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Numerous past studies have suggested a critical role
of the paracrine effect between tumor vascular endo-
thelial growth factor (VEGF)-C and lymphatic FLT-4 in
solid tumor-associated lymphangiogenesis. In con-
trast, the pathophysiological role of tumor cell-asso-
ciated FLT-4 in tumor progression remains to be elu-
cidated. Here, we investigated this role using a tumor
implantation model. SAS cells, an oral squamous car-
cinoma cell line expressing both VEGF-C and FLT-4
but neither FLK-1/KDR nor VEGF-D were adopted for
experiments. Stable transformants of dominant-neg-
ative (dn) SAS cells were established in which the
cytoplasmic domain-deleted FLT-4 was exogenously
overexpressed, which can lead to inactivation of en-
dogenous FLT-4 through competitive antagonism and
is associated with down-activation of endogenous
FLT-4-related intracellular signals. In vitro and in vivo
proliferation assays showed lower proliferative activ-
ity of dn-SAS cells. An immunohistochemical study
revealed that the tumor lymphangiogenesis was sig-
nificantly suppressed, and the level of human VEGF-C
mRNA was significantly lower in dn-SAS cell-derived
tumor tissues. Moreover, in vitro studies demonstrated
that the significant suppression of VEGF-C and VEGF-A
expression was evident in dn-SAS cells or wild-type SAS
cells treated with either the FLT-4 kinase inhibitor

MAZ51 or the inhibitor of FLT-4-related signals. These
findings together suggested that the VEGF-C/FLT-4 au-
tocrine loop in tumor cells was a potential enhancer
system to promote cancer progression, and FLT-4 in
tumor tissue might become an effective target for
cancer therapy. (4m J Patbol 2009, 175:1709-1721; DOI:
10.2353/ajpath.2009.081139)

Many previous studies have demonstrated that tumor-
associated angiogenesis/lymphangiogenesis plays a
crucial role in tumor progression, and angiogenic/lym-
phangiogenic activity is frequently correlated with re-
gional lymph node metastasis, distant metastasis, and
the prognosis of patients with malignant neoplasm.’3 It
is well-known that tumor cell-derived vascular endothelial
growth factor (VEGF)-A and VEGF-C are key growth fac-
tors for the promotion of angiogenesis/lymphangiogen-
esis in malignant tissue.*~® VEGF receptor (VEGFR)-1
(FLT-1), VEGFR-2 (FLK-1/KDR), and VEGFR-3 (FLT-4)
are receptors for VEGF families. Generally, VEGFR-1 and
-2 are well-known as the receptors primarily expressed in
blood endothelial cells in the vascular system, and the
VEGF-A/VEGFR-2 paracrine interaction between tumor
cells and blood endothelial cells is one of the most im-
portant systems for tumor-associated angiogenesis.*” In
contrast, a current report demonstrated that VEGF-A was
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a lymphangiogenic factor and contributed to lym-
phangiogenesis in tumor tissue,® suggesting a broad role
of VEGF-A in tumor-associated induction of neovessels.
FLT-4 is also well-known as a receptor primarily ex-
pressed in lymphatic endothelial cells and occasionally in
newly formed blood endothelial cells, and the VEGF-C/
FLT-4 paracrine interaction between tumor cells and lym-
phatic endothelial cells is one of the most important sys-
tems for tumor-associated lymphangiogenesis.®

According to a number of reports, although VEGF-A
and VEGF-C are immunohistochemically not detected or
weakly positive in normal epithelial cells, strongly positive
reactions of these factors are frequently observed as a
result of genetic transformation in various types of cancer
cells.?'° Frequently, their expressions are clinicopatho-
logically correlated with clinical statuses such as regional
lymph node metastasis and distant metastasis.®> '~ In
contrast, some recent studies have demonstrated that
FLT-4 is also expressed not only in endothelial cells but
also in a wide variety of malignant cells, including pros-
tatic cancer, head and neck squamous cell carcinoma,
endometrioid adenocarcinoma, malignant mesothelioma,
leukemia and non-small cell lung carcinoma.'~'® Fur-
thermore, FLT-4 expression in tumor cells has been re-
ported to be a possible predictive factor to determine the
clinical approach because it correlates with lymph node
metastasis or poor prognosis in patients with prostatic
cancer, endometrial carcinoma, oral squamous cell car-
cinoma, and non-small cell lung carcinoma.'15:16:19
These studies suggest that FLT-4 in tumor cells contrib-
utes to the promotion of tumor progression. The underly-
ing biological functions, however, have not yet been well
characterized. There are a few traditional studies indicat-
ing the functions of FLT-4 in tumor cells, in which FLT-4 is
reported to be an enhancer of the proliferative and anti-
apoptotic activity of leukemia cells and methothelioma
cells in vitro.'”"'® Additionally, a current report demon-
strated that the VEGF-C/FLT-4 axis in lung adenocarci-
noma cells played a role in promoting the activities of
invasion and metastasis via FLT-4-associated src/p38
mitogen-activated protein kinase (MAPK)/c/EBP signal-
dependent up-regulation of contactin-1 in vitro and in
vivo.'® Therefore, the VEGF-C/FLT-4 autocrine system in
tumor cells seems to be widely involved in tumor progres-
sion, including growth, invasion, and metastasis, and
further unknown functions may exist.

The protein kinase C (PKC)-p42/44 MAPK and phos-
phatidylinositol-3 kinase (PI3K)-Akt, generally well ac-
cepted pathways related to cell growth, antiapoptosis,
or migration, were reported to be the main downstream
signals of FLT-4 in lymphatic endothelial cells.?® By con-
trast, our previous studies demonstrated that the gene
expressions of some angiogenic/lymphangiogenic
growth factors, including hepatocyte growth factor
(HGF),2' VEGF-A,?2 and VEGF-C (unpublished data),
were stimulated by the p42/44 MAPK pathway in fibro-
blasts and vascular smooth muscle cells. In addition,
recent studies have revealed that up-regulation of
VEGF-A or VEGF-C in response to stimuli of various
growth factors was mediated by PI3K or p42/44 MAPK in
a variety of cell lines, including malignancy.?>2° There-

fore, we hypothesized that the VEGF-C/FLT-4 autocrine
system in tumor cells is involved not only in tumor cell
proliferation, the maintenance of tumor cell viability, and
the invasive activity of tumor cells, but also in tumor-
associated  angiogenic/lymphangiogenic potential
through the modulation of expression profiles of angio-
genesis/lymphangiogenesis-related growth factors via
FLT-4-associated signals.

To validate our working hypotheses using a tumor
implantation model, we established stable transformants
forcibly and highly expressing a dominant-negative (dn)
inhibitor: namely, cytoplasmic domain-deleted FLT-4 that
is expressed on the cell membrane and dominant nega-
tively inhibits endogenous FLT-4 autophosphorylation
(Supplemental Fig. S1, see http.//ajp.amjpathol.org). This
inhibitory method makes possible a sustained blockade of
the cells’ own Flt-4 activity without affecting that in the sur-
rounding lymphatic endothelial cells in the tumor tissue.
Using this animal model, we herein found the possible novel
role of tumor cell-associated FLT-4 in tumor progression.

