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Cyclooxygenase-2 promotes tumor lymphangiogenesis and
lymph node metastasis in oral squamous cell carcinoma
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Abstract. Oral squamous cell carcinoma (OSCC) is the sixth
most common cancer and frequently metastasizes to the cervical
lymph nodes, leading to poor survival of patients with OSCC.
However, the mechanism of lymph node metastasis is not fully
understood. To clarify the molecular mechanism underlying
OSCC metastasis to regional lymph nodes, the highly metastatic
fluorescent labeled OSCC cell line SAS-LM3 was successfully
established allowing us to monitor the progression of lymph
node metastases in a non-invasive manner. SAS-LM3 tumors
showed increased lymphangiogenesis and elevated expression of
VEGF-C, a potent stimulator of lymphangiogenesis, compared
to parental SAS tumors. SAS-LM3 showed high expression
of cyclooxygenase-2 (COX-2) compared to parental SAS cells
and immunohistochemical analysis demonstrated intense
COX-2 expression at the primary site. Inactivation of COX-2 by
knockdown or the COX-2 inhibitor NS-398 decreased VEGF-C
expression. Administration of COX-2 inhibitor NS-398 in
SAS-LM3 tumor-bearing mice suppressed tumor lymphan-
giogenesis and lymphatic metastases. Collectively, our results
indicate that COX-2 promotes tumor lymphangiogenesis and
lymph node metastasis of OSCC. COX-2 ablation holds promise
as a potential therapeutic approach for lymph node metastasis
in OSCC.

Introduction

Oral squamous cell carcinoma (OSCC) is the sixth most
common type of cancer worldwide: a total of 36,540 people in
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the United States are affected annually (1). The most common
sites for early OSCC lesions are the ventral aspect of the tongue
and the floor of the mouth in the oral cavity (1,2). Although
the diagnosis and surgical treatment of OSCC have advanced,
survival rates of OSCC patients have not improved over the last
30 years, and only 40-50% of patients will survive for 5 years
(1,3). Moreover, since OSCC arises in the oral cavity, pharynx
or larynx, it can cause severe dysfunction in swallowing, speech,
and physical appearance, markedly decreasing the quality of life
(QOL).

It has been well recognized that lymph node metastasis
strongly correlates with the risk to survival in patients with
OSCC. The incidence of neck lymph node metastasis in oral
carcinoma varies from 25-65% (1,3). Although patients without
lymph node metastases have a cumulative survival rate of
approximately 50-70%, this rate drops drastically to 30-50% in
patients with documented nodal metastases (4,5). Thus, under-
standing the pathophysiology of lymph node metastasis of OSCC
is important for early diagnosis and treatment. However, precise
molecular mechanisms of lymph node metastasis have not been
elucidated, partly due to the lack of consistent and reproducible
animal models.

The formation of new lymphatic vessels, lymphangiogenesis,
is a critical step during the development of lymph node metas-
tasis. Two major lymphangiogenic factors, namely vascular
endothelial growth factor-C (VEGF-C) and -D, have been iden-
tified, and are linked to the promotion of lymphangiogenesis
in animal models (6-8). In addition, the increase in lymphatic
vessel density by VEGF-C greatly facilitates the spreading of
tumor cells to lymph nodes (9). The occurrence of lymphangio-
genesis can be detected using several lymphatic vessel-specific
markers, such as VEGF receptor (VEGFR)-3, LY VE-1, Prox-1,
podoplanin, and desmoplakin (10). VEGF-C and -D bind to
the receptor VEGFR-3, and induce proliferation of lymphatic
endothelial cells in vitro and lymphangiogenesis in vivo through
the mitogen-activated protein kinase and phosphatidylinositol
3-kinase signaling pathways (11-14). Importantly, ablation of the
VEGF-R3 mediated pathway by neutralizing antibodies against
VEGF-R3 has been shown to inhibit lymph node metastasis
(12,13,15). Although the elevation of VEGF-C expression
strongly correlates with the formation of metastases in regional
lymph nodes in human thyroid, prostate, gastric, colorectal,
breast, melanoma, and lung carcinoma (16-18), the pathological
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role of VEGF-C and VEGF-D in lymph node metastasis of
OSCC is still unclear.

