
Abstract. Nasopharyngeal carcinoma (NPC) is a highly meta-
static carcinoma characterized by consistent association with
Epstein-Barr virus (EBV). Of the EBV-encoded product, latent
membrane protein-1 (LMP-1) is considered to be an onco-
protein playing an essential role in cell transformation and
metastasis. In this study, we used a recombinant adeno-
associated virus type 2 vector (rAAV-2) to deliver small hairpin
RNA (shRNA) targeting EBV LMP-1 into the EBV-positive
human NPC C666-1 cells and evaluated the effect of long-term
suppression of LMP-1 on NPC growth and metastasis in vivo
and in vitro. An NPC metastasis nude mouse model with NPC
xenograft transplanted in liver was established. The NPC
C666-1 cells infected with rAAV-shRNA-LMP-1 or rAAV-
EGFP were inoculated in the livers of nude mice. Formation
of liver and lung metastasis was evaluated at day 14 after
tumor inoculation. Our results demonstrate that rAAV-shRNA-

LMP-1 effectively infected C666-1 cells and suppressed
LMP-1 expression. Such suppression, in turn, did not signifi-
cantly inhibit tumor growth, but prevented NPC metastasis in
the liver as well as in the lung. Consistent with in vivo data,
the in vitro studies in NPC C666-1 cell cultures showed that
suppression of LMP-1 by rAAV-shRNA-LMP-1 significantly
reduced cell mobility and transmembrane invasion ability.
These results demonstrated for the first time that long-term
suppression of EBV-encoded LMP-1 in vivo is an effective
means for preventing NPC metastasis.

Introduction

Nasopharyngeal carcinoma (NPC) is a highly malignant tumor
which can easily invade local tissues and metastasize to
distant organs, such as cervical lymph nodes, liver, lung,
bone, and brain. It has been reported that over 60% of NPC
patients already have clinically detectable metastasis in many
distant organs at the time of diagnosis (1). Since NPC is highly
sensitive to radiation, the most common and effective modern
treatment of NPC patients is primarily based on radiotherapy.
Although the local control rate of NPC is approaching 90%,
there are still 30-40% of NPC patients at the advanced stage
subsequently developing distant metastases and/or local
recurrences (2). More importantly, most of the mortalities are
associated with these secondary metastases of NPC found in
distant organs, such as the liver and lung. Once metastasis
occurs, the prognosis of patients is poor, with a median
survival of less than 12 months (3). Currently, there is no
effective treatment for metastasis of NPC and, therefore,
novel strategies are urgently needed.

As an essential etiological factor, Epstein-Barr virus
(EBV) is closely related to NPC. The EBV genome is present
virtually in all NPC cells (4). More interestingly, EBV-positive
malignancies are usually associated with a state of persistent
latent infection (5). EBV infection in NPC cells is classified as
latency type II, in which only a few latent genes are expressed,
such as Epstein-Barr nuclear antigen-1 (EBNA-1), latent
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membrane protein-1 (LMP-1), and EBV-encoded RNAs
(EBERs) (6). Among these gene products, LMP-1 is considered
to play a critical role in the development of NPC.

LMP-1 is a 63-kDa integral membrane protein comprising
a short N-terminal domain, six transmembrane domains, and
a 200 amino acid COOH-terminal domain (7). As a viral
oncogene, LMP-1 has been reported to be a useful target to
screen for NPC (8). Although LMP-1 were detected in only
60% of invasive NPCs, all pre-invasive NPCs that quickly
developed into invasive NPCs were LMP-1-positive (9). The
expression of LMP-1 in NPC clinical patients suggests that
LMP-1-positive NPC cells have a more progressive manner
and a higher tendency to metastasize than LMP-1-negative
NPC cells (10). A recent report has shown that LMP-1
contributes to multiple aspects of NPC metastasis (11). It
functions as a constitutively active tumor necrosis factor
receptor engaging a multitude of signaling pathways including
NF-κB, MAPKs, JNK, p38, the JAK/STAT pathway and,
more recently, the small Rho GTPases (12). It also influences
other oncogenes involved in tumor metastasis, such as matrix
metalloproteinases (MMPs) (13,14). However, the effect of
suppressing LMP-1 in the growth and metastasis of NPC
in vivo remains to be demonstrated.