Materials and Methods

Cells and Reagents

The cancer cell lines SAS, HSC-2, TF, and KN (oral squa-
mous cell carcinoma); A549 (lung adenocarcinoma); H157,
QG56, and EBC-1 (lung squamous cell carcinoma); and
HSG and ACC (adenoid cystic carcinoma of salivary
gland) were maintained with RPMI 1640 supplemented
with 100 units/ml penicillin/streptomycin and 10% fetal
bovine serum. Human fibroblast (MRC5), mouse fibro-
blast (NIH3T3), and simian kidney fibroblast (Cos7) were
purchased from American Type Culture Correction and
maintained with Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal bovine serum. Human um-
bilical vein endothelial cells were isolated and maintained
as described previously.?®* MAZ51, a VEGFR-3 inhibitor,
was purchased from Calbiochem (San Diego, CA). The
PKC inhibitor bisindolylmaleimide | (Sigma-Aldrich Ja-
pan, Tokyo, Japan), the PI3K inhibitor wortmannin (Sig-
ma-Aldrich Japan), the MEK1/2 inhibitor U0126 (Pro-
mega K.K., Tokyo, Japan), the p38 MAPK inhibitor
SB203580 (Calbiochem), and the Akts inhibitor Akt inhib-
itor V (Calbiochem) were used for the inhibition of each
signal transduction. Recombinant human VEGF-C was
purchased from R&D Systems (Minneapolis, MN). Non-
immune goat IgG, anti-p42/44, and anti-phospho-p42/44
ERK rabbit monoclonal antibodies were purchased from
Sigma-Aldrich Japan. Anti-human Flt-4 for recognizing
the extracellular domain of FLT-4 and anti-human
VEGF-C goat polyclonal antibodies were purchased from
R&D Systems. Anti-human Flt-4 rabbit polyclonal anti-
body for recognizing the intracellular domain of FLT-4
was purchased from Millipore (Bedford, MA). Anti-Akt,
anti-phospho-Akt, anti-p38 MAPK, and anti-phospho-p38
MAPK rabbit polyclonal antibodies, as well as anti-phos-
pho-tyrosine mouse monoclonal antibody, were pur-
chased from Cell Signaling Technology (Beverly, MA).
Anti-murine lymphatic vessel endothelial hyaluronan re-



ceptor-1 (LYVE-1) rabbit peptide antibody was produced
in our laboratory as described previously,®” and anti-
human/mouse von Willebrand factor (vVWF) rabbit mono-
clonal antibody was purchased from BD Pharmingen
(Franklin Lakes, NJ).

RT-PCR and Real-Time RT-PCR

Total cellular RNA was extracted from culture cells or
implanted tumor tissues with the ISOGEN system (Wako
Pure Chemical, Osaka, Japan), according to the manu-
facturer’s instructions, and treated with RNase-free
DNase | (Behringer Roche Applied Science Japan, To-
kyo, Japan). Subsequently, aliquots (25 ng) of total RNA
were reverse-transcribed and used for PCR templates.
Appropriate amplification of target genes was done in a
T-gradient thermal cycler, (Biometra, Gottingen, Germany).
PCR products were electrophoresed in agarose gel and
stained with ethidium bromide. Real-time RT-PCR was per-
formed for quantification of gene expression levels. Ampli-
fication of target genes was monitored in real time, and
gene expression levels were quantified using Sequence
Detection System model 7000 (Applied Biosystems, Tokyo,
Japan), according to the manufacturer’s instructions for
TagMan methods. The oligonucleotide sequences of PCR
primers and TagMan probes are listed in Table 1.

Construction of Plasmid Vector and Plasmid
Templates

The PCR primers incorporating Hind-Ill and Xho-| sites for
amplification of human dn-flt-4 are as follows: dn-flt-4, 5'-
AAAAGCTTATGCAGCGGG-GCGCCGCGCTG-3"  (forward)
and 5'-AACTCGAGCTACCACTGGCTGGCATCGTAG-3'
(reverse). A PCR amplicon using cDNA from human um-
bilical vein endothelial cells was inserted into a mamma-
lian expression plasmid vector, pCEP4, according to
general subcloning methods. The primer sequences to
construct plasmid templates for real-time PCR standard
are as follows: human and mouse vegf-a, 5'-CCATGC-
CAAGTGGTCCCAGG-3’ (forward) and 5'-TCTTTCTTTG-
GTCTGCAT-3' (reverse), and human and mouse vegf-c,
5'-GAAATTACAGTGCCTCTCTC-3" (forward) and 5'-
CTAGTTCTTTGTGGGTCCAC-3’ (reverse). Each PCR
amplicon using cDNA from MRC5 or NIH3T3 was inserted
into a plasmid with a pCRII TA cloning kit (Invitrogen, Carls-
bad, CA), according to the manufacturer’s instruction. The
sequence of each insert was examined using the CEQ 2000
Sequence Detection System (Beckman Coulter, Fullerton,
CA), and complete matching compared with those reported in
GenBank (accession nos. NM_182925, NM_001025366,
NM_001025250, NM_005429, and NM_009506 for dn-fit-4,
human vegf-a, mouse vegf-a, human vegf-c, and mouse
vegf-c, respectively) was confirmed.

Establishment of Stable Transformant

Constructed dn-flt-4-inserted pCEP-4 (oCEP4-dn-flt-4) and
empty pCEP4 (pCEP4-emp) were transfected into SAS cells
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using LipofectAMINE 2000 reagent (LF2000; Invitrogen),
according to the manufacturer’s instruction. Forty-eight
hours after transfection, the culture medium was replaced
with medium containing 100 ug/ml hygromysin (Promega,
Madison, WI) (RPMI-hygro). At that concentration, wild SAS
was completely killed. The cells were then maintained with
RPMI-hygro until the selected cells had grown appropri-
ately. Next, the selected cells were spread onto 96-multiwell
plates for single-cell culture and were maintained with
RPMI-hygro until they reached confluence. Single-cell-de-
rived confluent cells were continuously maintained in RPMI-
hygro in larger shares. Expression of dn-FLT-4 protein was
confirmed by immunoblotting and flow cytometry.

Flow Cytometry

Dn-FLT-4 expression on the cell surface was confirmed
using flow cytometry. Cultured stable clones (emp-SAST
and dn-SAS4) were trypsinized and washed three times
with PBS, and single-cell suspensions were generated.
Cells (1 x 10°) were incubated with anti-human FLT-4
mouse monoclonal antibody for 30 minutes, and subse-
quently incubated with FITC-labeled anti-mouse secondary
antibody. Samples were analyzed in a FACScan flow cy-
tometry (BD Biosciences, San Jose, CA) using the program
CellQuest (BD Biosciences). Emp-SAS1 was used as
control.

Animals

Male BALB/c nu/nu mice (5 weeks old) were from Kyudo
(Tosu, Saga, Japan). All animal experiments were done
under approved protocols and in accordance with rec-
ommendations for the proper care and use of laboratory
animals by the Committee for Animal, Recombinant DNA,
and Infectious Pathogen Experiments at Kyushu Univer-
sity and according to the Law (no. 105) and Notification
(no. 6) of the Japanese Government.