Cyclooxygenase-2 (COX-2), the inducible form of the COX
enzymes (19), catalyzes the synthesis of prostaglandins with
diverse biological activities, and its dysregulation plays a pivotal
role in inflammation, tissue damage, and tumorigenesis (20,21).
The involvement of COX-2 in tumor activity is well documented:
it is significantly increased in a range of human malignancies
(22). Studies from transgenic animals have shown that the
COX-2 gene is involved in the early stages of the oncogenic
process of colorectal tumors (23). Moreover, a large amount of
evidence points to a close association of COX-2 upregulation
with tumor invasion and metastasis in human colorectal, breast,
and lung tumors (24,25).

COX-2 has been implicated in several processes of cancer
metastasis, especially angiogenesis, in which its major role
is thought to be induction of the synthesis of prostanoids,
which then stimulate the secretion of pro-angiogenic factors,
including VEGF-A and fibroblast growth factor-2, from cancer
cells and/or stromal fibroblasts (26,27). In addition, COX-2
stimulates the proliferation, migration, and tube formation
of vascular endothelial cells (26,28). Several clinical studies
have shown a correlation between the level of COX-2 expres-
sion and the extent of angiogenesis in cancer (29). Despite
its evident importance in angiogenesis, the precise role of
COX-2 in tumor lymphangiogenesis of OSCC remains poorly
understood.

Here, we have successfully developed a model of OSCC
that spontaneously metastases to the lymph nodes, enabling us
to monitor the process using fluorescent-labeled human OSCC
cells in a non-invasive manner. We found that elevated expres-
sion of VEGF-C under the control of COX-2 is critical for the
development of lymphangiogenesis and lymph node metastasis
and that inactivation of COX-2 clearly inhibited these meta-
static properties in OSCC.

Materials and methods

Cell culture. Human OSCC SAS cells, which were originally
isolated from the surgical specimens of a Japanese woman with
a tongue primary lesion, were used in this study (30). The cells
were cultured at 37°C under a 5% CO, atmosphere in Dulbecco's
modified Eagle's medium (DMEM, Sigma, St. Louis, MO, USA)
supplemented with 10% fetal bovine serum (FBS, Equitech-Bio
Inc., Kerrville, TX, USA) and 100 ug/ml kanamycin (Meiji-
Seika, Tokyo). Cells were regularly certified free of mycoplasma
contamination.

Animal model of lymph node metastasis. All experiments were
conducted according to the ethical guidelines of the Institutional
Review Boards, and approved by the Institutional Animal
Use Commiittee of the Osaka University Graduate School of
Dentistry.

Five-week-old, male, immunodeficient BALB/c nu/nu mice
were anesthetized with pentobarbital (0.05 mg/g body weight;
Dainippon Pharmaceutical Co., Ltd.), and Venus-labeled SAS
cells (1x10° in 0.1 ml phosphate-buffered saline) were injected
into the tongue (31). Metastatic lymph nodes could then be
visualized by fluorescence stereoscopic microscopy (Leica
Microsytems, Wetzlar, Germany).
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To establish highly metastatic OSCC, tumor cells were
isolated from metastatic lymph node lesions and re-inoculated
after expansion in culture. Venus-positive SAS cells were puri-
fied by FACS Aria.

Lentiviral vector preparation and transductions. The
lentiviral vector pLenti6/V5-Venus was constructed by sub-
cloning PCR products of a Venus fragment into pLenti6/
V5 TOPO vector. Venus cDNA was kindly provided by
Professor Atsushi Miyawaki (Riken, Japan). The vectors were
packaged in 293FT cells using FuGENE 6 with ViraPower
packaging mix (Invitrogen), and vector particles were harvested
from the medium 49 h after transfection. SAS cells and vector
particles were incubated with 6 yg/ml polybrene (Sigma) and
Venus-labeled SAS cells were isolated by FACS Aria and
cloned.

Immunohistochemistry. Mice were anesthetized with pento-
barbital (0.05 mg/g body weight) and fixed by perfusion with
4% paraformaldehyde in 0.1 M phosphate buffer through the
left cardiac ventricle. The tongues were removed and post-fixed
for 24 h, and then 7-um frozen sections were cut following
a conventional method. Immunohistochemical staining of
LYVE-1 (1:500 dilution; Abcam) and COX-2 (1:200 dilu-
tion; Cayman Chemical) were performed at 4°C overnight.
As secondary antibodies, Alexa Fluor 555-conjugated anti-
rabbit IgG (1:500; Invitrogen) were incubated for 1 h at room
temperature. The sections were coverslipped with Vectashield
Hard Set mounting medium with DAPI (Vector Laboratories,
Burlingame, CA).

