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Based on a previous report on the effect of a matrix metallopro-
teinase (MMP) inhibitory compound, MMI270, in regulating tu-
mor-induced angiogenesis, as well as recent findings concerning
functional correlations among tumor metastasis, angiogenesis
and lymphangiogenesis, we investigated the anti-metastatic effi-
cacy of MMI270 in a murine model of lymph node metastasis of
lung cancer, and analyzed whether this inhibitor could also regu-
late lymphangiogenesis-related properties of murine lymphatic
endothelial cells (LECs) and invasive properties of Lewis lung can-
cer (LLC) cells. The observation that MMI270 led to a significant
decrease in the weight of tumor-metastasized lymph nodes of
mice led us to test its anti-lymphangiogenic and anti-invasive ef-
fects in vitro. Murine LECs were characterized by an in vitro tube
formation assay, by semi-quantitative RT-PCR assay to examine
the expression of mRNAs for flt-4, Flk-1, Tie-1, Tie-2, CD54/
ICAM1, VWF, MMPs and uPA, and by western blotting to confirm
the protein expression of flt-4 and CD31/PECAM. This is the first
report on the expression of MMP-2, MMP-9 and MT1-MMP in mu-
rine LECs, as well as on the inhibition of their enzymatic activity,
and of the invasive ability and tube-forming property of LECs by
an MMP inhibitor. Furthermore, MMI270 was shown to strongly
inhibit the activity of MMP-2 and -9 produced by LLC cells and the
invasion of these cells through Matrigel. In summary, the present
results indicate that MMI270, apart from its anti-tumor angio-
genic application, might be useful as an anti-metastatic drug, on
the basis of its downregulatation of both the lymphangiogenesis-
related properties of LECs and the invasive properties of LLC cells
in vitro. (Cancer Sci 2004; 95: 25-31)

B lood and lymphatic vessels develop in parallel, but inde-
pendently, and together form a circulatory system that al-
lows the passage of fluid and delivers molecules within the
body.D It is known that the spread of cancer cells to regional
lymph nodes through the lymphatic system is the first step in
the dissemination of various cancers, including cancers in the
breast,? lung and gastrointestinal tract.> In clinical terms, lym-
phatic metastasis significantly influences the prognosis of can-
cer patients and therefore is an important part of tumor staging,
especially in gynecological and breast cancers.®

Much of the current knowledge on the identification of mole-
cules that regulate the development and growth of lymphatic
vessels (lymphangiogenesis) was derived from extensive re-
search into the molecular mechanisms that control blood vessel
growth.> Among the known lymphangiogenic molecules, three
members of the vascular endothelial growth factor cytokine
family (VEGF-C, VEGF-D and VEGF-A) have been reported
to induce both angiogenesis and lymphangiogenesis under ap-
propriate circumstances'®-® and, recently, direct evidence that
VEGF-C-induced lymphangiogenesis could promote tumor
metastasis®~!? was reported.
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Based on these findings, we hypothesized the existence of
other molecules that might play a common role in the processes
of angiogenesis, lymphangiogenesis and metastasis. We previ-
ously reported that a synthetic matrix metalloproteinase (MMP)
inhibitor, namely MMI270, downregulated the properties of
murine hepatic sinusoidal endothelial (HSE) cells in vitro, and
inhibited tumor-induced angiogenesis in vivo.'» MMI270 (for-
merly CGS 27023A, Novartis Pharmaceuticals, Inc.) is a novel
synthetic hydroxamate-type MMP inhibitor that shows a broad-
spectrum inhibition of the enzymatic activities of MMP-1,
MMP-9, MMP-2, MMP-3 and MMP-13 at nanomolar concen-
trations in vitro. This compound significantly reduced the tu-
mor burden compared with that in controls and enhanced the
activity of cytotoxic and hormonal agents.'”? Recently, the first
phase I and pharmacological study of MMI270 in patients with
advanced solid cancer demonstrated that MMI270 led to dis-
ease stabilization for more than 90 days in 19 of 92 patients
without causing myelotoxicity or tumor regression. Further-
more, the recommended dose for phase II studies was 300 mg
twice/day.!?

Here we investigated the anti-metastatic efficacy of MMI270
in a murine model of lymph node metastasis of lung cancer,
and analyzed whether this inhibitor could also regulate the lym-
phangiogenesis-related properties of murine lymphatic endothe-
lial cells (LECs) and the invasive properties of Lewis lung
cancer (LLC) cells. The results suggest a possible common in-
volvement of MMPs in the processes of angiogenesis, lym-
phangiogenesis and metastasis.