Investigation of EBV in NPC cells has been limited by
the fact that most established NPC cell lines do not harbor
EBV or lose it after long-term culture (15). C666-1 cells, a
well-established NPC cell line, have been shown to be able to
express EBV genome consistently and can express EBNA-1
protein, LMP-1 and -2 transcripts, and thus resemble the EBV
latency II pattern (14). Furthermore, we have recently shown
that C666-1 has high metastatic potential and suppression of
LMP-1 causes reduction of metastatic potential in C666-1
cells in vitro (16). Thus, C666-1 provides a good cell model
for NPC metastasis research. Since no NPC animal metastasis
model has been reported so far, we have established a nude
mouse model with which C666-1 NPC xenograft was trans-
planted in the liver and then metastasized to the lung.

In this study, we used a recombinant adeno-associated
virus serotype 2 vector (rAAV-2) to deliver small hairpin RNA
(shRNA) targeting EBV LMP-1, and evaluated the effects
of long-term suppression of LMP-1 on NPC growth and
metastasis in vivo. We found that suppression of LMP-1 in
C666-1 cells using recombinant AAV to deliver shRNA
targeting LMP-1 can significantly inhibit metastasis in vivo
and in vitro. However, such suppression has no effect on
C666-1 cell and NPC xenograft growth.

Materials and methods

Cell lines and culture conditions. The EBV-positive NPC
cell line, C666-1, was kindly provided by Dr Dolly P. Huang
from the Chinese University of Hong Kong. This cell line was
cultured in RPMI-1640 (Invitrogen) with 10% fetal bovine
serum (FBS; Gibco BRL, Grand Island, NY). For virus
packaging, HEK-293FT cells were obtained from American
Type Culture Collection (Manassas, VA) and cultured in
DMEM (Invitrogen) with 10% FBS.

Preparation of rAAV-shRNA-LMP-1 and rAAV-EGFP. Plasmid
pAAV-shRNA-LMP-1 was constructed by inserting shRNA

targeting EBV LMP-1 (Fig. 1A) into the multiple cloning site
of rAAV-2 vector (Fig. 1B). Plasmid pAAV-EGFP was
constructed similarly by inserting full-length enhanced green
fluorescent protein (EGFP) gene between Xho I and EcoR I
sites of AAV-2 vector. Recombinant AAV (rAAV) particles
were produced using a helper virus-free system as previously
described (17-19), with minor modifications. Briefly, rAAV
vectors and helper plasmid pDG were co-transfected into
HEK-293FT cells by calcium phosphate precipitation method.
Transfected cells were harvested at 60 h after transfection.
They were trypsinized, and re-suspended in Tris-buffer pH 8.0.
After two cycles of freezing/thawing, they were centrifuged
for 20 min at 18000 x g (Bechman Avanti™ J-25I). The
supernatants containing either rAAV-shRNA-LMP-1 or
rAAV-EGFP particles were collected. rAAV particles were
purified by HiTrap Heparin column chromatography (Sigma,
St. Louis, MO). Peak virus fractions were collected and
dialyzed against PBS containing 1 mM MgSO4. Viral solutions
were then concentrated using a 100K-MicroSep Centrifugal
Concentrator (Life Technologies, Carlsbad, CA), and viral
titer was quantified by real-time PCR using the Taqman
Universal PCR kit (Applied Biosystems), with a forward
primer, 5'-CGGCTGTTGGGCACTGA-3', and a reverse
primer, 5'-CCGAAGGGACGAAGCAGAAG-3'. Aliquots of
viral stocks (2x1012 v.g./ml each) were stored at -80˚C until
ready for use.

