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ABSTRACT

Our previous study showed that human peritoneal conditioned medium
(CM) increased the matrix metalloproteinase-9 (MMP-9) secretion and
invasiveness of ovarian cancer cells (NOM1). In an effort to identify this

MMP-9-stimulating factor, we examined the effects of extracellular ma
trix components, such as type IV collagen, laminin, and fibronectin, on
ovarian cancer cells. We found that fibronectin increased the MMP-9
activity of NOM1 cell CM in a concentration-dependent manner and that
the peritoneal CM contained high level of fibronectin. An increase of
MMP-9 activity in NOM1 cell CM by the peritoneal CM was almost
completely blocked by 20 @ag/mlof anti-integrin a5/FnR antibody and
RGD polypeptides. Furthermore, after immunoprecipitation by antifi
bronectin antibody supernatant of the peritoneal CM did not increase
MMP-9 activity in NOM1 cells. Fibronectin and the peritoneal CM also
increased MMP-9 activity and expression in NOM1 cell lysate, and these
effects were blocked by anti-integrin aS/FnR antibody. Invasiveness of
NOM1 cells was enhanced by fibronectin and the peritoneal CM in a
concentration-dependent manner, and anti-integrin aS/FnR antibody
blocked these effects. These results suggested that fibronectin secreted
from pentoneum increased MMP-9 activity and expression, and, in turn,
invasiveness of ovarian cancer cells.

INTRODUCTION

MMPs2 are a family of zinc-requiring matrix-degrading enzymes,
including the collagenases, gelatinases, and stromelysins, all of which

have been implicated in invasive cell behavior (1â€”5).MMP-9 specif
ically targets type IV collagen, a major basement membrane compo
nent, and could have a crucial role in tumor cell invasion across the
basement membrane (6â€”8). A clear correlation has been observed
between metastatic capacity and MMP-9 expression (6, 9).

In addition to cytokines and growth factors (10â€”12),evidence has
been accumulated that ECM components regulate MMPs secretion.
Previous studies showed that fibronectin induced the expression of
matrilysin (MMP-7) in colorectal cancer cell (13), whereas laminin

induced the expression of MMP-2 in metastatic cells (14). Recently,
fibronectin was shown to modulate MMP-9 expression in human
periodontal ligament cells (15).

We previously demonstrated that human peritoneal tissue and
mesothelial cell CM stimulates MMP-9 secretion and that the stimu
latory factor derived from mesothelial cells had an Mr > 100,000 (16).
Thus, we hypothesized that ECM components of peritoneal tissue CM
may participate in the increase of MMP-9 activity in ovarian cancer
cells.

MATERIALS AND METHODS

Cell Lines and Peritoneal Tissue Culture. Two humanovariancancer
cell lines, NOM 1 (mucinous cystadenocarcinoma) and SKOV (serous cysts
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denocarcinoma), were maintained as described previously (16). After informed

consent was obtained, peritoneal tissues were surgically removed from two

women with uterine myoma and one with ovarian cancer. The peritoneal tissue
samples were maintained in MEM without FCS for 0.5, 4, 12, and 24 h. After

the incubation, the peritoneal CM thus obtained was spun at 5000 X g for 15
mm, and the supernatant was collected.

Cell Treatment, CM, and Cell Lysate Collection. NOM1 and SKOV
cells (1 X l0@)were seeded into 24-well culture dishes (Coming). After 12 h,

the cells were incubated with human peritoneal CM (0.4 mg of protein/mI) for
24 h, and then cells were washed with serum-free medium. After incubation,

the CM was collected for zymography. Cultured cells were resuspended in
lysis buffer containing 1% Triton X-lOO, 50 mM Tris-HC1 (pH 7.2), and 300

mM NaCI. Lysates were incubated on ice for 15 mm with occasional vortexing.

and insoluble material was removed by centrifugation.
NOM1 and SKOV cells (I X l0@)were cultured with human fibronectin

(Organon Teknika Corp.), human laminin (Mallinckrodt), and human type IV

collagen (Cosmo Biology Co., Ltd.) at 1â€”100ng/ml for 24 h. After incubation,
the CM was collected. Cultured cells were resuspended in lysis buffer, and
lysates were processed as described above.