In vitro wound healing assay. For the wound-healing assay,
1x10° SAS cells per well were plated in DMEM containing 10%
FBS in 10 cm plates and incubated for 24 h. After confirming
that a complete monolayer had formed, the monolayers were
wounded by scratching lines in them with a standard 200-u1
plastic tip. Migration and cell movement throughout the wound
area was observed with a phase-contrast microscope after 24 h.
The distance that the cells had migrated was measured on the
photograph.

Histomorphometric analysis of lymphangiogenesis.In the model
of lymph node metastasis, lymphangiogenesis was evaluated by
lymphatic vessel density using LY VE-1 antibodies according
to previous reports (32). Briefly, five hotspots (fields with the
highest vascular density) in tumor areas were photographed at
magnification of 200x, and digital images of LY VE-1-positive
lymphatic vessels were captured. Area densities (percentage
of total tumor area) of lymphatic vessels were then calculated
using ImageJ software (NIH, Bethesda, MD, USA).

RNA preparation and quantitative real-time polymerase chain
reaction. Total RNA from SAS cells was extracted using the
Total RNA isolation system (NucleoSpin RNAII; Macherey-
Nagel GmbH & Co., Germany). First-strand cDNAs were
synthesized using the Prime Script 1st strand cDNA synthesis kit
(Takara) with Oligo-dT primers. Quantitative real-time reverse
transcription-PCR (QRT-PCR) analysis was performed using the
SYBR Green PCR protocol and a 7300 Real-Time PCR system
(Applied Biosystems, Branchburg, New Jersey, USA). SYBR
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Figure 1. Model of OSCC lymph node metastasis and establishment of highly metastatic cells. (A) Representative macroscopic views and fluorescence images of
lymph node metastasis. Bright field (A1) and dark field (A2) were taken 3 weeks after inoculation with Venus-labeled SAS cells. Cervical lymph node metastasis
(arrowheads) was detected under the fluorescence stereomicroscope. (B) Representative H&E-stained frozen sections (B1) and fluorescence images (B2) of
lymph node metastasis from mice 3 weeks after inoculation of Venus-labeled SAS cells. Large cervical lymph node metastases are indicated by arrowheads.
Scale bar, 200 ym. (C) Schematic representation of in vivo selection of highly metastatic cells. Venus-labeled SAS cells were inoculated into the tongue of nude
mice. Cervical lymph node metastasis was detected under the fluorescence stereomicroscope 2 weeks after inoculation. Tumor cells were isolated from lymph
nodes and re-inoculated after expansion in culture for three rounds. (D) The percentages of lymph node metastases generated by parental (SAS-Venus) and highly
metastatic (SAS-LM3) cells. "'P<0.01. vs. SAS-Venus, n=9 per group for each experiment. (E) SAS-Venus and SAS-LM3 cells were analyzed for cell migration
using a wound-healing assay. Monolayers of SAS cells cultured in medium were scratched, and the distance between the edges of the scratches was measured
24 h after scratching. The data are expressed as the width filled with SAS cells (mean + SD). "P<0.05 vs. SAS-Venus cells. (F) Representative images assessing
the localization of lymphatic vessels (red) and SAS-LM3 cells (green) in tumors. Note that abundant lymphatic vessels were observed in SAS-LM3 tumors, and
cancer cells had invaded into peritumoral lymphatic vessels and spread along lymphatic vessels (arrows). Scale bar, 50 ym.