rAAV mediated transgene expression in vitro in C666-1 cells.
C666-1 cells (2x105) were seeded onto 35-mm2 culture dishes.
After 12 h, medium was discarded and cells were infected with
5x104 rAAV-EGFP or rAAV-shRNA-LMP-1 viral particles per
cell in RPMI-1640 for 10 h. Then cells were gently washed
twice with PBS, and fresh RPMI-1640 medium containing
10% FBS was added afterward. At 48 h post infection (pi),
expression of EGFP was confirmed by fluorescent microscope
(Olympus, TH4-200, x100). Three fields were randomly
selected and the mean infection efficiency of rAAV-EGFP was
calculated. Expression of LMP-1 at the RNA level was detected
by RT-PCR. Total RNA of infected cells, PBS, rAAV-EGFP or
rAAV-shRNA-LMP-1, was extracted for RT-PCR (Qiagen
One-Step RT-PCR Mid Kit) following the protocol previously
reported (16). GAPDH was chosen as a loading control (internal
reference). RT-PCR products were visualized by agarose gel
electrophoresis, and the relative mRNA level was determined
using Gel-Pro Analyzer software.

Animal model of NPC xenograft transplanted in liver and meta-
stasized to lung. Male nude mice (BALB/c-nu-/nu, 4-6 weeks
old, weighing 18-22 g) were obtained from Nanfang Medical
University (Guangzhou, China). C666-1 cells infected with
rAAV-EGFP or rAAV-shRNA-LMP-1 were harvested at 48 h
pi. Cells without infection were used as parallel control. All
animals were maintained under specific pathogen-free con-
ditions. Mice were anaesthetized with 1% pentobarbital sodium
(40 mg/kg) before surgery. Primary tumor was inoculated by
direct injection of 2x106 non-infected or infected C666-1 cells
into the liver via laparotomy under direct visualization. All
mice were divided into three groups (control, rAAV-EGFP,
and rAAV-shRNA-LMP-1), and each group contained 12 mice.
After 14 days, half of the mice from each group were sacrificed.
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Tumor volume of mice was recorded and metastasis in the
liver and lung was observed. The rest of the mice were used to
carry out a survival study, the number of mice that survived
in each group was recorded everyday and a survival curve was
constructed and analyzed by a log-rank test. The experiments
were repeated once with reproducible results.

Histology. To evaluate the tumor volume and degree of tumor
metastasis, the livers and lungs of treated mice were excised,
fixed in 4% paraformaldehyde, and then paraffin-embedded.
Tissue sections were stained with haematoxylin and eosin
(H&E). The long (a) and short (b) diameters of the xenografted
tumor were measured, and tumor volume was calculated as
ab2 x 0.52.

Immunohistochemical analysis. Tissues from paraffin blocks
were sectioned, de-waxed and hydrated. Antigens were
retrieved by heating in the microwave. Sections were then
treated with 3% hydrogen peroxide for 10 min, and incubated
with anti-MMP-9 primary antibody (MaiXin Ltd., FuZhou,
P.R. China) for 1 h. After washing with PBS, they were
further incubated with HRP-conjugated secondary antibody
(MaiXin Ltd) for 30 min and stained with DAB solution.
Results were evaluated under a light microscope. Fifteen
fields under magnification x400 were randomly chosen for
each specimen. Total number of positive cells in 15 fields
was counted and divided by the average number of positive
cells in each field, and the result was subjected to a grading
system: negative (-), no positive cell; weak positive (+),
number of positive cells <3; medium positive (++), number
of positive cells between 3 and 6; strong positive (+++),
number of positive cells >6.

MTT assay. MTT assay was performed to elucidate the effect
of LMP-1 on cell proliferation. C666-1 cells (5x103 per well)
were plated onto 96-well plates. After 12-h incubation, medium
was discarded and cells were infected with 5x104 rAAV-EGFP
or rAAV-shRNA-LMP-1 viral particles per cell in RPMI-1640.
An equal volume of medium was added to the non-infected
control. Six replicates were performed for each group. Ten
hours pi, fresh RPMI-1640 medium containing 10% FBS
was added to replace the old medium. At 24, 48 and 72 h pi,
20 μl of MTT reagent (5 mg/ml; Sigma) was added to each
well, and cells were incubated for another 4 h at 37˚C. After
incubation, the medium was discarded and replaced by 150 μl
of DMSO (Sigma) in each well. Samples were thoroughly
mixed for 30 min, and UV-absorbance at 570 nm was
detected. 