Tumor Implantation Model

With mice under sufficient anesthesia by an i.p. injec-
tion of sodium pentobarbital, 1 X 10° tumor cells were
intradermaly injected into the abdominal region. Tumor
volumes were measured 7, 14, 17, 21, 24, and 28 days
after implantation. Tumor volumes were estimated by
the formula V = w/6X a®X b, where a was the short axis
and b the long.?®

Sample Preparation for Inmunoblotting

Cells were lysed with 200 ul of cell lysis buffer (Promega)
containing a mixture of protease inhibitors (1.5 mmol/L pep-
statin, 0.01 M aprotinin, and 500 nmol/L phenylmethylsul-
fonyl fluoride), and the supernatant of the lysed cells was
recovered. The amount of protein was determined using
the Protein Assay kit (Bio-Rad, Hercules, CA). An aliquot of
20 ug of proteins was subjected to SDS-polyacrylamide gel
electrophoresis and subsequent immunoblotting to detect
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Table 1. Primer and Probe Sequences

Primer name

Forward

RT-PCR
Human FLT-4 (extra, AT:60, CN:30)*
Human FLT-4 (intra, AT:68, CN:30)
Human HGF (AT:60, CN:35)*
Human VEGF-D (AT:60, CN:35)*
Human Ang-1 (AT:60, CN:35)*
Human Ang-2 (AT:60, CN:35)*
Human IGF-I (AT:60, CN:35)*
Human IGF-II (AT:60, CN:35)*
Human GAPDH (AT:60, CN:16)*
Human VEGF-A (AT:60, CN:30)
Human VEGF-C (AT:60, CN:30)
Human VEGF-D (AT:60, CN:35)
Human FLT-1 (AT:60, CN:35)
Human FLK-1 (AT:60, CN:35)
Human PDGF-A (AT:60, CN:35)
Human PDGF-B (AT:60, CN:35)
Human PDGF-C (AT:60, CN:35)
Human PDGFR-a (AT:60, CN:30)
Human PDGFR-B (AT:60, CN:35)
Human HGF (AT:60, CN:35)
Human c-MET (AT:60, CN:30)
Human FGF-2 (AT:60, CN:35)
Human FGFR-1 (AT:60, CN:35)
Human IGF-I (AT:60, CN:35)
Human IGF-II (AT:60, CN:35)
Human IGFI-R (AT:60, CN:35)
Human EGF (AT:60, CN:35)
Human EGFR (AT:60, CN:30)
Human Ang-1 (AT:60, CN:35)
Human Ang-2 (AT:60, CN:35)
Human Tie-2 (AT:60, CN:35)
Human GAPDH (AT:60, CN:16)

Real-time PCR with TagMan probes
Human VEGF-A*
Human VEGF-C

Human PDGF-B*
Human GAPDH

Mouse VEGF-A*
Mouse VEGF-C*

5'-TCAATGAGGAGTTCTGCCAGC-3’
5'-CCAGCATCGTGTGGTACAAAGA-3’
5'-TTACGAGTGGCACATCTCTATA-3’
5'-GTGGCTGTTGCAATGAAGAGA-3'
5'-AATATGCCAGAACCCAAAAAGGT-3'
5'-AGATCAAGGCCTACTGTGACAT-3’
5'-GCTGTTGATCTTTTATCAATAATG-3'
5'-ATGCTGGTGCTTCTCACCTTC-3'
5'-ACCAGGGCTGCTTTTAACTC-3’
5'-ACCATGCCAAGTGGTCCCAG-3'
5'-CTTCTTTAAACCTCCATGTGTGTC-3’
5'-CCAAACAGCTCTTTGAGATATCA-3'
5'-GCCCGGGATATTTATAAGAACC-3’
5'-TCATCTGTTACAGCTTCCAAGT-3’
5'-TGCTCCTCGGCTGCGGATAC-3'
5'-ACCAACGCCAACTTCCTGGTG-3'
5'-ATGAGCCTCTTCGGGCTTCTC-3’
5'-TCTACAATAAGATCAAGAGTGG-3’
5'-AAGCTGGTCAAGATCTGTGACT -3’
5'-TTACGAGTGGCACATCTCTATA-3’
5'-GTCAATGACTTCTTCAACAAGAT-3'
5'-CCACTTCAAGGACCCCAAGC-3'
5'-CGCTGGTTGAAAAATGGCAAAG-3’
5'-TGCTTCCGGAGCTGTGATCT-3'
5'-ATCCTTGATACAACAGCTGACC-3’
5'-GGGACGCTCTCCATGTTCTC-3'
5'-GTCTGTGATTGAAATGGCCAATC-3'
5'-CTGATGGATGAAGAAGACATGGA-3'
5'-AATATGCCAGAACCCAAAAAGGT-3'
5'-AGATCAAGGCCTACTGTGACAT-3’
5'-GCCTCCAAAGATGATCACAGG-3’
5'-ATCACTGCCACCCAGAAGACT-3'

5'-TACGTACCCACACACAGCGC-3'
5'-AGCCTGAAACAGCATACCAGGT-3’

5'-TGCATTCTTCGCTGCCATT-3’
5'-TTCGTCATGGGTGTGAACCAT-3""

5’ -CTGTCGGAAATCTTCAAGTCA-3""
5'-CCAACAGTGATGTCTGGTCCTATG-3'
5'-GTCATGGGTGTGAACCATGAG-3’

Oligonucleotide sequences of primer sets for RT-PCR, and those of TagMan probes and primer sets for real-time RT-PCR. These primer sets
indicated in the table were specific or available for a reaction to the indicated species of targets.

“Primer set can not react to the corresponding mouse target gene, 'These alternate primers were used to detect change in expression during
blockade of VEGF-C/FLT-4 autocrine system in SAS cells in vivo, *Primer set can not react to the corresponding human target gene. F, forward primer;

R, reverse primer; CN, cycle number; AT, annealing temperature.

intracellular signaling molecules or dn-FLT-4. To examine
the phosphorylation level of endogenous FLT-4 in SAS
cells, samples were prepared using immunoprecipita-
tion. An aliquot of 500 ng of proteins was used. Non-
specific proteins bound to protein G-Sepharose beads
and nonimmune IgG were eliminated by 3-hour expo-
sure of the aliquot to protein G-Sepharose beads
(Pharmacia Biotech, Uppsala, Sweden) and subse-
quently to nonimmune goat 1gG, and the aliquot was
recovered. For immunoprecipitation, the recovered al-
iquot was coincubated with protein G-Sepharose
beads binding 3 ng of anti-human FLT-4 antibody for
recognizing the intracellular domain. The beads were
pelleted and heat-treated in 20 ul of mercaptoethanol
sample buffer, after which the samples were subjected
to SDS-polyacrylamide gel electrophoresis and subse-
quent immunoblotting.

Immunoblotting

Proteins of the prepared samples for immunoblotting de-
scribed above were separated by SDS-polyacrylamide gel
electrophoresis under reducing conditions and were then
transferred to a polyvinylidene difluoride membrane. An
hour after being blocked with PBS containing 5% nonfat
milk and 0.1% Tween 20, the membrane was incubated
overnight with each primary antibody-diluted PBS solution,
containing 5% BSA and 0.1% Tween 20, at 4°C. The dilu-
tion rate was determined according to the manufacturer’s
instructions. After several washings with PBS containing
0.1% Tween 20, the membrane was treated for 2 hours
with an appropriate horseradish peroxidase-labeled sec-
ondary antibody, HistoFine (Dako, Glostrup, Denmark), at
room temperature. The target proteins were visualized by
a luminal chemiluminescent reagent, LumiGLO (Cell Sig-
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Reverse