Green primers used for the amplification were as follows: = VEGF-D, sense 5-AGCGATCATCTCAGTCCACA-3' and anti-
human VEGF-C, sense 5-GGAGGCTGGCAACATAACAG-3' sense 5-AGGTGCTGGTGTTCATACAG-3'; human COX-2,
and antisense 5'-ACGTCTTGCTGAGGTAGCTC-3"; human sense 5-TGCATTCTTTGCCCAGCACT-3' and antisense
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Figure 2. Enhanced lymphangiogenesis in highly metastatic SAS-LM3 tumor. (A) Immunohistochemical analyses of lymphatic vessels in orthotopic SAS-Venus or
SAS-LM3 tumor (Venus: green). Frozen sections were stained for lymphatic vessels (anti-LY VE-1: red) and nuclei (DAPI: blue). Scale bar, 100 gm. (B) Quantification
of tumor lymphatic vessels. The data were expressed as mean area density of LY VE-1-positive pixels per microscopic field (mean + SD). ‘P<0.01 vs. SAS-Venus.

5'-AAAGGCGCAGTTTACGCTGT-3"; human f3-actin, sense
5-AGCGGGAAATCGTGCGTG-3' and antisense 5-CAGGGT
ACATGGTGGTGGTGCC-3. mRNA expression levels were
normalized to that of -actin.

Enzyme-linked immunosorbent assay (ELISA). SAS cells
were seeded in 48-well plates and incubated in serum-free
DMEM for 48 h. The conditioned medium was collected, and
human VEGF-C protein levels quantified using the Quantikine
VEGF-C ELISA kit (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer's instructions.

COX-2inhibitor.NS-398 (N-[2-(cyclohexyloxy)-4-nitrophenyl]-
methanesulfonamide), a COX-2 inhibitor, was purchased from
Cayman Chemical (Ann Arbor, MI, USA).

Statistical analysis. The data are presented as the mean + SD,
except morphometric analysis data, which are expressed as
mean + SE. Student's t-test was used to compare data between
two groups. P-values of <0.05 were considered to have statis-
tical significance.

Results

Establishment of highly metastatic oral squamous cell carci-
noma. To understand the underlying mechanism of lymph
node metastasis of OSCC, we first aimed to establish a highly
metastatic model of OSCC using fluorescent-labeled OSCC
cell lines. We inoculated several OSCC cell types into mouse

tongue, and found that SAS cells that had originally been
isolated from oral cancer showed discernible tumorigenesis
in vivo. We stably overexpressed Venus protein, an improved
version of GFP, into SAS cells (SAS-Venus). Venus-labeled
SAS cells spontaneously metastasized to the cervical lymph
nodes 3 weeks after tongue inoculation, and fluorescent labeling
enabled us to perform in vivo monitoring of lymph node
metastasis under a fluorescence stereomicroscope (Fig. 1A).
Histological examination also showed the metastasis of
SAS-Venus cells to the lymph nodes (Fig. 1B). To obtain highly
metastatic cells by in vivo selection, tumors were recovered
from metastatic lesions, expanded in culture, and re-inoculated
into mice (Fig. 1C). Finally, we established highly metastatic
SAS cells (named SAS-LM3) after three rounds of in vivo selec-
tion using the poorly metastatic human cell line SAS-Venus as a
starting point. The incidence of lymph node metastasis reached
88.8% in the fourth generation of the mouse model (Fig. 1D).
In vitro wound healing assay revealed that migration activity
was also increased in SAS-LM3 cells compared to SAS-Venus
cells (Fig. 1E). Interestingly, immunohistochemical analysis
using LY VE-1 antibody, a specific lymphatic vessel marker,
demonstrated abundant lymph node vessels in SAS-LM3 tumor
tissues (Fig. 1F). Moreover, we found that SAS-LM3 cancer
cells in this model invaded into peri-tumoral lymphatic vessels
and spread along lymphatic vessels toward the regional lymph
nodes (Fig. 1F). These data suggest that SAS-LM3 cancer cells
are a relevant preclinical animal cancer model for non-invasive
imaging of lymph node metastases and the determination of
underlying molecular mechanism.
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Figure 3. Increased VEGF-C mRNA expression and production in highly metastatic SAS-LM3 cells. (A) Total RNA isolated from SAS-Venus and SAS-LM3
cells was used for gRT-PCR analysis of VEGF-C and VEGF-D. The data are expressed as fold activation normalized to SAS-Venus (mean + SD). "P<0.05 vs. SAS-
Venus; n.s., not significant. (B) VEGF-C production in SAS-Venus and SAS-LM3 cells was determined by ELISA. The data are expressed as O.D. (mean + SD).

“P<0.05 vs. SAS-Venus.