Flow cytometry. C666-1 cells infected with rAAV-EGFP or
rAAV-shRNA-LMP-1 were collected at 48 h pi, and fixed
in 70% ethanol at 4˚C for 24 h. After fixation, cells were
resuspended in PBS, digested with RNase A (Sigma) at
37˚C for 30 min, and then incubated with propidium iodide
(Sigma) for 20 min. Five thousand cells from each sample
were analyzed by flow cytometry (Coulter Epics, XL, UK).
Four replicates were performed for each group. The cell cycle
phase distribution was calculated from the resultant DNA
histogram using Multicycle AV software (Phoenix Flow
System, San Diego, CA, USA). 

Wound healing assay. Wound healing assay was carried out
to determine the ability of cells to form membrane protrusion
and cell migration. C666-1 cells (2x105 per well) were seeded
onto 6-well plates. Cells were infected with 5x104 rAAV-
EGFP or rAAV-shRNA-LMP-1 viral particles per cell in
RPMI-1640. Non-infected cells were used as a parallel control
in this experiment, and four replicates were performed for
each group. At 10 h pi, fresh RPMI-1640 medium containing
10% FBS was added to replace the old medium. At 48 h pi, a
single wound was created in the centre of the cell monolayer
by gentle removal of the attached cells with a sterile plastic
pipette tip. The debris was removed by washing the cells with
serum medium. Migration of cells into the wound was then
observed at different time points (2, 4, 6, 8 and 10 h). Cells
which migrated into the wounded area or protruded from the
border of the wound were visualized and photographed under
an inverted microscope (Leica, German). A total of 10 areas
were selected randomly in each well under a 100x objective,
and cells (in 4-wells) of each group were quantified in each
experiment. 

In vitro Matrigel invasion assay. Cell invasiveness was
determined in vitro by the ability of the cells to transmigrate
a layer of extracellular matrix in Matrigel in Biocoat Matrigel
Invasion chamber (Becton-Dickenson Labware, Bedford, MA).
C666-1 cells (1x105 per well) were seeded onto 12-well plates.
Cells were infected with 5x104 rAAV-EGFP or rAAV-shRNA-
LMP-1 viral particles per cell in RPMI-1640, and followed
by replacement of fresh RPMI-1640 medium containing 10%
FBS after 10-h infection. At 48 h pi, cells were collected and
plated at a density of 2x104 cells/insert. Medium with 10%
FBS was added to the lower chamber as a chemoattractant.
After incubation for 22 h, cells on the upper surface of the
membrane were removed. Invasive cells on the lower surface
were fixed in 100% methanol and stained with 1% Toluidine
(Sigma). The number of invasive cells was counted in three
random optical fields (x40 and x200) under an inverted
microscope (Leica). Experiments for each individual sample
were performed in triplicate chambers and were repeated.

Statistical analysis. One way ANOVA and independent t-test
were employed for statistical analysis and Kruskal-Wallis test
was used for immunohistochemical analysis. All data were
analyzed by SPSS10.0 software (SPSS Inc. SPSS Advanced
models 10.0, Chicago, IL, USA), with P<0.05 considered
statistically significant. 

Results

Recombinant AAV infection efficiency and inhibition of
LMP-1 by rAAV-shRNA-LMP-1 in vitro. C666-1 cells were
infected with rAAV-EGFP in a dose-dependent manner of
5x102, 5x103, 1x104, or 5x104 v.g./cell, and the expression
of recombinant protein was confirmed at 10 h pi using a
fluorescent microscope. Maximum fluorescent signal was
observed at 48 h after infection (Fig. 1C). Highest infection
efficiency (~95%) was obtained at 48 h pi with a multiplicity
of infection of 5x104 v.g./cell (Fig. 1D). Suppression of
LMP-1 expression in rAAV-shRNA-LMP-1 (5x104 v.g./cell)
infected C666-1 cells was evaluated by RT-PCR at 48 h pi
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(Fig. 1E). B95-8, EBV transformed marmoset B lymphocyte,
was used as a parallel positive control. Results demonstrated
that rAAV-shRNA-LMP-1 effectively and actively suppressed
the expression of LMP-1 in the infected C666-1 cells. 