Blocking and Neutralization Study. An antifibronectin receptor mAb
(anti-integrin a5IFnR) was used (Oncogene Science). NOMI cells (1 X l0@)
were preincubated with MEM containing I, 5, and 20 ,.sg/mlof anti-integrmn
aS/FnR for 3 h at 37Â°C. These cells were incubated with human peritoneal CM

(0.4 mg/ml) for 24 h and then washed with serum-free medium. After a further
24-h incubation, CM was collected, and the cells were processed as described

above.
GRGDSP, a peptide containing the arginine-glycine-aspartate (ROD) cell

recognition sequence, or GRGESP, a control peptide (Bachem California),

were incubated with NOM1 cells at 1, 5, and 20 @g/mlfor 3 h, and then the

cells were treated with human peritoneal CM. After incubation, the CM was
collected.

Human peritoneal CM was immunoprecipitated by an antifibronectin mAb
(Transduction Laboratories) or normal mouse IgG bound to affigel-protein A,
and then the supematant was added to NOMI cells at 0.4 mg protein/mi. After
incubation, the CM was collected as described above.

Gelatin Zymography. The activities of MMPs in the CM were assayed by

zymography as described previously (17). Briefly, samples were electropho

resed on 10% SDS polyacrylamide gel containing 0.03% gelatin in Laemmli's
system. After electrophoresis, the gel was washed with 2.5% Triton X-lOO and

incubated for 20 h at 37Â°Cin reaction buffer (50 mM Tris-HC1, pH 7.4,
containing 10 mM CaCl2). The gel was then stained with a solution of 0.2%

Coomassie Brilliant Blue in 50% methanol and 10% acetic acid for 1 h and
washed with 20% methanol and 10% acetic acid. Gelatinase activities were
detected as unstained bands.

Immunoblotting. Samples were electrophoresed on a 10% SDS polyacryl

amide gel and transferred electrophoretically to an Immobilon membrane
(Millipore, Bedford, MA). After blocking, the membrane was incubated for 1 h
with a mouse mAb against human MMP-9 (56â€”2A4,Fuji Chemical Industries

Ltd., Takaoka, Japan). The membrane was washed with TBS-T three times for
15 mm and then was incubated with peroxidase-conjugated goat antimouse
IgG for I h. After being washed with TBS-T, the membrane was subjected to
an ECL-Westem blotting detecting reagent (Amersham).

Invasion Assay. Tumor cell invasion was evaluated using 24-well Matrigel
invasion chambers (Becton Dickinson). NOMI cells were suspended at a final

concentration of 2 x lOâ€•/mlin MEM with 0.1% BSA. Fibronectin was added

to the upper compartment at I, 10, and 50 ng/ml. Peritoneal CM with or
without pretreatment with anti-integrin aS/FaR, GRGDSP, and GEGESP was

added at 0.4 mg of protein/ml. After incubation for 8 h, the invading cells on

the lower surface were stained with May-Grtinwald-Giemsa stain. The number
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of cells was counted under a microscope at a magnification of 400, and each
assay was performed in triplicate.

ELISA. The fibronectinconcentrationin the peritonealCM was measured
after incubation for 0.5, 4, 12, and 24 h using a fibronectin EIA kit (Takara).

Densitometrlc Analysis. The photographs of gels were scanned with a _______
densitometer (Shimadzu CS-930, Shimadzu Corp., Kyoto, Japan) by the reac
tion mode.

Statistical Analysis. The statistical significance of the number of invaded
cells was determined by Student's paired t test.

RESULTS

Induction of MMP-9 by Fibronectin. Treatment of NOM1 cells
with fibronectin for 24 h increased the intensity of the Mr 92,000 band
in a concentration-dependent manner, and even 1 ng/ml of fibronectin
stimulated Mr 92,000 activity in NOM1 cells (Fig. lA). Although this
stimulatory effect was also observed with SKOV cells, enhancement
of the Mr 92,000 band by fibronectin was weaker than with NOM1
cells (data not shown). Thus, NOM1 cells were used in subsequent
experiments. Laminin and type IV collagen did not increase the
intensity of the Mr 92,000 band in NOM1 cells (Fig. I, B and C).

Induction of MMP-9 expression in NOM1 cells by fibronectin was
confirmed by Western blotting, showing that the Mr 92,000 band
corresponded to MMP-9 (Fig. 2).