Tagman probe

5'-GTGGTTCCTCCAGGATGAAGA-3’
5'-CTCCCCGGGGTCCATGATGAT-3'
5'-TGACTGTGGTACCTTATATAGTT-3'
5'-TGCACTCAAAGCAACTGCAGTT-3’
5'-CAGTTGTCATTATCAGCATCTTTA-3'
5'-CAAATACATTTGTCGTTGTCTCC-3'
5'-GGTACAAATGCCACAGATGGA-3’
5'-CCAGGTGTCATATTGGAAGAAC-3’
5'-TCGCCCCACTTGATTTTGGA-3'
5'-CTTTCTTTGGTCTGCATTCACA-3’
5'-GAATGAACTTGTCTGTAAACATCCA-3’
5'-TGCACTCAAAGCAACTGCAGTT-3’
5'-GGTTTGATTCTTTCCAGGCTC-3’
5'-CTGCTGTGTTGTCATAATGGAA-3’
5'-TCGTAAATGACCGTCCTGGTC-3’
5'-ACCGTCCGAATGGTCACCCGA-3'
5'-CTATCCTCCTGTGCTCCCTCT-3’
5'-TCTCTTGATGAAGGTGGAACT-3'
5'-GCATGATCTCATAGATCTCGTC-3’
5'-TGACTGTGGTACCTTATATAGTT-3'
5'-ACCACCTGCATGATGAAGCGACC-3’
5'-TTCGTTTCAGTGCCACATACCA-3’
5'-GTACACCTTACACATGAACTCC-3’
5'-GGTACAAATGCCACAGATGGA-3'
5'-CCAGGTGTCATATTGGAAGAAC-3’
5'-ACTCTCGGTCTCTGAGGCCAC-3'
5'-CTGACACCATGATTTCAGCCA-3’
5'-GCTGGACAGTGTTGAGATACTC-3’
5'-GAAATCAGCACCGTGTAAGATC-3’
5'-TTCAAGTTGGAAGGACCACATG-3’
5'-GGGAGCCTTCCCATTGTCTTT-3’
5'-ACCAGGAAATGAGCTTGACAA-3'

5'-GCAAGCCGTAAAACTTCTGCA-3'
5'-ATCTTCCTGAGCCAGGCATCT-3""
5'-TGGCTATAAGCAGCATCTTCCC-3""

5'-TCTCCCTCCGTTTTCTGGATTT-3’
5'-CATGTCACAGTAGGCCTTGATCTC-3’
5'-AGAGCTCCGCGCACGTC-3'
5'-ACTGTGGTCATGAGTCCTTCCA-3’

5'-FAM-AGTCACTCTCAGCGGCCATCGCTG-TAMRA-3’
5'-FAM-ATCTCAAGCACCAGCGGACCTCG-TAMRA-3'

5'-FAM-CTCACATAGGGTGCAGCAACCAGCG-TAMRA-3'
5'-FAM-CCAGTGGCATCTACACACTGACCTTCCC-TAMRA-3'
5'-FAM-CTTAGGAGGCACCCCCTACTGCGGC-TAMRA-3'
5'-VIC-CAAGATCATCAGCAATGCCTCCTGCA-TAMRA-3’

naling Technology). After visualization, the membrane
was further washed and incubated with stripping solution
(Nacalai Tesche, Kyoto, Japan) and subjected to reim-
munoblotting (reprobing) for detecting the appropriate
loading control.

Immunohistochemistry

Angiogenesis and lymphangiogenesis in implanted tumor
tissue were immunohistochemically evaluated using anti-
vWF and anti-LYVE-1 antibodies, respectively. Twenty-eight
days after implantation, mice were sacrificed, and tumor
masses were harvested. Formalin-fixed and paraffin-em-
bedded sections were then prepared. The immunohisto-
chemical procedure has been described previously.?”-2°
The lymphatic vessels were identified as LYVE-1-pos-
itive vessels. MacSCOPE software was used to measure
the total numbers and areas of the vessels, with the

apparent luminal areas framed by LYVE-1-positive lym-
phatic endothelial cells in the viable tumors. The blood
vessels were identified as vVWF-positive vessels, and their
numbers and areas were evaluated with the same meth-
ods used to evaluate lymphatic vessels. The vessel num-
ber was expressed as that per unit of viable tumor area,
and the vessel area was expressed as that per a vessel
in the viable tumors. To compare the intensity of VEGF-C
expression in emp-SAS1 cells with that in dn-SAS4 cells,
using implanted tumor sections, an immunohistochemi-
cal experiment was done simultaneously and on a like-
for-like basis.

Enzyme-Linked Immunosorbent Assay

VEGF-C, VEGF-A, and platelet-derived growth factor
(PDGF)-BB contents in the culture medium were deter-
mined using Quantikine Immunoassay systems for hu-
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man VEGF-C, for human VEGF165, and for human PDGF-
BB, respectively, according to the manufacturer’'s
instructions (R&D Systems). For the enzyme-linked immu-
nosorbent assay (ELISA), 10° tumor cells were dissemi-
nated and grown to subconfluence in 6-well culture
plates, and the medium was replaced with serum-de-
prived medium and cultured. Twenty-four hours later, the
medium was replaced with fresh medium with or without
appropriate treatments for 12 or 24 hours and harvested
as samples.

Statistical Analysis

All data were expressed as means *= SE and were ana-
lyzed by one-way analysis of variance with Fisher’s ad-
justment. Statistical significance was determined using
the log-rank test, and P < 0.05 was considered statisti-
cally significant.

Results

Screening of Gene Expression of Angiogenesis/
Lymphangiogenesis-Related Growth Factors
and Cognate Receptors in Various Human
Carcinoma Cell Lines

First, we examined the spontaneous expression profile
of angiogenic/lymphangiogenic growth factors and cog-
nate receptors in a wide variety of human carcinoma cell
lines in vitro. Results assessed with RT-PCR are shown
in Supplemental Table S1 (see http.//ajp.amjpathol.
org). Interestingly, carcinoma cell lines frequently pos-
sessed PDGF-AA/platelet-derived growth factor receptor
(PDGFR)-a, VEGF-C/FLT-4, and/or epidermal growth fac-
tor/epidermal growth factor receptor (EGF/EGFR) autocrine
systems. To clarify the role of the VEGF-C/FLT-4 system in
tumor cells, we used SAS cells, in which both VEGF-C and
FLT-4 but neither VEGF-D nor FLK-1 was expressed.
These expression profiles in SAS cells were suitable for
excluding the influences of the autocrine effects of VEGF-
C/FLK-1 and VEGF-D/FLT-4.

Stable and Forced Expression of dn-FLT-4
Induces dn Inhibition of Endogenous FLT-4
Activity Associated with Down-Activation of
FLT-4-related Downstream Signals and
Reduced Proliferative Activity in SAS Cells