Materials and Methods

Materials. MMI270, N-hydroxy-2(R)-[(4-methoxysulfonyl)(3-
picolyl)-amino]-3-methyl butanamide hydrochloride monohy-
drate, MW 393.43 (free base), was a kind gift from Novartis
Pharma K.K. For the in vitro experiments, it was dissolved in
dimethylsulfoxide (DMSO). For the in vivo metastasis experi-
ments, MMI270 was prepared as a suspension containing 50%
polyethylene glycol 300 in DMSO. Flt-4 (M-20) and anti-
mouse CD31 (clone 390) antibodies were purchased from Santa
Cruz Biotechnology, Inc. and eBioscience, Inc., respectively.

Animals. Specific pathogen-free C57BL/6 mice (7-week-old
females) were purchased from Japan SLC. The mice were
maintained in the Laboratory for Animal Experiments, Institute
of Natural Medicine, Toyama Medical and Pharmaceutical Uni-
versity, under laminar air flow conditions. This study was con-
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ducted in accordance with the standards established by the
Guidelines for the Care and Use of Laboratory Animals of
Toyama Medical and Pharmaceutical University.

Lymph node metastasis model. The induction of lymph node
metastasis was performed by the orthotopic intrapulmonary im-
plantation of LLC cells, as described previously,'® with some
modifications. Briefly, log-phase cell cultures of LLC cells
were harvested with 1 mM EDTA in phosphate-buffered saline
(PBS), washed twice with serum-free EMEM, and resuspended
at a cell density of 15x10* cells/ml in PBS containing 500 pg/
ml of Matrigel. Animals were anesthetized with ether. The left
chest was swabbed with 70% ethanol and a small skin incision
to the left chest wall (approx. 5 mm in length) was made at
about 5 mm posterior to the scapula. Sub-skin fat and muscles
were separated from costal bones. The left lung motion was ob-
served through the pleura, and a 29-gauge needle attached to a
0.5-ml insulin syringe was inserted directly through the inter-
costal space into the lung to a depth of 3 mm. Tumor cells
(3% 10%) were resuspended in 20 pl of PBS containing 10 pug of
Matrigel to prevent the suspension from leaking out of the lung,
and were then injected into the lung parenchyma. A cotton-
tipped applicator was pressed on the site of puncture as the nee-
dle was withdrawn to stop any bleeding. After confirming that
the animals had recovered from bradycardia and displayed sta-
ble spontaneous respiration, they were returned to their cages.

Administration of MMI270 using Alzet osmotic pumps. After 3
days of intrapulmonary implantation of LLC cells, the mice
(n=10) were implanted intraperitoneally with Alzet omostic
pumps (Alzet mini-osmotic pump, Model 2004: DURECT
Corp.). For the control group, the pumps were filled with a so-
lution containing DMSO (2 ml) and PEG 300 (2 ml) that had
been strongly mixed using a vortex mixer. For the MMI270-
treated group, a solution containing 0.224 g of MMI270 and 2
ml of DMSO was prepared and vigorously mixed; then, 2 ml of
PEG 300 was added and mixed until a clear suspension was ob-
tained.

Primary culture of lymphatic endothelial cells (LECs). LECs were
derived from lymphangiomas induced by intraperitoneal injec-
tion of incomplete Freund’s adjuvant (IFA), as previously
reported'> with some modifications. Briefly, each mouse was
injected intraperitoneally with 200 p of an emulsion containing
IFA (Sigma-Aldrich) and PBS (1v:1v). A total of 5 mice were
thus treated. After 11 days, the mice were given another injec-
tion of IFA, and after 21 days they were sacrificed for tumor re-
moval. The tumors developed as solid white tumor masses in
the peritoneal cavity along the thoracic duct on both abdominal
surfaces of the diaphragm and the upper surface of both lobes
of the liver. The tumors were then explanted, mechanically dis-
rupted in HuMedia-EG2 (Kurabo) and incubated in PBS con-
taining 0.1% collagenase type I (Worthington) and trypsin-
EDTA at 37°C for 30 min. Digestion was stopped by washing
with HuMedia-EG2 containing 10% fetal calf serum (FCS).
The cells were centrifuged at 1000 rpm for 5 min, resuspended
in medium supplemented with 10% FCS, and plated in dishes
previously coated with “Attachment Factor” (Cell Systems
Corp.). Once confluence was reached, the cells were used in
appropriate experiments or cultivated until they reached the
third passage.

