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Epstein-Barr virus (EBV)-associated nasopharyngeal carcinoma (NPC) is highly metastatic, and this malignant feature may be
promoted by an EBV oncoprotein, latent membrane protein 2A (LMP2A). Acting as a signal regulator, LMP2A can enhance inva-
siveness and motility of epithelial cells. Downstream from the LMP2A-triggered signaling events, it is largely unknown what key
effector proteins are induced and essentially promote cell invasion. In the present study, we found that in NPC cells, LMP2A up-
regulated matrix metalloproteinase 9 (MMP9), a metastasis-associated protease. LMP2A increased MMP9 expression at both the
mRNA and protein levels. It also activated the MMP9 promoter, in which two AP-1 elements were required for the promoter
activation. Among AP-1 transcription factors, Fra-1 was induced by LMP2A and is essential for LMP2A-triggered MMP9 expres-
sion. Induction of Fra-1 was dependent on the LMP2A-activated ERK1/2 pathway, and induction of the ERK1/2–Fra-1–MMP9
axis required PY motifs in the amino-terminal domain of LMP2A. Notably, LMP2A-promoted invasion of NPC cells was blocked
when MMP9 expression, Fra-1 induction, or ERK1/2 activation was inhibited. In addition, we found an association of LMP2A
with MMP9 expression in NPC tumor biopsy specimens, where Fra-1 was a major mediation factor. This study reveals an under-
lying mechanism of LMP2A-induced cell invasion, from signal transduction to upregulation of a critical protease. Considering
that MMP9 can also be upregulated by another EBV oncoprotein, LMP1, this protease may be a pivotal effector at which the
EBV-induced, invasion-promoting mechanisms converge, serving as an attractive therapeutic target for NPC treatment.

Nasopharyngeal carcinoma (NPC) is distinguished from other
head-and-neck carcinomas by several features, including its

strong association with Epstein-Barr virus (EBV) infection, a poorly
differentiated phenotype of the epithelial tumor cells, and high inci-
dences of metastasis (52, 61). Most NPC patients suffer from nodal
involvement or distal metastasis at initial diagnosis, and the metasta-
sis, especially that recurring after therapies, predicts very poor prog-
nosis (32, 61). EBV oncoproteins may contribute to the highly met-
astatic phenotype of NPC (51), so clarifying their underlying
mechanisms should shed light on therapeutic strategies to block ma-
lignant progression of this cancer.

Latent membrane protein 2A (LMP2A) is an EBV oncoprotein
generally expressed in NPC and other EBV-associated cancers,
such as Hodgkin lymphoma and gastric carcinoma (52). LMP2A
is detected in around half of NPC tumor specimens at the protein
level and in more than 95% of the tumors at the mRNA level (7, 9,
22). Acting like a ligand-independent receptor on the plasma
membrane, LMP2A affects multiple signaling events, mainly
through its amino-terminal intracellular domain, which contains
an immunoreceptor tyrosine-based activation motif (ITAM), a
YEEA motif, and two PPPPY (PY) motifs (44). The ITAM and the
YEEA motif mediate loading of some protein tyrosine kinases to
LMP2A, while the PY motifs recruit several ubiquitin ligases to
regulate protein stability of LMP2A and its binding proteins (18,
19, 29, 71). Depending on the cellular background, various kinase
pathways can be triggered by LMP2A, including spleen tyrosine
kinase (Syk), phosphatidylinositol 3-kinase (PI-3K)/Akt, and mi-
togen-activated protein kinases (MAPKs), such as extracellular
signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK)

(13, 18, 38, 64). Also in a cell-dependent manner, the LMP2A-
triggered signaling events can further regulate various transcrip-
tion factors, including �-catenin-associated lymphoid enhancer
factor (LEF), nuclear factor �B (NF-�B), signal transducer and
activator of transcription 3 (STAT3), and c-Jun, a member of the
activator protein 1 (AP-1) family (13, 24, 41, 63).

Through the signaling pathways and transcription factors,
LMP2A has been shown to exert some biologic effects associated
with lymphomagenesis or carcinogenesis. For example, LMP2A
drives constitutive activation of PI-3K/Akt to promote survival of
B lymphocytes in the absence of B-cell receptor or to inhibit trans-
forming growth factor �1-induced apoptosis (20, 48). LMP2A
also induces a Hodgkin lymphoma-like gene transcription profile
in B cells and accelerates myc-induced lymphomagenesis (8, 47).
For gastric carcinoma cells, LMP2A promotes their survival
through upregulation of survivin and inhibits expression of a tu-
mor suppressor gene, PTEN, through induction of promoter hy-
permethylation (23, 24). Ectopic expression of LMP2A in some
epithelial cell lines enhances anchorage-independent growth in
vitro and tumorigenesis in vivo (21, 31, 55). In addition, differen-
tiation of epithelial cells is inhibited by LMP2A (17, 42, 55), which
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may be relevant to the poor differentiation of NPC tumor cells in
vivo.

Of note, several lines of evidence suggest that LMP2A also con-
tributes to the metastatic potential of NPC. LMP2A is frequently
detected at the invasive front of NPC tumors, and ectopic expres-
sion of LMP2A in NPC cells promotes epithelial-mesenchymal
transition, which is associated with increased cell motility and
invasiveness (31). For primary epithelial cells and some epithelial
cell lines, LMP2A induces cell spreading, migration, or invasion in
extracellular matrix (ECM) (2, 13, 38, 46). Depending on the cel-
lular context, the LMP2A-induced cell invasion or migration in-
volves some kinase pathways, including those of ERK, Syk, PI-3K/
Akt, and focal adhesion kinase (2, 13, 38, 55). However, the
mechanisms downstream from the LMP2A-triggered signaling
events that promote cell invasion are largely unknown. It is uncer-
tain whether LMP2A-regulated transcription factors are required
therein. The key effector proteins that are induced by LMP2A and
essentially promote cell invasion are also unclear, except for find-
ings of a previous study showing that an adhesion molecule, in-
tegrin �6, may play an important role (46).

Matrix metalloproteinases (MMPs) form a family of zinc-de-
pendent proteolytic enzymes and are involved in many physiolog-
ical and pathological events (62). MMPs contribute to malignant
progression of cancers through induction of cell invasion, remod-
eling of ECM, release of growth factors, promotion of angiogene-
sis, or modulation of local immune responses (15, 30). MMP9 is a
well-known MMP that promotes cell invasion and metastasis for
many cancers, including NPC. MMP9 proteins are detected in
most NPC biopsy specimens, and high MMP9 expression corre-
lates with lymph node metastasis, advanced clinical stage, and
poor prognosis of NPC (25, 35). Expression of MMP9 is upregu-
lated by many signaling pathways and transcription factors that
are triggered by cytokines, growth factors, or other stimuli (62).
Previous studies indicate that an EBV oncoprotein, LMP1, can
induce MMP9 (73). However, considering that LMP1 at the pro-
tein level is detectable in only a subset of the NPC tumors that are
generally positive for EBV infection and MMP9 expression (16,
35, 74), other EBV proteins may also contribute to MMP9 induc-
tion in NPC. LMP2A is a candidate since it is frequently detected
in NPC tumors and is potentially associated with cell invasion.