To achieve a sustained blockade of FLT-4 activity in SAS
cells without directly affecting FLT-4 activity in lymphatic
endothelial cells in the tumor implantation model, we
established stable transformants expressing dn-FLT-4
(dn-SASs, nine clones) that is composed of extracellular
and transmembrane domains (Supplemental Fig. S1A,
see http.//ajp.amjpathol.org) and control stable transfor-
mants (emp SASs, seven clones) were simultaneously
established. We confirmed the stable expression of dn-
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Figure 1. Spontaneous activation of FLT-4-related signals occurs partially via
the VEGF-C/FLT-4 autocrine system in tumor cells. A: Expression of dn-FLT-4
in established stable transformants. Twenty-four hours after cultivation, cell
lysates of established stable clones (dn-SASs, nine clones) were harvested
and subjected to immunoblotting using an anti-human FLT-4 polyclonal
antibody for the extracellular domain of FLT-4 (upper panel). Subsequently,
the blot was stripped and reprobed with an anti-B-actin antibody as a loading
control (lower panel). Cell lysates of transiently transfected pCEP-4-dn-flt-4
Cos7 cells (dn-flt-4-Cos7) were used as a positive control. Cell lysates from
randomly selected emp-SAS cells (emp-SAS1) were used as a negative con-
trol. B: The dominant mRNA expression of dn-FLT-4 compared with that of
endogenous FLT-4. Semiquantitative RT-PCR was performed with primer sets
designed within the mRNA sequence of the extracellular domain (Extra-
FLT-4) or cytoplasmic domain (Intra-FLT-4). The primer sequences and PCR
conditions are listed in Table 1. C: Expression of dn-FLT-4 on the cell surface.
Flow cytometry analysis was performed as described in Materials and Meth-
ods. D: The dn inhibition of endogenous FLT-4 activity by dnFLT-4 in dn-SAS
cells. After 24-hour cultivation of emp-SAS1 cells or dn-SAS4 cells in serum-
deprived medium, the cells were harvested, and each cell lysate was sub-
jected to immunoprecipitation using anti-human FLT-4 polyclonal antibody
for the cytoplasmic domain of FLT-4 and subsequently to immunoblotting
using anti-phospho-tyrosine monoclonal antibody (upper panel). Phos-
phorylated 125-kDa FLT-4 was detected in emp-SAS1 but not dn-SAS4 cells
(upper panel, arrow). Next, the blot was stripped and reprobed with
anti-human FLT-4 antibody for the extracellular domain of FLT-4 as a loading
control (lower panel). Latent FLT-4 and active FLT-4 were detected as
195-kDa and 125-kDa bands, respectively (lower panel, arrows). E: Acti-
vation of Akt by VEGF-C in emp-SAS but not in dn-SAS cells. After 24-hour
cultivation of emp-SAS1 cells or dn-SAS4 cells in serum-deprived medium,
the media were replaced with serum-deprived media, and the cells were
stimulated with recombinant VEGF-C (100 ng/ml). After 15 minutes, cell
lysate was harvested and subjected to immunoblotting for phosphorylated
Akt (p-Akt, upper panel) and subsequently to reprobing for total Akt
(lower panel). F: Suppression of FLT-4-related signal transductions in
dn-SAS cells. Each harvested cell lysate in D was subjected to immuno-
blotting using antibody for phospho-p42/44 MAPK (p-p42/44 MAPK),
p-Akt, or phospho-p38 MAPK (p-p 38 MAPK). Subsequent reprobing with
an antibody for each total protein was performed. G: Blockade of FLT-4
activity in SAS cells suppressed tumor growth in vitro. Cells (1 X 10%) of
dn-SAS4 or emp-SAS1 cells were disseminated and grown on a culture
plate, and trypan blue-negative (viable) cells were counted every other
day until day 3. Three independent experiments were performed ("P <
0.0001, n = 3, each group).
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Figure 2. The VEGF-C/FLT-4 autocrine system
in tumor cells is involved in promoting tumor
growth in vivo. A-D: Blockade of FLT-4 activity
in SAS cells suppressed tumor growth in vivo. A:
The volumes of dn-SAS cell-derived tumors
(nine clones, n = 1, each) and emp-SAS cell-
derived tumors (seven clones, 2 = 1, each) were
determined as described in Materials and Meth-
ods. B: Pictures of the smallest tumor mass
among dn-SASs (left panel) and the largest
mass among emp-SASs (right panel) were
# shown. C: Growth curves of implanted dn-SAS4
cell (n = 10)- and emp-SAS1cell (7 = 9)-derived
tumors are indicated (day 21, *P < 0.005 versus
dn-SAS4; days 24 and 28, **P < 0.001 versus
dn-SAS4). D: Growth curves of implanted dn-
SAS5 cell (n = 6)- and emp-SAS2 cell (n =
6)-derived tumors are indicated (day 21, "P <
0.005 versus dn-SASS; day 24, **P < 0.01 versus
dn-SASS; and day 28, "P < 0.001 versus
dn-SASS).
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FLT-4 in all nine clones by immunoblotting (Figure 1A).
Next, we confirmed the expression levels of endogenous
full-length FLT-4 and exogenous dn-FLT-4 mRNAs in one
of the nine clones, dn-SAS4 cells, which showed the
highest expression of dn-FLT-4 among the nine. One
clone randomly selected from emp-SASs was used as a
control (emp-SAS1). RT-PCR revealed that the mRNA
level of dn-FLT-4 was markedly higher than that of en-
dogenous FLT-4 (Figure 1B). In addition, flow cytometry
revealed that a high level of dn-FLT-4 was expressed on
the cell surface of dn-SAS4 (Figure 1C). We next exam-
ined whether or not the stable overexpression of dn-
FLT-4 biochemically was able to lead to dn inhibition of
endogenous FLT-4 activity. For immunoprecipitation, an-
ti-human FLT-4 polyclonal antibody, which recognizes
the cytoplasmic domain of FLT-4, was used. This anti-
body made it possible to precipitate endogenous full-
length FLT-4 but not dn-FLT-4 in dn-SAS4. As shown in
Figure 1D, phosphorylated FLT-4, which is detected as a
125-kDa band by immunoblotting under reducing condi-
tion, was almost completely blocked in dn-SAS4 cells. In
addition, Akt, one of the FLT-4-related signaling mole-
cules, was activated in response to VEGF-C stimulation in
emp-SAST cells, whereas Akt activation in response to
VEGF-C was not observed in dn-SAS4 cells (Figure 1E).
These findings suggest that dn-FLT-4 is functional as a
dn inhibitor. Next, we examined the effect of dn-FLT-4 on
the spontaneous activation of the FLT-4-related intracel-
lular signals p42/44 MAPK, PI3K-Akt, and p38 MAPK. As
shown in Figure 1F, the phosphorylated levels of p42/44
MAPK, Akt, and p38 MAPK in dn-SAS4 cells were lower
than those in emp-SAS1 cells. The reliability of the results
was repeatedly confirmed using the same clone and

20 30

days

several other clones (data not shown). Several recent
studies have demonstrated that the VEGF-C/FLT-4 auto-
crine system in tumor cells contributes to the promotion of
cell proliferation and viability in vitro."”'® Therefore, we
examined the effect of dn-FLT-4 on proliferative activity in
vitro. Consistent with the previous study, reduced prolif-
erative activity in dn-SAS4 cells was observed compared
with that in emp-SAS1 cells (Figure 1G). Taking findings
indicated in Figure 1 together, the VEGF-C/FLT-4 auto-
crine system is biologically functional, and p42/44 MAPK,
Akt, and p38 MAPK pathways and proliferative activity
are spontaneously activated via the VEGF-C/FLT-4 auto-
crine system in SAS cells.

Sustained Blockade of the VEGF-C/FLT-4
Autocrine System in SAS Cells Reduces Tumor
Growth Activity in Vivo

Next, to investigate a role of Flt-4 expressed in tumor cells
on the tumor progression in vivo, we established a tumor
implantation model using dn-SAS cells. We first exam-
ined time-dependent tumor growth with all established
stable clones. Tumor growth of the nine clones express-
ing dn-FLT-4 (dn-SASs) showed a suppressive tendency
compared with that of the seven control clones (emp-
SASs) (Figure 2A). Representative tumors were indicated
in Figure 2B. To statistically clarify the effect of dn-FLT-4
in tumor growth, dn-SAS4 (n = 10) and emp-SAS1 (n =
9) cells were used for a tumor implantation model. As a
result, we confirmed a significant reduction of tumor vol-
umes of dn-SAS4 cells compared with those of emp-
SAS1 cells (Figure 2C). To eliminate unanticipated clon-
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ing artifacts, the similar experiments were performed
using clone 5 and clone 7 shown in Figure 1A (dn-SAS5
and dn-SAS7, respectively) and another randomly se-
lected control clone (epm-SAS2), and similar results
were obtained (Figure 2D; Supplemental Fig. S2A, see
http://ajp.amjpathol.org). These findings demonstrate
that FIt-4 expressed in tumor cells promotes not only
cell proliferative activity in vitro but also tumor growth
in vivo.