Increased lymphangiogenesis and VEGF-C expression in
SAS-LM3 tumors. Since abundant lymphangiogenesis was
observed in SAS-LM3 tumors (Fig. 1G), we next quantified
tumor lymphangiogenesis in SAS-Venus and SAS-LM3 tumors.
Immunohistochemical staining of LYVE-1 revealed that
the size and number of lymphatic vessels were dramatically
increased in mice inoculated with SAS-LM3 cells compared
with those inoculated with SAS-Venus cells (Fig. 2A). Increased
lymphangiogenesis in SAS-LM3 tumors was validated by the
quantification of LY VE-1-positive areas (Fig. 2B). These data
raised the possibility that SAS-LM3 cells produce the lymphan-
giogenic growth factors VEGF-C and -D. We found that
mRNA expression of VEGF-C, but not VEGF-D, was elevated
in SAS-LM3 cells compared with SAS-Venus cells (Fig. 3A).
VEGF-C production in SAS-LM3 cells was significantly
higher than in SAS-Venus cells (Fig. 3B). These data suggest
that elevated expression of VEGF-C seems to be an important
feature of highly metastatic OSCC.

Involvement of COX-2 in tumor lymphangiogenesis and lymph
node metastasis of OSCC. Recent studies have suggested that
COX-2 is involved in lymphangiogenesis (32). Accordingly, we
examined whether expression of COX-2 was associated with
the increase in VEGF-C expression and lymphangiogenesis in
SAS-LM3 cells. To approach this, we first compared COX-2
expression in SAS-LM3 and SAS-Venus cells, and found that
COX-2 mRNA expression was elevated in SAS-LM3 compared
with SAS-Venus cells (Fig. 4A). Immunohistochemical staining
detected COX-2 protein in Venus-positive OSCC inoculated
in mice (Fig. 4B). To confirm the direct effects of COX-2 on
VEGF-C expression in SAS-LM3 cells, we investigated the effect
of COX-2 knockdown on VEGF-C expression. We confirmed
that COX-2 shRNA decreased COX-2 expression at the protein
level (Fig. 4C). Importantly, knockdown of COX-2 significantly
decreased the expression of VEGF-C mRNA in SAS-LM3 cells
(Fig. 4D). Moreover, the COX-2-selective inhibitor NS-398 also
decreased VEGF-C mRNA expression (Fig. 4E) and production
(Fig. 4F).

To further clarify the role of COX-2 in lymph node metas-
tasis of OSCC, we subsequently investigated the effect of

NS-398 on tumor lymphangiogenesis in our animal model. As
shown in Fig. SA, tumor lymphangiogenesis was significantly
decreased in NS-398-treated mice compared with control mice.
Quantification of LY VE-1-positive areas in hotspots confirmed
these findings (Fig. 5B). Importantly, NS-398 significantly
suppressed the rate of lymph node metastasis (Fig. 5C and D).
These data suggest that COX-2 contributes to the development
of lymphangiogenesis and lymph node metastasis of OSCC.

Discussion

Cervical lymph node metastasis significantly correlates with
poor survival in patients with OSCC. A better understanding
of the molecular mechanisms underlying lymph node metas-
tasis is important for the early diagnosis and development of
effective treatments of OSCC, which in turn leads to improved
QOL and survival. However, little attention has been paid to the
understanding of the pathophysiology of OSCC lymph node
metastasis. Here, we have established an animal model of OSCC
lymph node metastasis in an attempt to uncover its mechanism.
We generated a highly metastatic OSCC cell line, SAS-LM3,
which exhibited enhanced lymphangiogenesis. We demonstrated
that increased VEGF-C under the control of COX-2 is critical
for lymph node metastasis, and that inhibition of COX-2 clearly
decreased lymphangiogenesis and lymph node metastases. Our
results suggest that COX-2 is involved in lymphangiogenesis and
lymph node metastases, and thus is a potential therapeutic target
in the treatment of OSCC.