Establishment of NPC metastasis nude mice model and
examine the effect of rAAV-shRNA-LMP-1 treatment on
survival rate. A NPC xenografted nude mice model (n=36)
was established. Primary tumors were inoculated by direct
injection of 2x106 C666-1 cells into the livers as a single nodule.
Five days after inoculation, 12 mice were sacrificed, and
primary tumors were successfully formed in the livers of all
the nude mice. At day 10 post inoculation, another 12 mice
were sacrificed. Other than the single large round primary liver
tumors found at the original injection sites, there are obvious
metastasis in other parts of the livers, with approximately
two third of these mice developed lung metastasis. High
mortality rate of the remaining 12 nude mice was found as
half of the mice (n=6) died at around 14 days after inoculation
due to advanced tumor growth and metastasis. 

To determine whether suppression of LMP-1 by rAAV-
shRNA-LMP-1 can prolong survival and reduce the tumor
size of NPC xenografted nude mice, we harvested three groups
of C666-1 cells, which were non-infected and infected with
either rAAV-EGFP or rAAV-shRNA-LMP-1. Primary tumors

were established by direct injection of 2x106 cells from
each group into the livers of three groups of mice (n=12 per
group). Mice were checked for survival everyday. Although
rAAV-shRNA-LMP-1 treatment showed a slightly increased
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Figure 1. Infection of C666-1 cells by rAAV viruses. (A) shRNA sequence targeting EBV encoded LMP-1; (B) rAAV-shRNA-LMP-1 plasmid construction;
(C) infection of C666-1 cells with rAAV-EGFP at a MOI of 5x104 for 48 h was observed under fluorescent microscope (x100); (D) optimal infection
efficiency of C666-1 cells with rAAV-EGFP obtained at MOI of 5x104 (cells were incubated for 48 h); (E) RT-PCR showed that expression of LMP-1 in
RNA level was effectively suppressed by rAAV-shRNA-LMP-1 but not by rAAV-EGFP infection.

Figure 2. rAAV-shRNA-LMP-1 treatment could not prolong the survival of
NPC-bearing mice. Survival study for xenograft NPC nude mice. Primary
tumors were established by direct injection of 2x106 of rAAV-shRNA-LMP-1
infected (red line), or rAAV-EGFP infected (green line), or PBS-treated
C666-1 cells (blue line) into the livers. The survival rate was recorded
everyday and a survival curve was constructed and analyzed by a log-rank
test.
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survival rate (Fig. 2), the median survival of the rAAV-shRNA-
LMP-1 treatment group (16.50±3.06 days) was not found to
be significantly longer than that of the two controls: rAAV-
EGFP treatment group (15.20±2.12 days) and PBS-treated
C666-1 group (13.60±2.91 days). 

rAAV-shRNA-LMP-1 inhibits tumor metastasis but not tumor
growth in vivo. At day 14 post C666-1 cell inoculation, mice
in the above three groups were sacrificed (n=6 per group).
The anti-metastasis effect of the rAAV-shRNA-LMP-1 was
also examined. All of the transplanted tumors appeared in
round shape, and grew on the surface of the livers (Fig. 3A-C,
dashed line circles). All livers of the control rAAV-EGFP
treatment (Fig. 3B) and PBS-treated C666-1 (Fig. 3C) groups
displayed multiple metastasized tumors of different sizes on
the surface (blue arrows). By contrast, half of the rAAV-
shRNA-LMP-1 treated mice showed no sign of liver metastasis
and only the primary tumors were found (Fig. 3A and Table I),
and half of the mice showed a significant reduction in the
number of metastasized tumors.