Sustained Blockade of the VEGF-C/FLT-4
Autocrine System in SAS Cells Inhibits
Tumor-Associated Lymphangiogenesis in
Implanted Tumor Tissue

Several recent reports have demonstrated that angiogen-
ic/llymphangiogenic growth factors such as VEGF-A and
VEGF-C are positively regulated by p42/44 MAPK and/or
PI3K signal transduction in normal and malignant
cells.2’2% Thus, we hypothesized that the inactive FLT-
4-mediated down-activation of p42/44 MAPK and Akt in
dn-SAS4 cells (Figure 1F) was implicated not only in
tumor growth but also in angiogenesis/lymphangiogen-
esis in implanted tumor tissue. We consequently per-
formed an immunohistochemical study for blood and lym-
phatic vessels using serial sections of implanted tumor
tissues. We first confirmed the specificity of antibodies for
an immunohistochemical reaction. As shown in Figure
3A, the VWF-positive vessels in the peritumoral s.c. tissue
showed no reaction to anti-LYVE-1 antibody. By contrast,
LYVE-1-positive vessels showed no reaction to anti-vWF
antibody. Therefore, these antibodies are extremely use-
ful for visually separating these vessels. Immunohisto-
chemical studies using these antibodies revealed that the
number and area of LYVE-1-positive lymphatic vessels in
viable tumor tissue were significantly lower in dn-SAS4
cell-derived tumors (n = 10) than those in emp-SAS1
cell-derived tumors (n = 9) (Figure 3, B and C). In con-
trast, the number of VWF-positive blood vessels was not
significantly different (Figure 3, B and D). In addition,
similar results were obtained using dn-SAS5 (Figure 3,
B-D) and dn-SAS7 (Supplemental Fig. S2B, see http://
ajp.amjpathol.org). These histological findings suggest
that the VEGF-C/FLT-4 autocrine system in tumor cells
contributes to the promotion of tumor-associated
lymphangiogenesis.

The VEGF-C/FLT-4 Autocrine System Enhances
Endogenous VEGF-C and VEGF-A Gene
Expressions and Protein Secretions

Numerous recent studies have demonstrated that several
growth factors, including VEGF-C, possessed direct or
indirect prolymphangiogenic activity.>82430-35 Tq ¢ar-
ify the mechanisms underlying the inhibition of tumor-
associated lymphangiogenesis observed in dn-SAS cell-
derived tumor tissues, we examined the expression
levels of prolymphangiogenic factors reported previ-
ously. In our preliminary screening of growth factors

expressed in cultured wild-type SAS cells, angiopoi-
etin-1, angiopoietin-2, EGF, hepatocyte growth factor
(HGF), insulin-like growth factor-I, insulin-like growth
factor (IGF)-Il, and fibroblast growth factor (FGF)-2 were
not detectable by RT-PCR (Supplemental Table S1, see
http.//ajp.amjpathol.org). These undetectable factors under
culture conditions were also undetectable in emp-SAS1
cell-derived tumor tissues (Figure 4A). In contrast, real-
time RT-PCR revealed that levels of human VEGF-C and
human VEGF-A mRNAs, but not human PDGF-B mRNA,
were significantly reduced in dn-SAS4 cell-derived tumor
tissues compared with those in emp-SAS1 cell-derived
tumor tissues (Figure 4B). The reduction rate of VEGF-A
was significant but small (approximately 25% reduction);
by contrast, the reduction rate of VEGF-C was significant
and large (approximately 60% reduction). Consistent with
these results, the reduction of VEGF-C protein expres-
sions in tumor cells was immunohistochemically apparent
in dn-SAS4 cell-derived tumor tissues (Figure 4D). We
further examined expression levels of SAS cell-derived
human VEGF-C and VEGF-A mRNAs and endogenous
mouse VEGF-C and VEGF-A mRNAs in tumor tissues. As
shown in Figure 4C, each human mRNA level was dra-
matically higher than corresponding mouse mRNAs in
emp-SAST cell-derived tumor tissues, suggesting that
the host VEGF-C and -A hardly affect tumor angiogene-
sis/lymphangiogenesis in our animal model. Therefore,
SAS cell-derived VEGF-A and -C, particularly VEGF-C,
are potent factors to induce lymphangiogenesis in SAS
cell-derived tumor tissue, and FLT-4 activity in SAS cells
mainly contributes to induction of VEGF-C expression. To
gain more evidence for the relationship between FLT-4
activity and expression levels of VEGF-C and VEGF-A in
SAS cells, in vitro examinations were performed. An
ELISA demonstrated that secretions of VEGF-C and
VEGF-A proteins were significantly inhibited in dn-SAS4
cells compared with those in emp-SAS1 cells (Figure 5A),
and PDGF-BB secretion was undetectable (data not
shown). In addition, real-time RT-PCR revealed that levels
of VEGF-C and VEGF-A mRNAs, but not PDGF-B mRNA,
were significantly reduced in dn-SAS4 cells in vitro (Fig-
ure 5B). Similar results were obtained using dn-SAS5
cells (Figure 5, A and B) and dn-SAS7 cells (Supplemen-
tal Fig. S2C, see http://ajp.amjpathol.org). Next, to clarify
the relationship between the down-regulation of VEGF-A
and VEGF-C and the down-activation of FLT-4-associ-
ated signals in dn-SAS4 cells, we examined the crucial
intracellular signals regulating the spontaneous expres-
sion of VEGF-A and VEGF-C in wild-type SAS cells. As a
result, treatment with an MEK inhibitor (U0126), PKC
inhibitor (Bis 1), or p38 MAPK inhibitor (SB), but not a PI3K
inhibitor (wortmannin), significantly inhibited both spon-
taneous VEGF-C protein secretions (Figure 5C) and the
MRNA expressions (Supplemental Fig. S3, see http.//
ajp.amjpathol.org). In contrast, spontaneous VEGF-A secre-
tion and the mRNA expression was significantly inhibited
under treatment with each of the four inhibitors (Figure 5C;
Supplemental Fig. S3, see http://ajp.amjpathol.org). Interest-
ingly, the expression levels of both factors did not change in
SAS cells treated with an Akt inhibitor (Supplemental Fig.
S3, see http://ajp.amjpathol.org), suggesting that PI3K-de-
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Figure 3. The VEGF-C/FLT-4 autocrine system
contributes to tumor-associated lymphangiogen-
esis. A-D: Decrease in number and area of LYVE-
1-positive lymphatic vessels in tumors derived
from dn-SAS cells compared with emp-SAS cells.
Serial sections of tumor tissues derived from emp-
SAST cells (B, upper left series) and dn-SAS4
cells (B, upper right series) were subjected to
H&E staining and to immunohistochemical stain-
ing for mouse LIVE-1 or mouse vWF. The same
immunohistochemical staining was performed
with serial sections of tumors derived from emp-
SAS2 cells (B, lower left series) and dn-SAS5 cells
D vWF-positive vessels (B, lower right series). Representative photo-
graphs were indicated. Specific reactions of anti-
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* arrowheads) and of anti-vWF antibody to blood
at00; endothelial cells (A, arrows) were confirmed in
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2000 — LYVE-1-positive lymphatic vessels (C) and vWF-
positive blood vessels (D) were analyzed as de-
scribed in Materials and Methods (P < 0.001,
P < 0.0001, P < 0.005, and 7P < 0.05).
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signal, one of downstream signals of PI3K. These findings : : : :
demonstrate that the FLT-4-associated signals PKC, p42/44 Expression and Protein Secretion of VEGF-A

MAPK, and p38 MAPK are involved in both VEGF-A and and VEGF-C in Oral Cancer Cells