Tumor cells and endothelial cells. Lewis lung cancer (LLC)
cells were maintained as monolayer cultures in EMEM supple-
mented with 10% FCS. Human chronic myelogenous leukemia
K-562 cells were cultured as cell suspensions in RPMI1640
supplemented with 10% FCS. Hepatic sinusoidal endothelial
(HSE) cells were seeded in culture flasks previously coated
with “Attachment Factor” and maintained as monolayer cul-
tures in DMEM/F12 supplemented with bovine endothelial
mitogen (Biomedical Technologies, Inc.) (2 pg/ml) and 5%
heat-inactivated FCS.
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In vitro growth inhibition assay. Cell growth was assessed us-
ing a WST-1 Cell Counting Kit (Wako Pure Chemical Ind.,
Ltd.). Briefly, LLC cells or LECs (1x10%) respectively sus-
pended in EMEM or HuMedia-EG2 (100 ul) containing 0.1%
BSA were seeded in each well of a 96-well plate. In the case of
LECs, the plate was previously coated with “Attachment Fac-
tor.” After 24 h of incubation, various concentrations of
MMI270 (100 pl) were added to the wells and the cultures were
incubated for a further 24 h. WST-1 solution (10 pl) was added
to each well and the cultures were incubated at 37°C for 2 h.
The absorbance at 450 nm was measured in an immunoreader
(Immuno Mini NJ-2300: Nippon Inter-Med. KK).

Tube formation assay. LECs were seeded in 60-mm-diameter
culture dishes and, under sub-confluent conditions, the medium
was replaced with fresh medium containing 0.2% FCS and var-
ious concentrations of MMI270. After 24 h of incubation, the
cells were washed once with PBS, released with trypsin-EDTA
and centrifuged at 1000 rpm for 5 min. The cell suspensions
(4x10* cells) were then prepared in 0.2% FCS-supplemented
HuMedia-EG2 (500 pl) and seeded in a 48-well plate that had
been pre-coated with 100 pl of Matrigel (10 mg/ml). The for-
mation of tube-like structures was monitored every hour for 6 h
by means of observation under a microscope. After 6 h of ob-
servation, different fields of each well were photographed at
10x magnification. The photographs were printed out and,
from each printed image the length of tube-like structures was
measured with a graduated ruler. The extent of MMI270-in-
duced inhibition of tube formation was examined by comparing
the length of tube-like structures with that of the structures
formed in the untreated control wells.

Invasion assay. The invasive properties of LLC cells and
LECs were assayed in Transwell cell culture chambers with a
membrane filter, as described previously.'® Briefly, the cham-
bers were attached to membrane filters (8.0-um pore size: Nu-
cleopore). The filters were precoated with 2 pg of fibronectin
(Iwaki Glass) on their lower surfaces and dried at room temper-
ature. Reconstituted BM Matrigel (Collaborative Research Co.)
was applied to the upper surfaces of the filters (10 pug/50 ul/
filter) and dried in the same way. The prepared filters
(Matrigel/fibronectin-coated filters) were washed extensively
in PBS and dried before use. Exponentially growing cells were
harvested using 1 mM EDTA in PBS, washed twice with FCS-
free medium and resuspended in 0.1% BSA medium at a den-
sity of 1x10° cells/ml with two concentrations of MMI270.
One-hundred-microliter aliquots of the cell suspension were
added to the upper compartment and incubated for 24 h at 37°C
in a 5% CO,/95% air atmosphere. The cells that invaded the
lower surface were quantified by colorimetric measurement us-
ing the crystal violet staining method and an immunoreader.
The extent of MMI270-induced inhibition of invasion was ex-
amined by comparing the absorbance values measured at 590
nm for the treated and untreated wells, and then expressed as a
percentage in relation to the control.

Gelatin zymography. LLC cells suspended in EMEM supple-
mented with 10% FCS were firstly seeded in 25-cm? culture
flasks. LECs were cultured as primary cultures in 60-mm-diam-
eter dishes. While the cells were still sub-confluent, the media
of both types of cells were replaced with DMEM/F12 medium
(4 ml) containing 0.1% BSA, and the cells were cultured for a
further 24 h. The culture supernatants were collected and cen-
trifuged at 1000 rpm for 5 min to remove the debris. The condi-
tioned media thus obtained were collected and stored at —80°C
until use. In the case of LECs, because there was only a small
amount of total protein in the culture supernatants, we concen-
trated the samples using a Centricon concentrator (Centricon
YM-10: Amicon USA) with centrifugation at 5000g for 30
min. The prepared samples of LLC and LECs were then mixed
with non-reducing sample buffer (62.5 mM Tris-HCI, pH 6.8,
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10% glycerol, 0.00125% bromophenol blue, 2% SDS) and elec-
trophoresed at 4°C on a 7.5% polyacrylamide gel containing
0.1% SDS and 0.1% gelatin. After electrophoresis, the gel was
washed twice with rinsing buffer (50 mM Tris-HCI, pH 7.5,
2.5% Triton X-100, 5 mM CaCl,, 1 uM ZnCl,, 0.05% NaN;) at
room temperature for 1 h to remove SDS. Strips of the gel were
incubated at 37°C for 24 h with the reaction buffer for assaying
gelatinolytic activity (50 mM Tris-HCI, pH 7.5, 5 mM CaCl,, 1
uM ZnCl,, 0.05% NaN,) in the presence of various concentra-
tions of MMI270, according to a procedure similar to that de-
scribed in a previous report.!'” The gel strips were stained with
staining solution (0.1% Coomassie Brilliant Blue, 10% acetic
acid, 10% isopropanol). After the gel strips were destained with
destaining solution (10% acetic acid, 10% isopropanol), the lo-
cations of the enzymes could be visualized as clear bands on
the blue background. Gelatinolytic activity was quantified us-
ing a Master Scan Gel Analysis System (Scanalytics).