To explore the effect of rAAV-shRNA-LMP-1 in inhibiting
distant metastasis, we evaluated the morphology of the lungs
from the three groups of mice. There was a reduction of
metastases in the lungs of rAAV-shRNA-LMP-1 treated
mice, with one third of these mice showing normal lung
morphology without any obvious indication of metastasis
nodule (non-metastasis) and the remaining mice showing a
reduction in number and size of lung metastasis nodules (less

metastasis) (Fig. 3D and Table I). Whereas the lungs from
the two control groups, rAAV-EGFP (Fig. 3E) and PBS-
treated C666-1 (Fig. 3F) groups, showed heavy metastasis
and multiple lung metastasis nodules (Table I).

In the rAAV-shRNA-LMP-1 treated mice with lung meta-
stasis, pathological sections revealed the number of lung
metastasis nodules to be 1.5±0.22, which was statistically
significant as compared to 3.67±0.67 and 2.83±1.03 in the
rAAV-EGFP treatment and PBS-treated C666-1 control
groups, respectively (Table I). Distant metastasis was also
confirmed using histology. H&E staining revealed that there
was no sign of metastasized tumor in lung tissues of the same
non-metastasis rAAV-shRNA-LMP-1 treated mice (Fig. 4D),
whereas histological studies confirmed the presence of
metastasized tumors in the lung tissues from the rAAV-
EGFP treatment (Fig. 4E) and PBS-treated C666-1 (Fig. 4F)
groups. Collectively, our data suggest that rAAV-shRNA-
LMP-1 significantly inhibited distant metastasis in the NPC
xenograft nude mice. 

The volume of the primary liver tumors was not found,
however, to be significantly different among the three groups
(Table I). In addition, histological studies of the liver tumors
did not detect differences in the primary implanted tumors
among all groups (Fig. 4A-C). For the in vitro study, we
detected the effect of suppression of LMP-1 on C666-1 cell
growth by MTT assay and cell cycle by flow cytometry. Our
data showed that suppression of LMP-1 by rAAV-shRNA-
LMP-1 had no effect on cell growth and cell cycle in the
infected cells (data not shown).

Suppression of LMP-1 by rAAV-shRNA-LMP-1 down-regulated
the expression of MMP-9. Immunohistochemical detection of
MMP-9 in the tumor tissues indicated that this protein was
dominantly immunolocalized at the membrane and cytoplasm
of the tumor cells (Fig. 5A-C). Fifteen fields were randomly
selected to evaluate and grade for the expression of MMP-9
(Fig. 5D and Table II). The results demonstrated that the
expression of MMP-9 was significantly lower in the rAAV-
shRNA-LMP-1 treatment group as compared to the control
rAAV-EGFP treatment or PBS-treated C666-1 groups
(P<0.01). This data strongly suggested that the suppression
of LMP-1 in tumor cells effectively inhibited tumor metastasis
through down-regulation of MMP-9. 

Suppression of LMP-1 by rAAV-shRNA-LMP-1 infection
decreased cell mobility and the ability for Matrigel trans-
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Table I. Anti-tumor effects of rAAV-mediated rAAV-shRNA-LMP-1 therapy in NPC xenograft transplanted mice.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
Treatment No. of Transplanted tumor Metastases Metastases No. of lung metastasis 
group mice volume (cm3, x ± SD) in liver (%) to lung (%) nodules/animal (x ± SD)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
rAAV-shRNA-LMP-1 12 0.2527±0.1152 50a (6/12) 66   (8/12) 1.50±0.22b

rAAV-EGFP 12 0.2533±0.0754 100 (12/12) 100 (12/12) 3.67±0.67

PBS-treated C666-1 12 0.3163±0.1363 100 (12/12) 100 (12/12) 2.83±1.03
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aSamples are statistically significant as compared to the two controls with P<0.05. bSamples are statistically significant as compared to the
two controls with P<0.05.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