In this study, we tested whether and how LMP2A induces
MMP9 in NPC cells and whether this protease is involved in
LMP2A-induced cell invasion. Our results indicate that LMP2A
upregulates MMP9 expression at a transcriptional level and the
MMP9 induction requires ERK1/2 activation and a downstream
transcription factor, Fra-1. The ERK1/2–Fra-1–MMP9 axis is es-
sential for LMP2A-induced ECM invasion of NPC cells. In addi-
tion, the association among LMP2A, Fra-1, and MMP9 is also
found in NPC biopsy specimens. This study reveals an underlying
mechanism of LMP2A-induced cell invasion, from signal trans-
duction to upregulation of a critical protease. Meanwhile, MMP9
serves as a common invasion-promoting factor induced by
LMP2A and LMP1, suggesting that it may be a potential therapeu-
tic target for NPC treatment.

MATERIALS AND METHODS
Cell culture and drug treatment. EBV-negative NPC cell lines (HONE-1
and NPC-TW01) and other epithelial cell lines (HeLa, SCC15, HBL-100,
and HaCaT) were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum (HyClone Laboratories) at 37°C with 5% CO2.

NPC cells stably expressing LMP2A were generated by using a lentiviral
pLKO-AS2 system (Academia Sinica) and were selected by treatment with
2 �g/ml puromycin (Sigma). To block the MEK-ERK signaling pathway,
cells were treated with 5 �M U0126 (Calbiochem) or 0.5 �M PD184352
(Enzo Life Sciences) for 36 to 48 h. To inhibit de novo protein synthesis,
cells were treated with 5 �g/ml cycloheximide (Merck) for 12 h starting at
24 h posttransfection. To block proteasome-mediated protein degrada-
tion, cells were treated with 5 �M MG132 (Merck) for 12 h starting at 24
h posttransfection. To inhibit Ras activity, cells were treated with 1 �M
manumycin A (Enzo Life Sciences) for 36 h. To inhibit MMP9 activity,
cells were treated with 10 �M MMP9 inhibitor I (Calbiochem) for 48 h.

Plasmids and siRNAs. The pSG5 vector-based plasmid expressing
hemagglutinin (HA)-tagged LMP2A, pSG5-LMP2A, has been used pre-
viously (38). To further construct plasmids expressing LMP2A with serial
amino-terminal truncations, DNA fragments of LMP2A were PCR am-
plified from the pSG5-LMP2A plasmid by using a common reverse
primer (5=-GGGAGATCTACAAGCTAGCGTAATCTGG-3=) and differ-
ent forward primers (5=-GGGAATTCATGGACCCATATTGGGGCA
ATG-3=, 5=-GGGAATTCATGCAACACGACGGGAATGAC-3=, and 5=-
GGGAATTCATGAATCCAGTATGCCTGCC-3=) and then cloned into
the pSG5 vector through the 5= EcoRI site and the 3= BglII site. Mutation
of LMP2A at PY motifs (change of PPPPY into AAAAA) was carried out
by using a QuikChange II XL site-directed mutagenesis kit (Stratagene).
The pGL2-based reporter plasmid driven by the MMP9 promoter (�941
to 137) has been used previously (34). To further construct reporter plas-
mids with serial deletions of the promoter, three MMP9 promoter frag-
ments (�546 to �137, �166 to �137, and �66 to �137) were PCR
amplified by using a common reverse primer (5=-CCCAAGCTTTGAGA
TTGGTTCTCAGGTCT-3=) and different forward primers (5=-GGGGTA
CCCACTTGCCTGTCAAGGAG-3=, 5=-GGGGTACCGTGGTGTAAGC
CCTTTCTC-3=, and 5=-GGGGTACCAGAGGAAGCTGAGTCAAAG-
3=) and then cloned into the pGL2-basic vector through the 5= KpnI site
and the 3= HindIII site. Specific mutation of AP-1 elements (change of the
consensus sequence 5=-TGAGTCA-3= into 5=-AACATCA-3=) in the
MMP9 promoter (�546 to �137) was also carried out by using a
QuikChange II XL site-directed mutagenesis kit (Stratagene). The small
interfering RNAs (siRNAs) targeted against Fra-1 (5=-AUCUGUUCACA
AGGCCUUCGACGUA-3=), c-Jun (5=-CAUAGAAGGUCGUUUCCAU
CUUUGC-3=), and MMP9 (5=-AAGGUUUGGAAUCUGCCCAGGUCU
G-3=) and a control siRNA with comparable GC content were all
purchased from Invitrogen.

Transfection with plasmid DNA or siRNA. Before transfection, cells
were seeded into 6-well plates and cultured overnight. HONE-1, NPC-
TW01, HeLa, and SCC15 cells were transfected with plasmid DNA or
siRNA by using Lipofectamine 2000 reagent (Invitrogen) according to the
manufacturer’s instructions. For single transfection, 10 �l Lipofectamine
reagents mixed with 4 �g DNA or 5 �l Lipofectamine reagents mixed with
500 pmol siRNA were applied to each well. For dual transfection with
DNA and siRNA, 10 �l Lipofectamine reagents mixed with 2 �g DNA and
500 pmol siRNA were applied to each well. After incubation for 4 h, the
cells were washed and cultured in serum-free medium for 24 to 48 h.
HBL-100 and HaCaT cells were transfected with plasmid DNA by using
T-Pro nonliposome transfection reagent II (Biopioneer) according to the
manufacturer’s instructions. For this experiment, 8 �l transfection re-
agents mixed with 4 �g DNA were applied to each well.

Immunoblotting assay. Protein extracts were prepared by lysing cells
with NP-40 lysis buffer containing 1% NP-40, 1� protease inhibitor
cocktail (Roche), and 1 �M Na3VO4 (Calbiochem). Protein concentra-
tions were determined by using a protein assay reagent (Bio-Rad Labora-
tories). Protein extracts (40 �g of each sample) were heated at 100°C for
10 min, separated by electrophoresis in a 10% polyacrylamide gel, and
then transferred onto Hybond-C extra membranes (Amersham Biosci-
ence). The subsequent procedures, including membrane blocking, anti-
body reaction, and luminescence detection, were performed as described
previously (27). Wild-type, deleted, and mutated LMP2A proteins were
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detected by using an anti-HA antibody (Roche). Antibodies recognizing
phosphorylated Fra-1 at Ser265, phosphorylated c-Jun at Ser63, total c-
Jun, phosphorylated ERK1/2 at Thr202/Tyr204, total ERK1/2, phosphor-
ylated ERK5 at Thr218/Tyr220, and total ERK5 were purchased from Cell
Signaling. An antibody detecting total Fra-1 was from Santa Cruz Biotech-
nology, and an antibody detecting �-actin was from Chemicon.