Reverse transcription-polymerase chain reaction (RT-PCR). The
mRNA expression of MMPs, urokinase-type plasminogen acti-
vator (uPA) and a lymphatic endothelial marker by LECs and
HSE cells was evaluated by semi-quantitative RT-PCR. Briefly,
total RNAs from primary cultures of LECs or HSE cell cultures
were extracted using Trizol reagent (Invitrogen Corp.). First-
strand complementary DNA (cDNA) was prepared from RNA
template (1 ng) using oligo(dT),s primer and SuperScript II re-
verse transcriptase (Invitrogen Corp.). The RT-reaction profile
was 42°C for 50 min, followed by 70°C for 15 min. PCR am-
plification was performed by denaturation at 94°C for 30 s, an-
nealing at 60 or 62°C for 1 min, and extension at 72°C for 1
min and 45 s, using template cDNA and a TaKaRa “Ex Taq”
HS PCR kit (TaKaRa Shuzo Co., Ltd.). The sequences of prim-
ers were as follows: MMP-2 sense and antisense, 5'-CCT GAT
GTC CAG CAA GTA GAT GC-3" and 5-TTA AGG TGG
TGC AGG TAT CTG G-3"'®; MMP-9 sense and antisense, 5'-
TTC TCT GGA CGT CAA ATG TGG-3’ and 5-CAA AGA
AGG AGC CCT AGT TCA AGG-3"'9; MT1-MMP sense and
antisense, 5’-CCT GCA TCC ATC AAT ACT ACT GC-3" and
5-GCG TCT GAA GAA GAA GAC AGC-3"®; GAPDH sense
and antisense, 5'-GGT GAA GGT CGG TGT CAA CGG ATT
T-3" and 5-GAT GCC AAA GTT GTC ATG GAT GAC C-
3’189: yPA sense and antisense, 5-CGA ATA CTA CAG GGA
AGA C-3" and 5-GAC ATT TTC AGG TTC TTT GG-3’; flt-4
sense and antisense, 5-TTG GCA TCA ATA AAG GCA G-3’
and 5-CTG CGT GGT GTA CAC CTT A-3"9; vWF sense and
antisense, 5-TGG TCC GCT ATG TCC AAG GT-3" and 5-
TCT TAT TGA AGT TGG CTT CA-3"'9; Flk-1 sense and anti-
sense, 5-GAC AAG ACA GCG ACT TGC-3" and 5-AAT
TGT GTA TAC TCT GTC A-3''9; Tie-1 sense and antisense,
5-GTG CTG GTC GGA GAG AAC CTG GCC T-3’ and 5-
AGG TGA AGT TCT CAA ACA GCG ACA T-3"'9; Tie-2
sense and antisense, 5'-AGT TGG TGA AAA ACT ACA TAG-
3’ and 5- GGT AAA CTT CTC ATA CAG TGT GGT-3"'¥;
ICAMI1 sense and antisense, 5’-TTT TGC TCT GCC GCT
CTG GAG-3’ and 5-TAC ACA TTC CTG GTG ACA TTC-
3719 All these primers were confirmed to yield the expected
products under these conditions. The PCR products were elec-
trophoresed on 1.5% agarose gels and detected by ethidium
bromide staining.

Western blotting analysis. HSE cells, LECs and K-562 cells
were cultured in medium containing 10% FCS for 24 h. The
cells were then washed with PBS (-) and lysed in sample
buffer (25 mM Tris-HCI, pH 6.8, 5% w/v glycerol, 1% w/v
SDS, 0.05% w/v bromophenol blue). Cell lysates were re-
solved by SDS-PAGE and transferred to Immobilon-P nylon
membrane (Millipore). The membrane was treated with Block-
Ace (Dainippon Pharmaceutical Co., Ltd.) for 2 h and probed
with primary antibodies flt-4 and anti-mouse CD31 (1:200 and
1:100 dilutions, respectively). The antibodies were detected us-
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ing horseradish peroxidase-conjugated anti-rabbit and anti-rat
IgG (DAKO) (1:1500 dilution) and visualized with the ECL
system (Amersham Biosciences).