VEGF-C expressions, that PI3K is involved in VEGF-A ex-

pression, and that PI3K-Akt is not involved in VEGF-C ex- Next, for further validation of the FLT-4-dependent func-
pression in SAS cells. tion as a positive regulator for spontaneous expressions
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Figure 4. Blockade of VEGF-C/FLT-4 autocrine system in tumor cells re-
duces expressions of VEGF-A and VEGF-C, especially VEGF-C, in vivo. A—C:
Human VEGF-C, a key growth factor for lymphangiogenesis in implanted
tumor tissue. Harvested dn-SAS4 cell- and emp-SAS cell-derived tumor tis-
sues on day 28 were subjected to RT-PCR (A) or real-time RT-PCR (B and C)
for the target genes indicated in the figures using the human-specific primer
sets listed in Table 1. Human umbilical vein endothelial cells and MRC5 were
used as positive control in A. In B, mRNA levels of human VEGF-A, human
VEGF-C, and human PDGF-B in dn-SAS4 cell-derived tumor tissues were
expressed as relative fold increase compared with those in emp-SAS1 cell-
derived tumor tissues ("P < 0.0001 and “P < 0.05; n = 5, each group). In C,
the numbers of mRNA templates of human VEGF-A, mouse VEGF-A, human
VEGF-C, and mouse VEGF-C were determined as described in Materials and
Methods. The obtained data were expressed as relative levels of each human
mRNA compared with the corresponding mouse mRNA. Horizontal bars
show the mean score of relative expression level of each factor. D: Immu-
nohistochemical study for human VEGF-C. Sections of implanted tumor
tissues indicated in the figure were subjected to immunohistochemical stain-
ing for human VEGF-C. Nonimmune goat IgG was used as negative control.
The pictures are representative results.

of VEGF-C in SAS cells, we examined the dose-depen-
dent effect of an inhibitor of FLT-4, MAZ51, on the ex-
pression level of VEGF-C in wild-type SAS cells. Consis-
tent with the previous reports,>¢37 the spontaneous
phosphorylation level of FLT-4 in wild-type SAS cells was
decreased by treatment with MAZ51 in a dose-depen-
dent manner (Figure 6A), and the ELISA revealed a dose-
dependent decrease of the VEGF-C content in culture
media of wild-type SAS cells treated with MAZ51 (Figure
6B). We further examined the effect of MAZ51 treatment
(10 umol/L) on secretions of VEGF-C and VEGF-A using
the oral squamoid cancer cell lines TF and HSC-2. Flt-4 is
spontaneously expressed in TF but not in HSC-2 cells
(Supplemental Table S1, see http://ajp.amjpathol.org). As
a result, MAZ51 treatment induced significant reductions
of both VEGF-A and VEGF-C secretions in TF but not in
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Figure 5. Expression of VEGF-A and VEGF-C in tumor cells is reduced by
blockade of VEGF-C/FLT-4 autocrine system or by inhibition of FLT-4-related
signals in vitro. A and B: Decreased VEGF-A and VEGF-C expressions by
blockade of VEGF-C/FLT-4 autocrine system in SAS cells in vitro. After
12-hour cultivation of dn-SAS4 cells and emp-SAS1 cells, the harvested media
were subjected to ELISA (A), and the cells were then subjected to real-time
RT-PCR (B) as described in Materials and Methods. The same experiments
were performed using dn-SAS5 cells and emp-SAS2 cells (A and B). VEGF-C
or VEGF-A content in culture medium was expressed as the amount of
protein secreted from 10° cells for 12 hours (A, *P < 0.03, P < 0.005, and
**P < 0.001; n = 3, each group). mRNAs of VEGF-A, VEGF-C, and PDGF-B
in dn-SAS4 cells or dn-SAS5 cells were expressed as relative fold increase
compared with those in emp-SAS1 cells or emp-SAS2 cells, respectively (B,
*P < 0.0005, “P < 0.0001, **P < 0.05, and **P < 0.001; n = 3, each group).
C: The effect of various intracellular signaling inhibitors on spontaneous
expression of VEGF-A or VEGF-C in wild-type SAS cells. After 24-hour
cultivation of wild-type SAS cells in serum-deprived medium containing each
inhibitor indicated in the figure, the harvested media were subjected to
ELISA. The working concentrations of inhibitors were as follows: 10 umol/L
U0126, 100 nmol/L wortmannin (Wort), 10 umol/L bisindolylmaleimide I
(Bis D, and 10 pwmol/L SB203580 (SB). VEGF-C content (left panel) and
VEGF-A content (right panel) in culture medium were expressed as the
amount of protein secreted from 10° cells for 24 hours (*P < 0.05, “*P < 0.01,
7P < 0.001, and 7P < 0.0005; n = 6, each group). hrs., hours.

HSC-2 cells (Figure 6C). These findings suggest that
FLT-4 activity in tumor cells plays an important role in the
positive regulation of endogenous VEGF-C and VEGF-A.
Regarding interpretation of the findings indicated in Fig-
ure 6, the specificity of MAZ51 for FLT-4 is important.
According to the previous reports, 10 umol/L MAZ51
almost completely inhibited FLT-4-tyrosin phosphoryla-
tion without affecting other tyrosine kinase receptors, at
least IGF-IR, PDGFR, and EGFR.3” Although Flk-1/KDR
has been reported to be weakly affected at this concen-
tration,3® the oral squamoid cancer cell lines used in
these experiments show no expression of FlIk-1/KDR
(Supplemental Table S1, see http://ajp.amjpathol.org).
Additionally, HSC-2 cells without FLT-4 expression was
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Figure 6. Blockade of FLT-4 activity by MAZ51 reduces expression of
VEGF-A and VEGF-C on oral squamoid cancer cells in vitro. A: MAZ51
inactivates FLT-4 in SAS cells. After 12-hour cultivation of wild-type SAS cells
in serum-deprived medium with or without MAZ51 at the different concen-
trations indicated in the figure, each cell lysate was harvested and subjected
to the experiments according to those described in Figure 1D. B and C:
MAZ51 inhibits VEGF-A and VEGF-C secretions in oral squamoid cancer
cells. After 12-hour cultivation of wild-type SAS cells in serum-deprived
medium with or without MAZ51 at the different concentrations indicated in
B, the harvested media were subjected to ELISA for VEGF-C (B). After
12-hour cultivation of wild-type SAS, TF, and HSC-2 cells in serum-deprived
medium with or without MAZ51 (10 wmol/L), the harvested media were
subjected to ELISA. VEGF-C content (B and C, upper graphs) and VEGF-A
content (C, lower graphs) in culture medium were expressed as amounts of
protein secreted from 10 cells for 12 hours (*P < 0.01, **P < 0.003, and “P <
0.0001; n = 3, each group). hrs., hours.

used for excluding nonspecific effects of MAZ51. There-
fore, the findings in Figures 5 and 6 suggest that auto-
crine activation of FLT-4 by VEGF-C in tumor cells posi-
tively regulates expressions of VEGF-C and VEGF-A via
FLT-4-associated signal transductions, resulting in the
formation of the VEGF-C/FLT-4 autocrine loop, which
contributed to sustained high-level secretion of VEGF-C.

Discussion

Using stable overexpression of dn-FLT-4, which exerts
the dn inhibitory effect only for endogenous FLT-4 activity
in tumor cells in vivo, we herein found direct evidence
suggesting a role of tumor cell-derived FLT-4 in tumor
progression. The body of our findings is that FLT-4 plays
a precipitative role not only in tumor growth but also in
tumor-associated neovascularization, especially in lym-
phangiogenesis via VEGF-C/FLT-4 autocrine system-me-
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diated enhancement of secretion of VEGF-C (VEGF-C/
FLT-4 autocrine loop).