Gelatin zymography. Serum-free culture supernatants were collected
from the cells after transfection for 24 to 48 h. The supernatants (16 �l of
each sample) were mixed with 4 �l 6� loading buffer (300 mM Tris-HCl
[pH 6.8], 60% glycerol, 12% SDS, and 0.6% bromophenol blue) and
resolved in an 8% SDS-polyacrylamide gel containing 1 mg/ml gelatin, the
substrate of MMP9 and MMP2. After electrophoresis, gels were incubated
in 2.5% Triton X-100 for 30 min to remove SDS and then transferred into
a developing buffer containing 50 mM Tris-HCl (pH 7.6), 0.05 M NaCl, 5
mM CaCl2, and 0.05% Brij 35 (Sigma). After the incubation overnight at
37°C, the gels were stained with 0.2% Coomassie blue R250 for 1 h and
destained in 10% methanol and 10% acetic acid. MMP9 (92 kDa) and
MMP2 (72 kDa) were detected as transparent bands with different protein
sizes in the blue gels. The medium (16 �l) containing 10% fetal bovine
serum was used as a positive control of MMP9 and MMP2.

RNA extraction and quantitative RT-PCR. Cellular RNAs were ex-
tracted by using TRIzol reagent (Invitrogen) according to the manufacturer’s
instructions. Reverse transcription (RT) was carried out by using Superscript
III reverse transcriptase (Invitrogen) and oligo(dT)15 primers (Roche). The
cDNAs of MMP9, Fra-1, and an internal reference gene, for TATA box-bind-
ing protein, were quantified by real-time PCR by using LightCycler reagents
and a compatible detection system (Roche). PCR primers for detecting
MMP9 were 5=-GAACCAATCTCACCGACAGG-3= and 5=-GCCACCCG
AGTGTAACCATA-3=, and the locked nucleic acid-based probe was 5=-C
AGAGGAA-3=. Primers for detecting Fra-1 were 5=-AACCGGAGGAAG
GAACTGAC-3= and 5=CTGCAGCCCAGATTTCTCAT-3, and the probe
was 5=-CTTCCTGC-3=. Primers for detecting the internal reference gene
were 5=-GCTGGCCCATAGTGATCTTT-3= and 5=-TCCTTGGGTTATC
TTCACACG-3=, and the probe was 5=-CCCAGCAG-3=. Each experiment
was done twice independently, and relative mRNA levels were calculated
by using the LightCycler software program (Roche).

Reporter gene assay. Firefly luciferase activity expressed by reporter
plasmids was detected as described previously (27). Briefly, in each well of
six-well plates, cells were cotransfected with 2 �g reporter plasmid and 2
�g effector plasmid under the serum-free culture condition. At 48 h post-
transfection, the cells were harvested and subjected to the luciferase assay
by using a Bright-Glo assay kit (Promega) according to the manufactur-
er’s instructions. Each assay was carried out in duplicate, and the whole set
of the experiments was performed at least twice independently.

Ras activation assay. The Ras activation experiment was carried out
by using a Ras activation assay kit (Cytoskeleton) according to the man-
ufacturer’s instructions. Briefly, 300 �g cellular proteins in 200 �l lysates
were incubated with Raf-RBD beads at 4°C for 1 h. The active Ras proteins
pulled down by the beads were resolved in a 12% SDS-polyacrylamide gel
and detected by an immunoblotting assay using an anti-Ras monoclonal
antibody. A sample pretreated with the nonhydrolyzable GTP analog
GTP�S was used as a positive control of active Ras.

Matrigel invasion assay. Invasive activity of NPC cells in ECM was
measured by using BD Biocoat Matrigel invasion chambers (Becton,
Dickinson). Cells suspended in serum-free medium were plated on the
upper chamber, while the medium in the lower chamber contained 10%
fetal bovine serum. After incubation at 37°C with 5% CO2 for 24 h, the
noninvading cells on the upper chamber were removed using a cotton
swab, and the cells invading through the Matrigel layer to the underside of
the membrane were fixed and stained with Giemsa dye. Cell invasiveness
in each chamber was determined by counting invading cells in five ran-
domly chosen microscopic fields and is expressed as average numbers of
invading cells per field.

Immunohistochemical staining. We obtained formalin-fixed, paraf-
fin-embedded tissue blocks of 71 primary NPC tumor biopsy specimens

from Surgical Pathology Laboratory of National Cheng Kung University
Hospital. The study protocol and specimen usage were approved by the
Institutional Human Experiment and Ethics Committee of National
Cheng Kung University Hospital (approval number ER-100-069). All the
tumors presented an undifferentiated or poorly differentiated phenotype
and were positive for EBV EBER expression (26). Serial tissue sections
were deparaffinized, rehydrated, and pretreated with 3% H2O2 in 100%
methanol for 15 min and then incubated with a blocking reagent contain-
ing normal horse serum (Novocastra Laboratories) at room temperature
for 15 min. Heating in a citrate buffer (Invitrogen) at 120°C for 4 or 10
min was used for antigen retrieval, except that LMP1 was retrieved by
treatment with 10 �g/ml proteinase K at room temperature for 15 min.
Primary antibodies used for immunostaining included a rat monoclonal
antibody against LMP2A (clone 15F9; AbD Serotec), a mouse monoclonal
antibody against LMP1 (clone S12) (26), and rabbit polyclonal antibodies
against MMP9 (Chemicon) or Fra-1 (Santa Cruz Biotechnology). The
immunohistochemical staining was carried out by using an LSAB detec-
tion kit and a 3,3=-diaminobenzidine (DAB) substrate kit (Dako) and
counterstained with hematoxylin. The staining results were examined un-
der a light microscope (Olympus). The percentages of tumor cells that
were positively stained for target proteins in each specimen were quanti-
fied.