COX-2 expression has been reported to be significantly
increased in a variety of human cancer cells. High expres-
sion of COX-2 is associated with tumor growth, apoptosis,
angiogenesis and metastasis (33-36). Previous studies have
also shown that blockage of the COX-2 pathway is a prom-
ising antitumor strategy, and COX-2 inhibitors have potential
as chemopreventive agents in OSCC (37,38). Our preclinical
studies clearly showed COX-2 to be critical for tumor lymphan-
giogenesis and lymph node metastasis of OSCC. Although
previous clinical studies described a correlation between
COX-2 expression and lymph node metastasis in tumors
including gastric (39), lung (40), breast (41) and prostate (42),
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Knockdown of COX-2 by shRNA. SAS-LM3 cells were transfected with shNT or shCOX-2 and the level of COX-2 protein was analyzed with western blotting. (D)
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Cont. (F) VEGF-C production in SAS-LM3 cells treated with vehicle (Cont) and NS-398 was determined by ELISA. The data are expressed as O.D. (mean + SD).
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the role of COX-2 in tumor lymphangiogenesis and lymphatic
metastasis in OSCC has remained poor. Here, we showed that
highly metastatic OSCC exhibited augmented expression of
COX-2, which significantly correlated with increased lymph
node metastasis. Lymphangiogenesis is regulated by various
growth factors including VEGF-C/D, transforming growth
factor 3 (TGF-p), platelet-derived growth factor and fibroblast
growth factor 2 (FGF2) (43,44), which can all be potential
therapeutic targets. Recent studies suggest that inhibition
of VEGF-C/D and their cognitive receptor VEGFR-3 is an
alternative therapeutic approach for lymph node metastasis,
and that neutralizing antibodies against VEGFR-3 inhibited
lymph node metastasis (12,13,45). Our results showing that

VEGF-C expression was highly correlated with lymphatic
metastasis of OSCC suggest that therapeutic approaches
targeting VEGFR-3 using neutralizing antibody could also be
beneficial for patients with OSCC.

Recent studies have shown that the epithelial-mesenchymal
transition (EMT) play important roles in the process of cancer
metastasis (46). EMT is associated with the increased cellular
motility which enables cancer cells to migrate into distant
organs. Although various cytokines are reported to induce
EMT in cancer cells, it is well established that TGF-f3 is the
major and potent inducer of EMT (47). TGF-f activates Smad
proteins and activated Smads regulate several genes including
Snail and Twist which causes EMT (47). It is likely that EMT
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Figure 5. Effect of COX-2 inhibitor on lymphangiogenesis and lymph node metastasis in vivo. (A) Immunohistochemical analyses of lymphatic vessels in SAS-
LM3 tumor treated with vehicle or NS-398 (Venus: green). Frozen sections were stained for lymphatic vessels (anti-LY VE-1: red) and nuclei (DAPI: blue).
Scale bar, 100 ym. (B) Quantification of tumor lymphatic vessels. The data are expressed as mean area density of LY VE-1-positive pixels per microscopic field
(mean + SD). "P<0.05 vs. vehicle. (C) Representative fluorescence images of lymph node metastasis in SAS-LM3-bearing mice treated with vehicle or NS-398.
Cervical lymph node metastasis (arrowheads) was detected under the fluorescence stereomicroscope. (D) The percentages of lymph node metastasis in SAS-LM3-
bearing mice treated with vehicle or NS-398 (n=11 per group for each experiment). "P<0.01. vs. vehicle.

was upregulated in SAS-LM3 cells compared to SAS-Venus
cells and therefore showed high metastatic activity. To
support this notion, cellular motility of SAS-LM3 cells
were increased (Fig. 1E) and SAS-LM3 cells showed high
expression of fibronectin which was described as an acquired
mesenchymal cell marker in EMT (data not shown). Further
studies are needed to clarify the role of EMT in lymph node
metastasis of OSCC.

In the present study, we focused on COX-2 as the regulator
of lymphangiogenesis and lymph node metastasis of OSCC.
However, various factors including signaling molecules, cytokines
and enzymes should be involved in metastatic events. Additional
studies using our cells established in this study would be useful
to determine the precise molecular mechanisms responsible for
the lymph node metastasis. For example, microarray analysis

between SAS-Venus and SAS-LM3 may lead to the identification
of novel regulator of lymphangiogenesis and non-invasive animal
model of lymph node metastasis enable us to examine the effect
of new therapeutic agents.

In conclusion, our results suggest that increased expression
of COX-2 is critical for the development of lymphatic metastasis
in OSCC. The results also suggest that COX-2 is a potential
therapeutic target in designing pharmacologic interventions for
the treatment of oral cancer.
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