Statistical analysis. The significance of differences between
groups was determined by applying Student’s two-tailed ¢ test.
A P value lower than 0.05 was considered to be significant.

Results

Inhibition of lymph node metastasis by MMI270. Lymph node
metastasis was induced by the orthotopic intrapulmonary im-
plantation of LLC cells into C57BL/6 mice,'¥ and the inhibi-
tory effect of MMI270 was analyzed by intraperitoneal
implantation of an Alzet osmotic pump with a continuous-re-
leasing function. Although the intraperitoneal administration of
MMI270 did not cause a significant decrease in the weight of
metastasized lymph nodes (data not shown), implantation of an
osmotic pump containing this inhibitor led to clear inhibition of
the lymph node metastasis (Fig. 1, A and C). The weight of pri-
mary tumors was lower in the MMI270-treated group than in
the control group, although this difference was not statistically
significant (Fig. 1, B and C). No significant changes in body
weight during the course of the study were observed.

Characterization of murine lymphatic endothelial cells (LECs). To
confirm the endothelial characteristics of the LECs induced by
the intraperitoneal injection of IFA into C57/BL6 mice, we in-
vestigated the ability of these cells to form tube-like structures
in vitro. LECs were seeded in Matrigel-coated wells and moni-
tored for the formation of capillary tubes during a 6-h period.
Fig. 2A shows the primary culture of LECs, with a classical
cobblestone morphology, while Fig. 2B shows a well-branched
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Fig. 1. Inhibition by MMI270 of lymph node metastasis induced by

orthotopic intrapulmonary implantation of LLC cells. LLC cell suspen-
sion containing Matrigel was orthotopically implanted into the left
lungs of C57BL/6 mice. On day 3 after the tumor implantation, Alzet
osmotic pumps were implanted intraperitoneally, allowing the release
of MMI270 or control solution for 15 days. On day 18 after tumor im-
plantation, the weight of metastasized tumor at the mediastinal lymph
node (A) and that of the primary tumor (B) were measured, and pho-
tographed (C). The data are expressed as the mean+SD of a group of 5
mice. # P<0.05 compared with the untreated control by Student’s two-
tailed t test. PT, primary tumor; LN, lymph nodes.
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network with formation of long capillary tubes after culture on
Matrigel. LECs were also characterized for expression of the
lymphatic endothelial cell marker flt-4. Using semi-quantitative
RT-PCR and western blot analyses, we confirmed the mRNA
and protein expressions of flt-4 (approx. 150 kDa) in LECs, as
previously reported,'> and the lack of expression of this marker
in HSE cells, that we used as a negative control (Fig. 2, C and
D). In Fig. 2C, K-562 cells were used as a positive control for
the expression of flt-4 according to the recommendations of the
antibody manufacturer. We also confirmed the expression of
endothelial cell markers in both LECs and HSE cells using
western blotting (CD31/PECAM, 130-140 kDa) and RT-PCR
(Flk-1, Tie-1 and Tie-2,' besides ICAM1) (Fig. 2, C and D).
Expression of vWF mRNA by HSE cells and LECs was not ob-
served (Fig. 2C), in agreement with reported data.'> Further-
more, the expression of MMP-2, MMP-9, MT1-MMP and uPA
mRNAs was also detected in LECs and HSE cells (Fig. 3A).

Inhibition by MMI270 of invasion, tube formation and gelati-
nolytic activity of MMP-2 and MMP-9 produced in LECs. The direct
treatment of electrophoresed conditioned media of LECs with
various concentrations of MMI270 caused a marked inhibition
of the gelatinolytic activities of MMP-2 and -9. The samples of
conditioned media from LECs treated with 1 pg/ml of inhibitor
showed complete inhibition and almost complete inhibition of
MMP-9 and MMP-2 activity, respectively (Fig. 3B).