Statistics. To assess the effect of LMP2A or LMP1 on the expression
level of MMP9 and to evaluate how much the effect was mediated through
Fra-1, mediation analysis was performed using the Sobel test (49, 59). All
the analyses were performed with the SAS macro programs SOBEL
and INDIRECT (49, 50) (http://www.afhayes.com/spss-sas-and-mplus
-macros-and-code.html#indirect) by using SAS version 9.1. Using the
expression percentage of LMP2A or LMP1 in tumor cells as the predictor
variable (X), that of MMP9 as the outcome variable (Y), and that of Fra-1
as the mediator (M), three linear regression models were built: (i) Y 	 i1 �
cX; (ii) M 	 i2 � aX; and (iii) Y 	 i3�c=X�bM. The coefficient c denotes
the overall effect of X on Y, a denotes the effect of X on M, b denotes the
effect of M on Y adjusted for X, and c= denotes the M-independent effect of
X on Y. The mediation effect through M is defined as c � c= 	 ab. The
statistical significance of the mediation effect, ab, was assessed by con-
structing the 95% confidence interval (CI) using the bootstrap approach
(49, 58); the mediation effect was considered statistically significant when
its 95% CI did not contain 0. The mediation analysis was initially per-
formed without adjusting for any covariate and was further performed by
adjusting for the effect of LMP1 or LMP2A to exclude the possibility that
these two viral proteins may confound each other’s association with
MMP9. Finally, to assess the joint influence between LMP2A and LMP1
on the expression level of MMP9, interaction analysis was performed by
including a product term (LMP2A � LMP1) in the regression model and
testing for its statistical significance.

RESULTS
LMP2A upregulates MMP9 expression in NPC cells. Since the
expression of LMP2A proteins in EBV-infected epithelial cell lines
is generally undetectable or much lower than that in NPC tumors,
these cells may not be suitable for studying LMP2A’s functions.
Therefore, we chose ectopic expression of LMP2A in EBV-nega-
tive NPC cell lines to study the effects of LMP2A on the trans-
formed epithelial cells. Transient LMP2A expression in the NPC
cell lines, HONE-1 and NPC-TW01, was carried out by plasmid
transfection. We also used a lentiviral expression system to estab-
lish H-2A and T-2A, the stable LMP2A-expressing NPC cells de-
rived from HONE-1 and NPC-TW01, respectively. Expression of
the LMP2A proteins in these NPC cells was confirmed by using an
immunoblotting assay, and production of the MMP9 and MMP2
proteins in the cell culture supernatants was examined by using a
gelatin zymography assay. Figure 1A shows that both transient
and stable expression of LMP2A increased MMP9 production
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from NPC cells, while MMP2 production was not affected. The
ectopic expression of LMP2A also increased MMP9 mRNA in
NPC cells, which was detected by quantitative RT-PCR (Fig. 1B).
LMP2A induced MMP9 proteins in a time-dependent manner in
that the induction was detectable at 36 h posttransfection and
became more prominent at 48 h posttransfection (Fig. 1C). The
time-dependent induction of MMP9 proteins coincided with the
increase of MMP9 mRNA (Fig. 1D), suggesting that LMP2A up-
regulates MMP9 expression at a transcriptional level.

LMP2A-induced activation of the MMP9 promoter requires
two AP-1 elements in the promoter. Within the promoter region
(�941 to �137) of the MMP9 gene, we found some potential
DNA elements that may be targeted by LMP2A-regulated tran-
scription factors, including the sites responsive to AP-1, �-catenin/
LEF1, NF-�B, and SP1 (Fig. 2A). Therefore, we used reporter gene
assays to test whether LMP2A can regulate activity of the pro-
moter. Figure 2B shows that the MMP9 promoter (�941 to �137)
was considerably activated by transient or stable expression of
LMP2A in NPC cells compared with the promoter activity in the
vector control cells. Deletion of the promoter region �941 to
�547, which removed a distal AP-1 site, two LEF1 sites, an NF-�B
site, and an SP1 site, did not significantly affect LMP2A-induced
promoter activation (Fig. 2B), indicating that these elements are
dispensable herein. Further deletion of the promoter region span-
ning �546 to �167 remarkably reduced the promoter responsive-
ness to LMP2A, and additional removal of the downstream region
spanning �166 to �67 further impacted the responsiveness (Fig.
2B). Within the LMP2A-responsive region spanning �546 to �67
of the MMP9 promoter, we recognized two AP-1 elements, one at
�533 and the other at �73. Disruption of the �533 AP-1 site

FIG 1 LMP2A upregulates MMP9 expression in NPC cells. (A) HONE-1 and NPC-TW01 cells were transiently transfected with an LMP2A-expressing plasmid
(2A) or a vector plasmid (V). H-2A and T-2A were stable LMP2A-expressing cells derived from HONE-1 and NPC-TW01 cells, respectively, and H-LKO and
T-LKO were their vector control cells, respectively. Expression of LMP2A and �-actin in cell lysates was examined by using an immunoblotting assay. Production
of MMP9 and MMP2 in the cell culture supernatants was detected by using a gelatin zymography assay, where a positive control (PC) of both MMPs was
included. (B) The increase of MMP9 mRNA in the NPC cells with transient or stable LMP2A expression was examined by using quantitative RT-PCR analysis.
Shown are the relative levels of MMP9 mRNA. (C) HONE-1 cells were transiently transfected with an LMP2A-expressing plasmid or a vector plasmid. At 24, 36,
and 48 h posttransfection, expression of indicated proteins was examined as described for panel A. (D) MMP9 mRNA of the cells in panel C was quantified.

FIG 2 LMP2A-induced activation of the MMP9 promoter requires two AP-1
elements in the promoter. (A) The MMP9 promoter studied in our reporter
gene assays is illustrated. Locations of potential regulatory elements are indi-
cated. (B) The reporter plasmids containing the MMP9 promoters with serial
deletion were tested for their responsiveness to LMP2A (black bars) or the
vector control (white bars). (C) The reporter plasmids containing the MMP9
promoter (�546 to �137) with wild-type AP-1 elements (AP-1 wt) or with
AP-1 mutation at �533 (�533 mut), �73 (�73 mut), or both sites (�533/
�73 dm) were tested for their responsiveness to LMP2A (black bars) or to the
vector control (white bars). For panels B and C, reporter gene assays were
performed by using NPC cells in which LMP2A expression was driven by
transient transfection (left) or by the stable expression system (right).
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alone largely impaired promoter responsiveness to LMP2A, and
disruption of the �73 AP-1 site alone or of both the AP-1 sites
completely abolished responsiveness (Fig. 2C), indicating that
these two AP-1 elements are important for LMP2A-induced acti-
vation of the MMP9 promoter.