Table II. Down-regulation of expression of MMP-9 by anti-
tumor metastasis of rAAV-shRNA-LMP-1 gene therapy in
NPC xenograft transplanted mice.
–––––––––––––––––––––––––––––––––––––––––––––––––
Group No. of Infiltrate intensity

random –––––––––––––––––––
fields +++ ++ + -

––––––––––––––––––––––––––––––––––––––––––––––––– 
C666-1-rAAV-LMP-1a 15 0 8 1 6

C666-1-rAAV-EGFP 15 1 9 4 1

PBS-treated C666-1 15 6 6 3 0
––––––––––––––––––––––––––––––––––––––––––––––––– 
aSamples are statistically significant as compared to the two controls
with P<0.05.
–––––––––––––––––––––––––––––––––––––––––––––––––
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membrane migration. It has been reported that MMP-9 is
markedly associated with invasion and metastasis of tumor
cells (20,21), and promotes tumor metastasis by selectively

degrading type IV collagen (22). To evaluate active cell motility
and invasion of basement membrane by tumor cells, we first
measured the motility of the cells by wound healing assay.
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Figure 3. Gene therapy with rAAV-shRNA-LMP-1 treatment prevents liver and lung metastasis. Photographs taken from nude mice at day 14 after tumor
inoculation. Liver morphology was examined from each of the treatment groups: (A) rAAV-shRNA-LMP-1; (B) rAAV-EGFP; and (C) PBS-treated C666-1.
Dashed-line circles indicate the sites of the primary NPC tumors inoculated. Blue arrows indicate the signs of metastasis in rAAV-EGFP and C666-1 cells
group. Lung morphology at day 14 after tumor inoculation: (D) rAAV-shRNA-LMP-1 treated group; (E) rAAV-EGFP treated group; and (F) PBS-treated
C666-1 group. Multiple tumor metastases were indicated by arrows in the two control groups.

Figure 4. rAAV-shRNA-LMP-1 treatment showed no effect on development of the primary transplanted tumors but prevented lung metastasis in the NPC
xenograft nude mice. Tissue sections of formalin-fixed, paraffin-embedded primary tumors were stained by H&E. Primary liver tumor tissues showed no
different sign among the three groups: (A) rAAV-shRNA-LMP-1 treated group; (B) rAAV-EGFP treated group; and (C) PBS-treated C666-1 group. Lung
tissues from: (D) rAAV-shRNA-LMP-1 treated mice; (E) rAAV-EGFP treated mice; and (F) PBS-treated C666-1 mice. Arrows indicate tumors that formed
in metastasized lung tissues.
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As shown in Fig. 6D, as early as 4 h after wound formation, the
rAAV-shRNA-LMP-1 infected cells displayed significantly
lower cell invasion activity as compared to the control rAAV-

EGFP and PBS-treated C666-1 groups. At 8 h after wound
formation, the two control groups had fully migrated towards
the open wound (Fig. 6B and C). In contrast, the rAAV-
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Figure 5. Down-regulation of expression of MMP-9 in rAAV-shRNA-LMP-1 treatment group. Immunohistochemical detection of MMP-9 in tumor tissue
indicated that this protein was down-regulated when LMP-1 expression was suppressed. MMP-9 expression was quantitated in each of the three groups: (A)
rAAV-shRNA-LMP-1 treatment group; (B) rAAV-EGFP treated group; and (C) PBS-treated C666-1 group. Summary of the number of MMP-9-positive cells
was plotted as shown in (D), the number of MMP-9-positive cells was found to be statistically significantly decreased (P<0.01). 

Figure 6. Suppression of LMP-1 expression by rAAV-shRNA-LMP-1
reduced migration of C666-1 cells. At 8 h after wound formation, a large
number of cells moved into the wound in rAAV-EGFP treated (B) and
PBS-treated C666-1 groups (C); however, much less cells moved into the
wound in the rAAV-shRNA-LMP-1 treated group (A). (D) A migration
curve was plotted against each treatment group; asterisks indicate a
statistically significant difference among the three groups in migration
patterns (P<0.01).
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shRNA-LMP-1 infected cells displayed decreased migration
ability (Fig. 6A). The invasive ability of these cells was further
demonstrated in transmigrating through the Matrigel membrane
shown on Fig. 7. rAAV-shRNA-LMP-1 infected cells displayed
significantly lower transmembrane migration activity (Fig. 7A
and D) as compared to control rAAV-EGFP cells (Fig. 7B)
as well as PBS-treated C666-1 control cells (Fig. 7C).