MMI270 inhibited the growth of LECs at concentrations
higher than 1 mg/ml (data not shown). Therefore, we used
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Fig. 2. Characterization of murine lymphatic endothelial cells (LECs)
derived from lymphangiomas induced by intraperitoneal injection of
IFA (200 ul of an emulsion containing IFA and PBS, 1v:1v). (A) Primary
culture of LECs after 9 days of culture. (B) Formation of tube-like struc-
tures. Cell suspensions (4x10* cells) were seeded in 48-well plates pre-
viously coated with Matrigel. The formation of tube-like structures was
monitored every hour for 6 h, visualized and photographed. (C) Expres-
sion patterns of mRNAs for lymphatic endothelial cell marker flt-4 and
endothelial markers Flk-1, Tie-1, Tie-2, CD54/ICAM1 and vWF in cul-
tured LECs and HSE cells. The PCR products for flt-4, Flk-1, Tie-1, Tie-2,
ICAM1 and vWF (788, 654, 430, 427, 287 and 360 bp, respectively) were
amplified for 35 cycles, while the product for GAPDH (502 bp) was am-
plified for 24 cycles. All products were electrophoresed on 1.5% aga-
rose gels. (D) Protein expression of flt-4 in LECs and endothelial marker
CD31/PECAM in LECs and HSE cells. Cells were cultured in medium con-
taining 10% FCS for 24 h, washed with PBS (=) and then lysed in sample
buffer. Whole cell lysates were immunoblotted with anti-flt-4 and anti-
CD31 antibodies, detected using HRP-conjugated anti-rabbit and anti-
rat 1gG, respectively, and then visualized with the ECL system. The mi-
gration positions of markers are shown in kilodaltons.
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lower, non-cytotoxic doses of MMI270 to examine its effect on
the invasion of these cells, and we observed that, at 100 pg/ml,
it significantly inhibited the invasion of LECs (Fig. 4A) after a
24-h incubation. These results were representative of two inde-
pendent experiments.

We also investigated the inhibitory effect of MMI270 on the
ability of LECs to form tube-like structures, an ability which is
considered to be crucial to lymphangiogenesis. Fig. 4B shows
that addition of the inhibitor at 50, 100 or 200 pg/ml led to the
decrease of total length of tube-like structures formed by LECs,
in relation to the control. The results are representative of two
independent experiments.

Inhibition by MMI270 of LLC cell invasion and gelatinolytic activity
of MMP-2 and MMP-9 in the cells. The direct treatment of electro-
phoresed conditioned media of LLC cells with various concen-
trations of MMI270 led to inhibition of the gelatinolytic
activities of MMP-2 and -9 to levels similar to those observed
in LECs. At 1 ug/ml of MMI270, we detected complete inhibi-
tion and almost complete inhibition of MMP-9 and MMP-2 ac-
tivity, respectively (Fig. SA). When the effects of non-cytotoxic
doses of MMI270 were tested on the invasion of LLC cells, we
observed a significant inhibition at 1 pug/ml of both invasion
(Fig. 5B) and migration (data not shown) after a 24-h incuba-
tion.

Discussion

Clinical and pathological observations suggest that the transport
of many carcinoma cells via the lymphatics is the most com-
mon pathway of initial dissemination, with patterns of spread
via afferent lymphatics following the routes of natural drain-
age.?? Moreover, the extent of lymph node metastasis is the
most important factor influencing the prognosis for non-small
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Fig. 3. mRNA expression of MMPs and uPA in LECs and HSE cells, and
inhibition by MMI270 of the gelatinolytic activity of MMPs produced in
LECs. (A) The expression patterns of mRNAs for various MMPs and uPA
in LECs and HSE cells are shown. The PCR products for MMP-9, MMP-2,
MT1-MMP and uPA (414, 760, 600 and 202 bp, respectively) were am-
plified for 35 cycles, while the product for GAPDH (502 bp) was ampli-
fied for 24 cycles. All products were electrophoresed on 1.5% agarose
gels. (B) Direct effect of MMI270 on the gelatinolytic activity of MMP-2
and MMP-9 produced by LECs. Conditioned media of cells that were
pre-incubated in 0.1% BSA-containing DMEM/F12 medium for 24 h
were collected and subjected to electrophoresis in a gelatin-embedded
SDS-polyacrylamide gel. After electrophoresis, strips of the gel were in-
cubated with various concentrations of inhibitor for 24 h. The gel strips
were then stained with Coomassie Brilliant Blue. The locations of the
enzymes were visualized as clear bands on the blue background.
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Fig. 4. Inhibition by MMI270 of invasion and tube formation of LECs.