LMP2A upregulates Fra-1, which is required for LMP2A-in-
duced MMP9 expression. The result in Fig. 2 raises a possibility that
LMP2A may upregulate AP-1 transcription factors to induce MMP9
expression. AP-1 proteins act as dimers consisting of Jun-Jun ho-
modimers or Fos-Jun heterodimers (69, 75). Examining protein ex-
pression of the Fos family (c-Fos, FosB, Fra-1, and Fra-2) and Jun
family (c-Jun, JunB, and JunD) in NPC cells, we found that LMP2A
increased Fra-1 and c-Jun at both total and phosphorylated protein
levels (Fig. 3A). However, the time courses of the induction of Fra-1
and c-Jun were different. In the transient LMP2A expression study,
Fra-1 induction was merely detectable at 24 h posttransfection and
became more prominent at 36 h and 48 h posttransfection, when
MMP9 production was also induced by LMP2A significantly (Fig. 1C
and 3A). In contrast, c-Jun was induced by LMP2A only at 24 h
posttransfection, before MMP9 induction was detectable. To test
whether the LMP2A-induced AP-1 proteins are required for MMP9
induction, we used siRNA to specifically inhibit expression of Fra-1
or c-Jun. Knockdown of Fra-1, which did not affect c-Jun expression,
remarkably blocked LMP2A-induced MMP9 production (Fig. 3B),
while knockdown of c-Jun had no effect on the upregulation of Fra-1
and MMP9 (Fig. 3C). Inhibition of Fra-1 induction also blocked the
LMP2A-induced increase of MMP9 mRNA (data not shown).
Therefore, Fra-1, not c-Jun, is essential for LMP2A-induced MMP9
expression.

LMP2A activates an ERK1/2 signaling pathway, which is re-
quired for LMP2A-triggered induction of Fra-1 and MMP9.
LMP2A did not significantly increase Fra-1 mRNA in NPC cells
(data not shown), suggesting that LMP2A may not induce Fra-1 at
a transcriptional level. Phosphorylation of the Fra-1 protein at

Ser265 has been shown to antagonize proteasomal degradation
and thus increase protein stability (3, 11). Since the Ser265-phos-
phorylated form of Fra-1, as well as total Fra-1, was induced by
LMP2A (Fig. 3A), Fra-1 induction may be attributed to protein
stabilization. Previous studies indicate that the stabilization-in-
ducing phosphorylation of Fra-1 is caused by the MEK1/2-
ERK1/2 or MEK5-ERK5 signaling pathway (11, 65), so we won-
dered whether LMP2A can induce Fra-1 through the signaling
events. We found that LMP2A activated the ERK1/2 but not ERK5
pathway in NPC cells (Fig. 4A). While the total protein level of
ERK1/2 was not changed, the phosphorylation (i.e., activation)
of ERK1/2 was induced by LMP2A, and the time course of the
ERK1/2 activation was consistent with the induction of Fra-1 and
MMP9 (Fig. 1C, 3A, and 4A). Treatment with U0126 (an inhibitor
of MEK1/2) or PD184352 (an inhibitor of ERK1/2) not only
blocked activation of the ERK1/2 pathway but also inhibited
LMP2A-triggered induction of phosphorylated and total Fra-1
(Fig. 4B, left panel). In addition, treatment with the inhibitors
blocked LMP2A-induced MMP9 production (Fig. 4B, right
panel). In contrast, treatment with inhibitors of PI-3K, JNK, or
p38 MAPK did not significantly affect MMP9 induction (data not
shown). These results indicate that the LMP2A-activated ERK1/2
pathway is an upstream signaling event essential for induction of
Fra-1 and MMP9.

LMP2A-induced ERK1/2 activation requires de novo protein
synthesis and proteasome-mediated protein degradation but is
independent of Ras. We wondered how LMP2A activates the
ERK1/2 pathway. At 24 h posttransfection, when LMP2A expres-
sion had reached a plateau, ERK1/2 activation was barely detect-
able; the activation became prominent 12 h later, at 36 h post-
transfection (Fig. 4A). The delay of LMP2A-triggered ERK1/2
activation implies that it may take time to accumulate some pos-
itive regulators or to remove some negative regulators. To test this
possibility, we treated cells with a translation inhibitor, cyclohex-
imide, or a proteasome inhibitor, MG132, at 24 h posttransfec-
tion, when LMP2A was highly expressed but ERK1/2 had not been
activated yet. After a 12-h treatment with either inhibitor, LMP2A
was unable to activate ERK1/2 (Fig. 4C), indicating that the acti-
vation requires both de novo protein synthesis (presumably of
certain positive regulators) and proteasome-mediated degrada-
tion (presumably of certain negative regulators). On the other
hand, previous studies show that LMP2A can activate Ras (21, 48),
which is one of the potential activators of ERK1/2. In our study,
however, Ras activation was not detectable before or when
ERK1/2 was activated by LMP2A (Fig. 4D), and treatment with a
Ras inhibitor, manumycin A, did not affect LMP2A-induced
ERK1/2 activation and Fra-1 upregulation (Fig. 4E). Therefore,
Ras is unlikely to mediate ERK1/2 activation in this context.
Meanwhile, we found that LMP2A-triggered induction of the
ERK1/2–Fra-1–MMP9 axis is cell dependent, since the effect of
LMP2A was not detected in some non-NPC epithelial cell lines,
including HeLa (derived from cervical carcinoma), SCC15 (from
oral squamous cell carcinoma), and two immortalized, nonmalig-
nant cell lines, HBL-100 (from breast tissue) and HaCaT (from
keratinocytes) (Fig. 5).

PY motifs of LMP2A are required for ERK1/2 activation,
Fra-1 upregulation, and MMP9 induction. To identify the motifs
of LMP2A that are responsible for induction of the ERK1/2–Fra-
1–MMP9 axis, several plasmids expressing truncated or mutated
LMP2A were constructed and tested (Fig. 6A). Figure 6B shows

FIG 3 LMP2A upregulates Fra-1, which is required for LMP2A-induced
MMP9 expression. (A) HONE-1 cells were transfected with an LMP2A-ex-
pressing plasmid (2A) or a vector plasmid (V). At 24, 36, and 48 h posttrans-
fection, protein expression of LMP2A, total Fra-1, phosphorylated Fra-1 at
Ser265 (Fra-1-p), total c-Jun, phosphorylated c-Jun at Ser63 (c-Jun-p), and
�-actin was examined by using an immunoblotting assay. (B) HONE-1 cells
were transfected with an LMP2A-expressing plasmid or a vector plasmid, in
combination with a Fra-1-targeted siRNA (siFra-1) or a control siRNA
(siCtrl). Expression of indicated proteins was detected by using an immuno-
blotting assay or a gelatin zymography assay. (C) HONE-1 cells were trans-
fected with an LMP2A-expressing plasmid or a vector plasmid, in combination
with a c-Jun-targeted siRNA (sic-Jun) or a control siRNA (siCtrl). Expression
of indicated proteins was detected as described for panel B.
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the effects of serially truncated LMP2A proteins. For LMP2A D1,
in which the amino-terminal region containing the first PY motif
was deleted, the ability to induce ERK1/2 activation, Fra-1 up-
regulation, and MMP9 production was considerably reduced. For
LMP2A D2, in which the ITAM was further removed, the extent of
ERK1/2–Fra-1–MMP9 induction was similar to that for D1, sug-
gesting that ITAM is not important herein. For LMP2A D3, in
which the whole amino-terminal intracellular domain, including
the second PY motif, was deleted, the induction of ERK1/2, Fra-1,
and MMP9 was entirely abolished. This result prompted us to
further test the effects of PY motif-mutated LMP2A proteins. Dis-
ruption of either of the PY motifs reduced induction of the ERK1/
2–Fra-1–MMP9 axis, and the LMP2A mutant losing both PY mo-
tifs had no induction effect (Fig. 6C). Therefore, the PY motifs of
LMP2A are essential for triggering ERK1/2 activation and the
downstream induction of Fra-1 and MMP9.