Discussion

In this study, we established a new NPC xenograft liver
and lung metastasis nude mouse model. We first inoculated
highly metastasized EBV-positive human C666-1 NPC cells
into mouse livers, and then observed whether these cells
metastasized to other parts of the liver and to the lungs. Using
this model, the effect of suppressing LMP-1 by rAAV mediated
RNAi in NPC tumor growth and metastasis was evaluated
in vivo. Results from this study showed that NPC metastasis
can be significantly inhibited when LMP-1 expression is
suppressed. This is the first in vivo preclinical study demon-
strating that NPC metastasis critically depends on EBV-
encoded LMP-1. This result is consistent with our previous
in vitro studies (16). Although reduction in metastasis was
found in rAAV-shRNA-LMP-1 treatment group as compared
to rAAV-EGFP treatment and PBS-treated C666-1 groups,
there was no statistically significant difference in nude
mouse survival among the three groups. This suggested that
suppression of LMP-1 expression could only influence the
invasive or metastatic ability of the tumor cells, but not the
growth of the established LMP-1-positive NPC tumors.
Therefore, a combination therapy or a cocktail therapy using
another target gene which influences cancer cell growth and/or
cell cycle together with suppression of LMP-1 could provide
a better gene therapy system for treating NPC diseases.

Metastasis is a phenomenon composed of sequential
cascades involving multiple host-tumor interactions. Reduction
of tumor cell adhesion and degradation of extracellular matrix
(ECM) and basement membrane are thought to be the essential
steps (14), in which neoplastic cells leave the primary lesion
and invade local and distant host tissues (23,24). It has been
shown that LMP-1 can enhance cell motility through Ets-1
and c-Met activation (10), and also induces the gene expression
of Matrix Metalloproteinases-9 (MMP-9) through activation
of NF-κB and AP-1 by two carboxyl-terminal cytoplasmic
domains (CTAR-1 and CTAR-2) (9,25,26). MMP-9, a zinc-
containing endopeptidase, is capable of degrading all kinds
of extracellular matrix proteins, is secreted mainly by tumor
cells and has been detected in a large variety of cancers,
such as lung, prostate, breast, colon, and head and neck
carcinomas (27-31). It has been reported that MMP-9 is
markedly associated with invasion and metastasis of tumor
cells (20,21). It promotes tumor metastasis by selectively
degrading type IV collagen, which is a major component
of ECM (22). Therefore, the effect of LMP-1 to expression
of MMP-9 was also investigated in this study. Our results
indicated that expression of MMP-9 was down-regulated
effectively after suppression of LMP-1 in vivo, which suggested
that LMP-1 triggers metastasis in NPC cells at least in part
through regulation of expression of MMP-9.

Recently, LMP-1 was reported to be detected in 100% of
preinvasive NPCs (32). Therefore, it is a good target for gene
therapy in studying NPC metastasis. Currently, there are few
effective treatments available for NPC patients at the stage of
metastasis. Our results provide preliminary data for the future
development of a cocktail therapy which will include radio-
therapy and long-term RNA interference therapy on LMP-1
mediated by AAV and/or other gene delivery systems for the
prevention and treatment of NPC metastasis.
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Figure 7. Suppression of LMP-1 expression hampered the transmembrane
migration ability of C666-1 cells. A layer of Matrigel matrix occluded 8 μm
membrane pores and served as a reconstituted basement membrane. Invasive
NPC cells were able to detach themselves from and invade through the
Matrigel matrix and pores. As compared with the two controls, rAAV-EGFP
treated C666-1 (B) and PBS-treated C666-1 cells (C), the invasive ability of
rAAV-shRNA-LMP-1 treated C666-1 cells (A) showed a reduction of
migrated cells by >50% (P<0.01). (D) The number of migrated cells is
presented in graphic form; asterisks indicate a statistically significant
difference of the rAAV-shRNA-LMP-1 treatment group from the two
control groups.
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