(A) For the invasion assay, cells were mixed with the indicated concen-
trations of MMI270 and added to the upper compartment of Transwell
chambers. After 24 h of incubation, the cells that had invaded the
lower surfaces were fixed with 30% methanol and stained with 0.5%
crystal violet in 20% methanol for 5 min. The crystal violet dye retained
on the filters was extracted with 30% acetic acid and the absorbance at
590 nm was measured colorimetrically. The data are expressed as a per-
centage in relation to the control group (quadruplicate cultures in each
group). # P<0.002, compared with the untreated control by Student’s
two-tailed t test. (B) For the tube formation assay, cell suspensions
were seeded in a 48-well plate previously coated with Matrigel. The
formation of tube-like structures was monitored every hour for 6 h.
The extent of inhibition of tube formation was analyzed by measuring
the total length of tube-like structures visualized in the photographs of
the cells. = P=0.05, ** P<0.05 compared with the untreated control by
Student’s two-tailed t test.
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Fig. 5. Inhibition by MMI270 of the gelatinolytic activity of MMPs pro-
duced in LLC cells and invasion of LLC cells. For the gelatin zymography
assay (A) and the invasion assay (B) we used procedures similar to those
applied for LECs. (B) The data are expressed as a percentage in relation
to the control group (quadruplicate cultures in each group). * P<0.02,
#% P<0.002, compared with the untreated control by Student’s two-
tailed t test.

cell lung cancer (NSCLC). The 5-year survival rate after resec-
tion for patients with pN, disease is only 23%.2 Therefore, the
control of lymph node metastasis is a fundamental requirement
during the treatment of lung cancer patients.

We have previously reported the efficacy of a synthetic MMP
inhibitor, MMI270, in regulating in vitro capillary tube-like for-
mation of murine HSE cells, and in vivo tumor-induced angio-
genesis.!” Based on that study and on recently reported findings
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concerning functional correlations between angiogenesis and
lymphangiogenesis,! ¥ we further aimed to investigate the
anti-metastatic efficacy of MMI270 and to examine whether it
could also regulate lymphangiogenesis-related properties of
murine LECs and invasive properties of LLC cells, based on
the hypothesis of a common involvement of MMPs in the pro-
cesses of angiogenesis, lymphangiogenesis and metastasis.

Firstly, we investigated the effect of MMI270 on the medias-
tinal lymph node metastasis of LLC cells produced by the
orthotopic intrapulmonary implantation of tumor cells. This
model has been useful in the evaluation of anticancer
drugs'#?223 and in the characterization of differential patterns
of metastasis of human non-small cell lung cancers.?” The con-
tinuous administration of MMI270 for 15 days using an os-
motic pump led to a significant decrease in the weight of
tumor-metastasized lymph nodes. Although a decreasing ten-
dency in the primary tumors of the MMI270-treated group in
relation to the control group was noted, this difference was not
statistically significant (Fig. 1, B and C). The inhibitory effect
of MMI270 on the lymph node metastasis of LLC cells (Fig.
1A) was further supported by in vitro assays showing inhibition
of the gelatinolytic activities of MMP-2 and MMP-9 produced
in LLC cells (Fig. 5A) and inhibition of the invasion of LLC
cells (Fig. 5B).

Secondly, taking into account the lack of information con-
cerning the participation of MMPs in lymphangiogenesis, de-
spite numerous studies on angiogenesis, we attempted to
investigate the functions of MMPs in murine LECs.

The establishment of primary cultures of LECs from lym-
phangiomas induced by the intraperitoneal injection of IFA into
mice' was recently described as a reproducible and convenient
source of lymphatic endothelial cells that possess in vitro prop-
agating ability and undergo spontaneous differentiation, leading
to formation of vessel-like structures. In order to characterize
the LECs obtained in the present study, we initially observed
the formation of tube-like structures by these cells (Fig. 2B)
when they were seeded on a Matrigel-coated plate. We subse-
quently confirmed the protein and mRNA expression of the
lymphatic endothelial cell marker flt-4 in the LECs,'> but not in
endothelial HSE cells. Flt-4 is known to be a useful marker of
lymphatic endothelial cells, since, within the mature endothelia,
it is exclusively expressed by lymphatic vessels.? 2% In addi-
tion, we observed the absence of mRNA expression of vVWF in
the lymphatic endothelial cells. This is in good agreement with
previous reports indicating that VWF is not expressed in the
lymphatic endothelium or in the lymph node HEVs (high en-
dothelial venules) in humans.?*2” Although vWF is frequently
used as a biochemical marker for endothelial cells, there are
marked differences among the different murine tissues in the
expression of vVWF mRNA. In this regard, endothelial cells of
vessels in the lung showed abundant expression of VWF
mRNA, whereas endothelial cells of vessels in liver showed lit-
tle or no expression of VWF mRNA.?® Therefore, the lack of
expression of vVWF mRNA in HSE cells could be explained by
a similar tissue distribution of vWF in the murine model. Fur-
thermore, the protein expression of CD31/PECAM and mRNA
expression of other endothelial markers such as Flk-1, Tie-1,
Tie-2 and ICAM1 was confirmed in both LECs and HSE cells.