MMP9, Fra-1, and ERK1/2 are required for LMP2A-induced
invasion of NPC cells. Next, we examined whether MMP9, Fra-1,

and ERK1/2 are important for LMP2A-induced cell invasion. The
invasiveness of NPC cells in ECM was tested by using a Matrigel
invasion assay. The LMP2A-expressing T-2A cells were more in-
vasive than the vector control T-LKO cells, and the LMP2A-in-
duced invasion was blocked by an MMP9-targeted siRNA (Fig.
7A). The invasiveness of T-2A was also suppressed by treatment
with an MMP9 inhibitor (data not shown). Knockdown of MMP9
also inhibited cell invasion induced by transient LMP2A expres-
sion (Fig. 7B). Knockdown of Fra-1, which blocked MMP9 induc-
tion, exerted the same inhibitory effect on cell invasion (Fig. 7B).
In addition, LMP2A-induced invasion was abolished by treatment
with the inhibitors that blocked ERK1/2 activation and MMP9
production (Fig. 7C). According to these results, MMP9 may be a
critical effector protein that is upregulated by LMP2A-induced
ERK1/2 and Fra-1 and essentially contributes to LMP2A-pro-
moted invasion of NPC cells.

LMP2A, Fra-1, and MMP9 are associated in NPC tumor bi-
opsy specimens. In the last part of this study, we tested the asso-

FIG 4 LMP2A activates the ERK1/2 signaling pathway, which is required for LMP2A-triggered induction of Fra-1 and MMP9. (A) HONE-1 cells were
transfected with an LMP2A-expressing plasmid (2A) or a vector plasmid (V). At 24, 36, and 48 h posttransfection, protein expression of LMP2A, phosphorylated
ERK1/2 at Thr202/Tyr204 (ERK1/2-p), total ERK1/2, phosphorylated ERK5 at Thr218/Tyr220 (ERK5-p), total ERK5, and �-actin was examined by using an
immunoblotting assay. (B) A MEK inhibitor, U0126, an ERK inhibitor, PD184352 (PD), and their solvent control, dimethyl sulfoxide (DMSO), were used to treat
the cells transfected with an LMP2A-expressing plasmid or a vector plasmid. Protein expression of LMP2A, phosphorylated ERK1/2, total ERK1/2, phosphor-
ylated Fra-1 (Fra-1-p), total Fra-1, and �-actin was detected by using an immunoblotting assay. Production of MMP9 and MMP2 from the cells was detected by
using a gelatin zymography assay. (C) A translation inhibitor cycloheximide (CHX) and a proteasome inhibitor (MG132) were used to treat LMP2A- or
vector-transfected cells at 24 h posttransfection for 12 h. At 36 h posttransfection, cells were harvested for detection of indicated proteins. (D) Cells were
transfected with an LMP2A-expressing plasmid or a vector plasmid for 24 or 36 h. Active Ras was detected by using a Ras activation assay, where a positive control
(PC) was included. Expression of total Ras and other indicated proteins was detected by using an immunoblotting assay. (E) A Ras inhibitor, manumycin A (MA),
and its solvent control, DMSO, were used to treat LMP2A- or vector-transfected cells. Expression of indicated proteins was detected as described for panel B.
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ciation among LMP2A, Fra-1, and MMP9 in NPC biopsy speci-
mens. We also examined LMP1 because previous studies indicate
that it can induce MMP9 and may also upregulate Fra-1 (12, 73).
Expression of these proteins in NPC tissues was detected by using
immunohistochemical staining. The positive staining of LMP2A,
LMP1, and MMP9 was in the membranes and cytoplasm of tumor

cells, and Fra-1 was generally detected in the cytoplasm and nuclei
of tumor cells (Fig. 8A). We quantified the expression percentages
of target proteins in tumor cells and analyzed their association.
Figure 8B presents the mediation analysis results for LMP2A,
Fra-1 and MMP9. The overall effect, c, of LMP2A on MMP9 was
0.47 (P 	 0.0003), meaning that for every 1% increment in
LMP2A, MMP9 was increased by 0.47%. The effect, a, of LMP2A
on Fra-1 and the effect, b, of Fra-1 on MMP9 were also positive
and significant. The Fra-1-mediated effect, ab, of LMP2A on
MMP9 was 0.27 (95% CI, 0.11 to 0.44); the effect was statistically
significant since its 95% CI did not contain 0. On the other hand,
the Fra-1-independent effect, c=, of LMP2A on MMP9 was rela-
tively weak (95% CI, �0.02 to 0.41). Notably, more than half
(57%) of the overall effect of LMP2A on MMP9 was mediated
through Fra-1. Figure 8C shows the mediation analysis results for
LMP1, Fra-1, and MMP9. The overall effect of LMP1 on MMP9
was significant (c 	 0.69; P 
 0.0001). Although the Fra-1-medi-
ated effect for the influence of LMP1 on MMP9 was also signifi-
cant (ab 	 0.24; 95% CI, 0.10 to 0.40), it contributed only 35% of
the overall effect of LMP1 on MMP9. Meanwhile, the Fra-1-inde-
pendent effect of LMP1 on MMP9 existed significantly (c= 	 0.45;
95% CI, 0.24 to 0.66), suggesting that other mediation factors are
involved therein. To exclude the possibility that LMP2A and
LMP1 may confound each other’s association with MMP9 or
Fra-1, we performed additional mediation analyses by adjusting
for each other’s effect between LMP2A and LMP1. The adjust-
ment did not change the overall assessment and further strength-
ened the contrast that most (73%) of the effect of LMP2A on
MMP9 was through Fra-1, but Fra-1 mediated only a small por-
tion (26%) of the effect of LMP1 on MMP9 (data not shown).
Furthermore, the interaction analysis did not reveal any signifi-

FIG 5 LMP2A is unable to induce MMP9, ERK, and Fra-1 in some non-NPC
epithelial cell lines. HeLa, SCC15, HBL-100, and HaCaT cells were transfected
with an LMP2A-expressing plasmid (2A) or a vector plasmid (V). Production
of MMP9 and MMP2 was detected by using a gelatin zymography assay, where
a positive control (PC) of both MMPs was included. Protein expression of
LMP2A, phosphorylated ERK1/2 (ERK1/2-p), total ERK1/2, phosphorylated
Fra-1 (Fra-1-p), total Fra-1, and �-actin was examined by using an immuno-
blotting assay. In HaCaT cells, phosphorylated Fra-1 and total Fra-1 were
undetectable.