Numerous previous reports have suggested that cyto-
kine receptors expressed in tumor cells play an important
role in tumor progression via autocrine/paracrine interac-
tion with corresponding ligands. Through a screening of
several angiogenesis/lymphangiogenesis-related factors
in a variety of carcinoma cell lines, they were found
frequently to possess autocrine systems of EGF/EGFR,
PDGF-AA/PDGFR-a, and VEGF-C/FLT-4 (Supplemental
Table S1, see http.//ajp.amjpathol.org). Among these sys-
tems, active involvement of the EGF/EGFR autocrine/
paracrine system in tumorigenesis has been clarified by
numerous previous studies suggesting that the system
promotes tumor growth, survival and invasive/metastatic
activity, including promotion of tumor-associated angio-
genesis.®® The role of the PDGF-AA/PDGFR-a autocrine
system was also investigated in our previous study,
which demonstrated that PDGF-AA expression played a
precipitative role in tumor-associated angiogenesis via
induction of VEGF-A by the PDGF-AA/PDGFR-a auto-
crine effect in non-small cell lung carcinoma, resulting in
the promotion of tumor progression.?® There are some
recent studies regarding the role of the VEGF-C/FLT-4
autocrine system in tumorigenesis.'~'® According to the
in vitro studies, autocrine/paracrine activation of FLT-4 in
tumor cells is involved in promoting tumor growth and cell
viability.'”'® In addition, detailed examinations, including
in vivo experiments, suggested that the VEGF-C/FLT-4
axis in lung adenocarcinoma cell lines was involved in
promoting invasive/metastatic activity.'® Moreover, in re-
cent clinicopathological studies, FLT-4 expression was
confirmed in several malignant tumor cells, "™ '® including
oral squamous cell carcinoma, and some studies among
them suggested that correlation between FLT-4 in tumor
cells and the occurrence of regional lymph node metas-
tasis or poor prognosis.'®'%16.19 On the basis of these
backgrounds, our study herein demonstrated novel
mechanisms underlying the active involvement of tumor
cell-derived FLT-4 in tumor progression.

It is clear that the biological functions of FLT-4 in tumor
cells are induced via FLT-4-associated signals. Regard-
ing the signals, PKC-dependent p42/44 MAPK path-
way(s) and PI3K-Akt pathway(s) were reported to be
major signals in lymphatic endothelial cells.?° In addition,
one study suggested that p38 MAPK was a critical down-
stream signal of FLT-4 in cancer cells.’ Here we dem-
onstrated that spontaneous activation of these signals
occurred partly via the VEGF-C/FLT-4 autocrine loop and
that these signals were involved in positive regulation of
VEGF-C and/or VEGF-A genes in the oral squamous car-
cinoma cell line SAS. In contrast, our hitherto existing
evidences suggested that up-regulation of mRNAs of
VEGF-A, VEGF-C, and HGF in response to FGF-2 de-
pended strongly on Ras-independent p42/44 MAPK
and/or on p38 MAPK in fibroblasts and vascular smooth
muscle cells (*"?? and data not shown). These findings
suggest that p42/44 and p38 MAPK pathway(s) are crit-
ical for the induction of VEGF-A or VEGF-C beyond cell
types, and activation of these signal transductions via
phenotypic transformation-dependent expression of
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growth factor receptors, including FLT-4, plays a role not
only in the increased growth and invasive potentials of
cancer cells but also in alteration of the tumor microen-
vironment such as tumor-associated neovascularization,
thereby contributing to tumor progression.

We also demonstrate here that the number of vVWF-
positive blood vessels showed no significant change in
implanted tumor tissue derived from dn-SAS cells com-
pared with emp-SAS cells, although significantly reduced
protein secretion and down-regulated gene expression of
VEGF-A were confirmed in dn-SAS cells in vitro. This result
was probably as a result of the difference between the
in vivo and in vitro conditions. Briefly, SAS cells do not express
HGF but abundantly express the cognate receptor c-MET
(Supplemental Table S1, see http://ajp.amjpathol.org). The
c-MET signal is known to be a positive regulator for the
VEGF-A gene in a variety of cell types, including malig-
nancy.®4° In contrast, regarding the relationship be-
tween c-MET and VEGF-C, few studies have been re-
ported. Consistent with the present situation, HGF could
not stimulate the VEGF-C gene in SAS cells in our study
(data not shown). Therefore, in vivo conditions may en-
hance VEGF-A but not VEGF-C secretion in SAS cells via
the host HGF/tumor c-MET paracrine system. This hypoth-
esis was supported by the examination of the in vivo expres-
sion level of human VEGF-A and VEGF-C (Figure 4B). c-
MET has been reported to be linked with Ras-dependent/
PKC-independent p42/44 MAPK and with PI3K-Akt signals
in a variety of cell types.*>*" On the contrary, unlike c-MET-
mediated up-regulation of VEGF-A, c-MET-mediated signal-
ing pathways rarely lead to stimulation of the VEGF-C
gene. It remains unclear why c-MET-dependent p42/44
MAPK activation cannot lead to VEGF-C up-regulation.
PKC, however, may be a key intracellular signaling mol-
ecule related to VEGF-C gene expression. For example, a
previous interesting report demonstrated that overex-
pression of Ras induced up-regulation of VEGF-A but not
of VEGF-C in fibroblasts.?® In addition, our previous stud-
ies (°"2 and unpublished data) demonstrated that the
FGF-2-dependent VEGF-C up-regulation was not affected
by treatment with a Ras inhibitor, although up-regulation of
VEGF-C in response to FGF-2 strongly depended on
p42/44 MAPK. In our studies herein, the inhibition of PKC
activity significantly reduced spontaneous VEGF-C ex-
pression in wild-type SAS cells; therefore, PKC activation
may be essential for stimulation of the VEGF-C gene, and
the finding that VEGF-A but not VEGF-C gene expression
in dn-SAS4 cells dissociated between in vitro and in vivo in
our study may be due to the different regulatory systems
between VEGF-C and VEGF-A genes. Moreover, consid-
ering that the VEGF-C can activate the PKC-p42/44
MAPK pathway,?° PKC seems to be the main intracellular
molecule to form the VEGF-C/FIt-4 autocrine loop in tumor
cells.

We observed, herein, an interesting phenomenon re-
garding tumor angiogenesis. Unlike the blood vessel
density, the area of VWF-positive blood vessels was sig-
nificantly smaller in implanted tumor tissue derived from
dn-SAS cells compared with emp-SAS cells. The under-
lying mechanism, however, remains unknown. Guess-
ingly, the following may be involved in the interesting

phenomenon: 1) the loss of blood vessel integrity-depen-
dent reduction of blood flow may be involved, based on
the tumor VEGF-C/blood endothelial Flt-4 paracrine sys-
tem.*23 2) Congestive degree in tumor may be involved,
based on the tumor volume-dependent microcirculatory
disturbance in the surrounding normal tissue.

Considering the purpose of this study, it is really useful
to know about not only focal tumor conditions such as
tumor microenvironment but also systemic conditions,
especially lymphogenous metastatic status. We herein
demonstrated only the former results, because the
adopted cell line SAS has no potential to cause regional
lymph node metastasis, at least in the setting of our
present tumor implantation model. Moreover, although
possible screening for almost all lymphangiogenesis-re-
lated factors were performed in the present study, we
were not able to demonstrate strict and direct evidence
that suppression of lymphangiogenesis by a blockade of
FLT-4 was dependent on VEGF-C down-regulation in
SAS cells. Therefore, further investigations with other ad-
equate cell lines and/or animal models might be needed
for scientific strengthening of our conclusion in the future.

Taking this study’s findings together with those previ-
ously reported, the VEGF-C/FLT-4 autocrine loop of tumor
cells is a novel mechanism not only for promoting tumor
growth but also for tumor-associated neovascularization,
especially lymphangiogenesis, and likely contributes to
advanced tumor progression in a wide variety of malig-
nant tumors, including oral squamous cell carcinoma;
thus, this system may become an effective target in ther-
apy for malignant neoplasms.
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