
activate Akt and ERK signal transduction pathways. LMP1 self-aggregates in
lipid raft microdomains rich in cholesterol and sphingolipids. LMP1 expres-
sion leads to the recruitment of PI3K to lipid rafts and the activation of down-
stream target Akt that is essential for transformation. These effects can be
disrupted through cholesterol depletion from cellular membranes with
MBCD. LMP1 also induces vimentin expression and raft localization. Disrup-
tion of vimentin organization or depletion of vimentin expression blocks
LMP-mediated ERK and Akt activation and transformation. PKCS binds vi-
mentin filaments and is also required for LMP1-mediated ERK activation.
These results suggest a two component model that requires the localization of
LMP1 and associated molecules into lipid rafts and that the interaction of
LMP1 with vimentin may facilitate signaling complexes containing PKC8 and
downstream kinases important for ERK signaling.

microdomains to activate signal transduction and provides com-
pelling evidence that LMP1 interaction with the vimentin cyto-
skeleton is a major contributing factor for the activation of Akt
and ERK and for transformation (Fig. 9). We have previously
shown that PKCS3 is a key mediator of LMP1 ERK activation and
transformation (13). Interestingly, PKCS has been shown to bind
to vimentin and also localizes to detergent-insoluble fractions (45,
46). Therefore, it may be that vimentin forms a cytoskeletal scaf-
fold for the recruitment of a signaling complex containing LMP1,
PKC38, MEK, and ERK (Fig. 9). The importance of the vimentin
network has recently been shown in B-adrenergic receptor activa-
tion of ERK signaling (36). Additionally, in neurons, vimentin has
been shown to bind activated pERK1 and pERK2 and transport
them from the site of axonal lesion to the nerve cell body where
they activate substrates necessary for lesion repair (37). These ob-
servations indicate that vimentin is likely a key mediator of the
MAPK/ERK signaling pathway through the organization and
transport of signal transduction molecules. This property may be
particularly important for LMP1 transformation since LMP1-me-
diated focus formation was blocked by reducing vimentin levels
within the cell.

In addition to its function in ERK signaling, vimentin also
affects the localization and activity of surface molecules such as
integrins that play important roles in cell attachment and migra-
tion (47, 48). Interestingly, LMP1 expression results in the induc-
tion of cell surface molecules and the activation of signaling path-
ways that contribute to cell attachment, migration, and invasion
(49-51). The molecular mechanisms driving many of these
changes are still unclear, but transcriptional upregulation by
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LMP1 clearly contributes. The ability of LMP1 to affect vimentin
expression levels and localization may represent an additional
mechanism contributing to these important cellular processes
that is altered by LMPI.

Vimentin has not only been found in lipid rafts but is also
present in exosomes, small endocytically derived vesicles secreted
from cells that participate in cell-cell communication (52). Lipid
rafts have been proposed as a potential mechanism of protein
targeting to exosomes for secretion from the cell (53). We have
recently shown that LMP1 alters the protein composition and
function of exosomes, resulting in increased exosome secretion of
EGFR and PI3K (54). LMP1 also enhanced the ability of NPC
exosomes to bind to target cells and activate Akt and ERK in re-
cipient cells. The ability of LMP1 to reorganize the components of
lipid rafts and vimentin-containing microdomains would likely
affect exosome content (55). This would allow virus-infected cells
to secrete factors into exosomes that may be beneficial to the virus
and could contribute to pathogenesis within the host.

Previous studies have shown that the ability of LMP1 to self-
aggregate through its transmembrane domains is critical for its
signaling properties. A heptad leucine repeat within the cytoplas-
mic amino terminus was identified and suggested to contribute to
LMP1 membrane localization and a FWLY motif within the first
transmembrane domain was shown to facilitate interactions with
additional transmembrane domains and enhanced signaling (14,
56). The LMP1 cytoplasmic carboxy-terminal domain contains
two major activation domains, CTAR1 and CTAR2, that can ac-
tivate NF-kB. However, only the CTARI domain is uniquely re-
quired for transformation and for activation of PI3K and ERK (3,
13). Interestingly, the interaction of LMP1 with the cytoskeleton is
also dependent upon CTARI (29).

The data presented here suggest that the localization of LMP1
to lipid rafts also induces the localization of signaling compo-
nents, such as PI3K, to the lipid rafts and through the interaction
of LMP1 with vimentin and the cytoskeleton, signaling pathways
are activated to induce transformation. These findings suggest a
two component model where LMP1 localizes to lipid rafts
through its transmembrane domains and alters the raft compo-
nents by increasing the abundance of LMP1 interacting proteins
(Fig.9). The direct interaction of LMP1 CTARI with the cytoskel-
eton through vimentin may provide a scaffolding function to ac-
tivate and potentially modulate multiple cell signaling pathways.
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