FIG 6 PY motifs of LMP2A are required for ERK1/2 activation, Fra-1 upregulation, and MMP9 induction. (A) Protein constructs of wild-type (WT) LMP2A and
its derivatives with various truncations (D1 to D3) or mutations (M1 to M3) are illustrated schematically. PY motifs and ITAM in the amino-terminal domain
of LMP2A are shown. (B) Plasmids expressing wild-type or serially truncated LMP2A proteins were transfected into HONE-1 cells. Protein expression of LMP2A,
phosphorylated ERK1/2 (ERK1/2-p), total ERK1/2, phosphorylated Fra-1 (Fra-1-p), total Fra-1, and �-actin was detected by using an immunoblotting assay, and
production of MMP9 and MMP2 in the cell culture supernatants was detected by using a gelatin zymography assay. (C) Plasmids expressing wild-type or PY
motif-mutated LMP2A proteins were transfected into HONE-1 cells. Detection of the indicated intracellular proteins and secreted MMPs was performed as
described for panel B.

Lan et al.

6662 jvi.asm.org Journal of Virology

http://jvi.asm.org


cant joint influence between LMP2A and LMP1 on MMP9 (coef-
ficient for LMP2A � LMP1 	 �0.003; P 	 0.56), suggesting that
these two viral oncoproteins regulate MMP9 expression indepen-
dently.

DISCUSSION

Although previous studies have shown that LMP2A enhances
invasiveness of epithelial cells through activation of several sig-
naling pathways (2, 13, 38), it is unclear what effector proteins
link the signaling events with enhanced cell invasiveness.
LMP2A-induced integrin �6 has been shown to promote inva-

sion of primary epithelial cells, but how this adhesion molecule
is upregulated by LMP2A is unknown (46). Here we reveal an
underlying mechanism of LMP2A-induced invasion of NPC
cells, which requires activation of the ERK1/2 pathway, up-
regulation of Fra-1, and induction of MMP9. In this context,
MMP9 serves as a critical effector protein that bridges the gap
between LMP2A-induced signaling transduction and cell inva-
sion. The LMP2A-triggered, Fra-1-mediated induction of
MMP9 may also occur in vivo, since the association among
LMP2A, Fra-1, and MMP9 was found in NPC biopsy speci-
mens. Considering that we used NPC cell lines and tumor spec-

FIG 7 MMP9, Fra-1, and ERK1/2 are required for LMP2A-induced invasion of NPC cells. (A) LMP2A-expressing T-2A cells and the vector control T-LKO cells
were transfected with an MMP9-targeted siRNA (siMMP9) or a control siRNA (siCtrl). (B) HONE-1 cells were transfected with an LMP2A-expressing plasmid
(2A) or a vector plasmid (Vec), in combination with a Fra-1-targeted siRNA (siFra-1), an MMP9-targeted siRNA (siMMP9), or a control siRNA (siCtrl). (C)
U0126, PD184352, and the solvent control, DMSO, were used to treat HONE-1 cells transfected with an LMP2A-expressing plasmid or a vector plasmid.
Expression of LMP2A and �-actin was examined by using an immunoblotting assay, and production of MMP9 and MMP2 was detected by using a gelatin
zymography assay. ECM invasiveness of the NPC cells was examined by using a Matrigel invasion assay; shown are the microscopic observations of invading cells
and the average numbers of invading cells per field.
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imens as the study materials, our results reflect a molecular
mechanism through which LMP2A may confer a metastasis-
prone feature on the established, transformed NPC cells. It
remains to be tested whether LMP2A exerts similar effects on
epithelial cells at early stages before the carcinoma has devel-
oped.

After stimulation by cytokines, growth factors, or other exog-
enous activators, MMP9 expression is upregulated mostly at the
transcriptional level (53, 67, 72). MMP9 transcription is also in-
ducedbyseveraloncogenicviruses, suchasEBV,Kaposi’s sarcoma-
associated herpesvirus, human papillomavirus 16, and hepatitis B
virus (14, 43, 70, 73). The NF-�B and AP-1 sites in the MMP9
promoter are the major cis-regulatory elements responsive to the
upstream stimulation, while other elements, such as an over-
lapped SP1/Egr-1 site, may also be involved (33, 53, 57). In this
study, LMP2A still activated the MMP9 promoter when the
NF-�B and SP1/Egr-1 sites were removed, indicating that these
elements are not essential. On the other hand, we found that two
AP-1 sites at �533 and �73 of the MMP9 promoter are important

for LMP2A-induced promoter activation. This finding prompted
us to identify the AP-1 transcription factors mediating LMP2A-
induced MMP9 expression. Among AP-1 family proteins, Fra-1
and c-Jun are induced by LMP2A at both total and phosphory-
lated protein levels in NPC cells. Induction of total and phosphor-
ylated c-Jun proteins by LMP2A-triggered ERK has been observed
in human embryonic kidney 293 cells (13). Although both Fra-1
and c-Jun have been associated with induction of MMP9 in pre-
vious studies (4, 33, 36), our study indicates that only Fra-1 is
essential for LMP2A-induced MMP9 production in NPC cells
while c-Jun is dispensable. It is likely that Fra-1 is the limiting
factor for formation of the AP-1 heterodimers to induce MMP9
expression, but its binding partners can be redundant. This pos-
sibility is supported by our finding that other Jun family proteins,
i.e., JunB and JunD, were detectable in NPC cells at a constant and
substantial level whether LMP2A was expressed or not (data not
shown). Meanwhile, Fra-1 may form dimers with other transcrip-
tion factors containing a basic leucine zipper domain or even in-
teract with other proteins without the domain (75), so we cannot

FIG 8 LMP2A, Fra-1, and MMP9 are associated in NPC tumor biopsy specimens. (A) Shown are the typical patterns for positive (�) and negative (�)
immunohistochemical staining of LMP2A, LMP1, Fra-1, and MMP9 in NPC tissue sections. (B) Mediation analysis of LMP2A, Fra-1, and MMP9 was performed.
The effective coefficients, 95% CIs, and P values are provided. The overall effect of LMP2A on MMP9 (c), the effect of LMP2A on Fra-1 (a), and the effect of Fra-1
on MMP9 (b) were all positive and statistically significant. The Fra-1-mediated effect between LMP2A and MMP9, ab, was also significant and contributed more
than half (57%) of the overall effect of LMP2A on MMP9. On the other hand, the Fra-1-independent effect of LMP2A on MMP9 (c=) was relatively weak. (C)
Mediation analysis of LMP1, Fra-1, and MMP9 was performed as described for panel B. The statistical results were similar to those for LMP2A, except that the
Fra-1-independent effect of LMP1 on MMP9 (c=) existed significantly.
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rule out the possibility that LMP2A may induce other non-Jun
proteins that serve as essential partners of Fra-1 to regulate MMP9
expression.