Concerning MMPs secreted by LECs, we detected for the
first time mRNA expression of MMP-2, MMP-9 and MT1-
MMP in these cells using a semi-quantitative RT-PCR assay. In
addition, we detected the expression of uPA mRNA in LECs
(Fig. 3A). The overexpression of uPA and uPA receptor has
been correlated with lymphatic metastasis of lung cancer? 30
and uPA expression in bovine large vessel lymphatic endothe-
lial cells was described in previous work.?'~33

Concerning MMPs secreted by endothelial cells, recent find-
ings have indicated that they play a critical role during angio-
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genesis. When endothelial cells were cultured on Matrigel, the
formation of tubular networks was increased by the addition of
recombinant MMP-2 (gelatinase A) and decreased when neu-
tralizing antibody or TIMP-2 was added.*® The importance of
MMP-9 (gelatinase B) in angiogenesis was shown in gelatinase
B-deficient mice, which exhibited an abnormal pattern of skele-
tal growth plate vascularization and ossification.’> Moreover,
MT1-MMP (MMP-14) activation of MMP-2 and the functional
role of this process in endothelial cell organization were dem-
onstrated in an in vitro angiogenesis model of microvascular
endothelial cells cultured within a collagen matrix.*® MMPs
have also been reported to correlate with the uPA/plasmin sys-
tem, both in in vivo studies showing a close immunolocaliza-
tion of the two systems*’—* and in in vitro studies in which
plasmin was able to activate several MMPs, such as MMP-1,
MMP-3 and MMP-9.40-42

Once we had characterized the lymphatic endothelial features
of LECs isolated in our study, we further investigated the ef-
fects of MMI270 on several lymphangiogenesis-related proper-
ties of these cells: 1) MMP-degrading activity; 2) invasion; and
3) tube formation.

The expression of MMP-2 and MMP-9 in LECs was detected
by gelatin zymography, and the gelatinolytic activities of these
MMPs were inhibited by MMI270 in a concentration-depen-
dent manner. At low doses of the MMP inhibitor, a correspon-
dence was observed between the almost complete inhibition of
MMP-9 expressed in LECs (Fig. 3B) and endothelial HSE cells
in our previous study.

The invasive property of endothelial cells during the process
of angiogenesis is closely associated with expression of
MMPs.*» When we analyzed the invasive potential of LECs in
vitro, we observed their ability to invade Matrigel and the inhi-
bition of this invasion by the addition of MMI270 (Fig. 4A).
Thus, we have observed for the first time the invasive ability of
LECs and its relationship with MMPs expressed by the cells,
demonstrating the common features shared by lymphatic endot-
helial cells and endothelial cells. Given the small number of re-
ports dealing with the lymphangiogenic and angiogenic
functions of other classes of metalloproteinases, such as AD-
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AMs and astacin-like enzymes, we plan to investigate the ex-
pression and function of these enzymes in LECs in a future
study.

Moreover our observation that the ability of LECs to form
tube-like structures was inhibited by the MMP inhibitor (Fig.
4B) showed that these cells might act in a similar way to endot-
helial HSE cells during the formation of vessels through which
tumor cells are transported from the primary tumor site to the
target organ of metastasis. Accordingly, we suppose that MMPs
secreted by LECs might be important in degrading the tissues
near the original sites where the LECs form capillaries, subse-
quently allowing the tumor cells to spread via the lymphatics.

In the context of anticancer therapy, the inhibition of lym-
phangiogenesis and lymphatic metastasis represents a new po-
tential target. So far, studies on lymphangiogenesis have been
restricted to the VEGF family of cytokines (VEGF-D, VEGF-
A), and some therapeutic approaches such as the application of
soluble VEGFR-3 in transgenic mice*” and in VEGF-C-overex-
pressing MCF-7 tumors* have been tested. However, the
present results suggest that MMP inhibition might also be eval-
uated as an alternative approach for the regulation of lymphatic
metastasis. This would be consistent with our results indicating
that MMPs might mediate lymphangiogenesis and tumor me-
tastasis. In the future, this could be confirmed by means of im-
munohistochemical studies and quantification of specific
lymphatic markers by real-time quantitative PCR.

In summary, the present study showed that MMI270 inhib-
ited the lymph node metastasis of orthotopically implanted
LLC cells, in addition to regulating lymphangiogenesis-related
properties of lymphatic endothelial cells (MMPs-degrading ac-
tivity, invasion and tube formation). This suggests that MMPs
might be mediators of lymphangiogenesis, angiogenesis and tu-
mor metastasis.
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