Fra-1 is overexpressed in many kinds of epithelial tumors, and
its overexpression is associated with lymph node metastasis or
poor prognosis of some squamous cell carcinomas (68, 75, 78).
Functionally, Fra-1 can promote proliferation, anchorage-inde-
pendent growth, migration, or invasion of various epithelial cells
(1, 10, 54, 75). Expression of Fra-1 can be induced transcription-
ally in that the Fra-1 promoter is activated by MAPK–AP-1, Akt-
SP1, or �-catenin–LEF pathways (11, 40, 66). Although these
pathways are potentially activated by LMP2A, we did not detect an
LMP2A-induced increase of Fra-1 mRNA in NPC cells, indicating
that LMP2A may not regulate Fra-1 transcription in this context.
Instead, LMP2A can induce ERK1/2-dependent phosphorylation
of Fra-1 at Ser265, thus increasing the protein level of Fra-1, prob-
ably through induction of posttranslational stabilization (3, 11).
Notably, ectopic overexpression of Fra-1 alone did not induce
MMP9 expression in NPC cells (data not shown), suggesting that
in addition to an increase of total Fra-1 proteins, other LMP2A-
induced events are required for MMP9 induction. For example,
the transactivation activity of Fra-1 depends on ERK-mediated
phosphorylation at a carboxyl-terminal threonine residual of
Fra-1 (76), so the LMP2A-triggered signaling event may be re-
quired for induction of not only the protein level but also the
activity of Fra-1. In a breast cancer cell line, Fra-1 alone does not
sufficiently transactivate the MMP9 promoter; it requires cooper-
ation with STAT3 to synergistically activate the promoter (60).
Although LMP2A activates STAT3 in gastric carcinoma cells (24),
it failed to do so in NPC cells (data not shown). It remains to be
explored what factors are regulated by LMP2A to cooperate with
Fra-1 for MMP9 induction.

LMP2A regulates signaling transduction in a cell-dependent
manner, so it is not surprising that different kinase pathways con-
tribute to LMP2A-induced effects in a variety of cells. The PI-3K/
Akt pathway plays an important role in LMP2A-induced transfor-
mation of some epithelial cell lines (21, 55), but our study
indicates that this pathway is unlikely to be important for LMP2A-
induced MMP9 expression in NPC cells. Two LEF1 elements in
the MMP9 promoter, which are putative target sites of PI-3K/Akt-
activated �-catenin, are dispensable for LMP2A-induced pro-
moter activation. The ITAM of LMP2A, which is essential for
activation of Syk and PI-3K/Akt (18, 38, 64), is not essential for
MMP9 induction. In addition, in our unpublished data, Akt was
not activated by LMP2A in NPC cells, and treatment with a PI-3K
inhibitor did not significantly reduce MMP9 induction. In con-
trast, a pivotal role of the ERK1/2 pathway is recognized in this
study. The LMP2A-triggered ERK1/2 pathway essentially contrib-
utes to Fra-1 induction, MMP9 production, and ECM invasion of
NPC cells. Of note, LMP2A can neither activate ERK1/2 nor in-
duce expression of Fra-1 and MMP9 in some non-NPC epithelial
cell lines, further supporting that the cellular background may
determine LMP2A-induced signaling events and their down-
stream effects.

How LMP2A activates the ERK pathway has not been resolved
yet. Although a previous study shows that ERK1/2 is associated
with the amino-terminal cytoplasmic domain of LMP2A and can
phosphorylate LMP2A at Ser15 and Ser102 (45), it is unknown
whether the interaction directly results in ERK activation. In this
study, LMP2A-induced ERK1/2 activation can be blocked by

U0126, which inhibits MEK1/2, the upstream kinase of ERK.
Therefore, LMP2A may trigger the ERK1/2 pathway from an up-
stream event involving MEK1/2 activation. We examined the
potential involvement of Ras, but in NPC cells Ras is neither acti-
vated by LMP2A nor essential for the LMP2A-induced ERK1/2-
Fra-1 pathway. Interestingly, the LMP2A effect on ERK1/2 activa-
tion is late and dependent on both de novo protein synthesis and
proteasome-mediated protein degradation, suggesting that it
needs time to accumulate some stimulatory factors and to remove
some inhibitory factors. The requirement for PY motifs of LMP2A
in this context provides a supporting clue. The PY motifs interact
with class I WW domains rather than SH3 domains, thus recruit-
ing several WW domain-containing ubiquitin ligases that pre-
sumably regulate protein stability of certain positive or negative
regulators for ERK activation (29, 37, 71). An alternative mecha-
nism is also possible, in which the PY motifs may interact with
other WW domain-containing proteins that are not ubiquitin li-
gases but contribute to ERK activation.

Another EBV oncoprotein, LMP1, induces MMP9 in vitro and
is also associated with MMP9 expression in NPC tumor biopsy
specimens (25, 73). A potential link between LMP1 and Fra-1
comes from a previous study showing constitutive induction of
Fra-1 in LMP1-transgenic mice (12). Therefore, we examined
NPC biopsy specimens to assess the effect of LMP2A or LMP1 on
MMP9 expression and evaluate how much the effect is mediated
through Fra-1. We found that both LMP2A and LMP1 are associ-
ated with MMP9 expression and Fra-1 serves as a mediation factor
therein. However, Fra-1 may contribute to LMP2A- and LMP1-
induced MMP9 expression differentially. The statistical analysis
indicates that the effect of LMP2A on MMP9 is mainly through
Fra-1, but a large portion of the effect of LMP1 on MMP9 is Fra-1
independent. This result is consistent with the findings in our and
other studies that Fra-1 is essential for LMP2A-triggered MMP9
upregulation while LMP1 induces MMP9 expression mainly
through NF-�B rather than AP-1 (73). In addition, no synergistic
effect of LMP2A and LMP1 on MMP9 was found in the NPC
biopsy specimens, suggesting that the two EBV oncoproteins are
independent inducers of MMP9. Serving as an oncogenic pro-
tease, MMP9 affects several biologic events to promote cancer
progression, including cell invasion, angiogenesis, growth factor
release, and local immune suppression (5, 39, 56, 77). Selective
inhibition of MMP9 or related MMPs has been considered as a
potential therapeutic strategy to prevent tumor metastasis (6, 28).
Since MMP9 is a common factor induced by two EBV oncopro-
teins and associated with NPC metastasis, it may be an attractive
target for NPC treatment.
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