Induction of MMP-9 by Fibronectin Secreted from the Perito
neum. The concentration of fibronectin in peritoneal CM was meas
ured after cultured for 0.5, 4, 12, and 24 h (Fig. 3). The concentration
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Fig. 4. Gelatinase activity in CM from anti-integrin a5IFnR antibody-treated NOMI
cells after exposure to human peritoneal CM. The cells were pretreated with various
concentrations of anti-integrin a5/FnR antibody or mouse lgG and then exposed to human
peritoneal CM. The enhancement of MMP-9 activity is shown as the amount relative to
control. Lane I, control; Lanes 2â€”8,CM after exposure to human peritoneal CM; Lane 2,
no antibody; Lane 3, 1 @.&g/mlof antibody; Lane 4. 5 @g/mlof antibody; Lane 5, 20 @g/ml
of antibody; Lane 6, 1 @g/mlof mouse IgG; Lane 7, 5 @g/mlof mouse IgG; Lane 8, 20
@.tg/mlof mouseIgG.

of fibronectin increased progressively with the incubation time, and it
was 167 Â±21 ng/ml at 24 h. This showed that human peritoneal tissue
produced sufficient fibronectin to increase the secretion of MMP-9
from NOM1 and SKOV cells.

Pretreatment of NOM1 cells with anti-integrin a5IFnR mAb caused

concentration-dependent suppression of enhanced MMP-9 secretion
by peritoneal CM, and at a concentration of 20 p.g/ml, peritoneal
CM-induced MMP-9 activity was almost completely blocked (Fig. 4).

Another fibronectin receptor such as a4f3 1 and avj36 was not de
tected by Western blotting in NOM1 cells, and the anti-a4 and cxv
antibody did not block the inducing MMP-9 activity by peritoneal CM
(data not shown). We also found that the GRGDSP peptide, but not
the control GRGESP peptide, reduced the peritoneal CM-induced
increase of MMP-9 activity in NOM1 cells at concentration of 20
,.tg/ml(Fig.5).

To confirm whether fibronectin secreted from the peritoneum was
a MMP-9 stimulating factor in NOM1 cells, we attempted to remove
fibronectin from the peritoneal CM by immunoprecipitation with an
antifibronectin mAb. The resulting supernatant, which lacked fi
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Fig. 2. Immunoblotting of MMP-9 in CM from NOMI cells after exposure to various
concentrations of fibronectin. Lane I, control; Lane 2, 5 ng/mI; Lane 3. 10 ng/ml; Lane
4, 50 ng/ml; Lane5, 100ng/ml.
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Fig. 3. Analysis of fibronectin in human peritoneal CM. Human peritoneal tissues were
cultured in serum-free DMEM for 0.5, 4, 12, and 24 h. Bars, SE.
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Fig. 1. Gelatinase activity in CM from NOM1 cells after exposure to ECM proteins at
various concentrations. The enhancement of MMP-9 activity is shown as the amount
relative to control. A, fibronectin: Lane I, control; Lane 2, 1 ng/ml; Lane 3. 5 ng/ml; Lane
4, 10ng/ml; Lane5, 50 ng/ml; Lane6, 100ng/ml. B, laminin: Lane I, control; Lane2,
1ng/ml;Lane3, 10ng/ml;Lane4, 100ng/ml.C,typeIVcollagen:Lane1,control;Lane
2, 1 ng/ml; Lane 3, 10 ng/ml; Lane 4. 100 ng/ml.
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lines and showed that the MMP-9-stimulating factor was larger than
Mr 100,000 (16). In this study, we demonstrated that fibronectin

produced by human peritoneal tissue enhanced MMP-9 activity and
expression in ovarian cancer cells and that blocking the binding of

fibronectin to NOM1 cells inhibited the enhancement of MMP-9
activity by peritoneal CM. In addition, both fibronectin and peritoneal
CM enhanced the invasiveness of NOM1 cells, and anti-integrin
a5/FnR antibody inhibited this enhancement of invasiveness. Fi

bronectin, a major ECM component, is found in the connective tissue
in close apposition to the basement membrane and is a glycoprotein
with important adhesive functions (26, 27). Recently, it was shown

that fibronectin modulates metalloproteinase expression in colorectal
cancer cells and human periodontal ligament cells (15). In a previous
study, it was found that normal human peritoneal mesothelial cells
express mRNA and protein for fibronectin (28). Our study revealed
that human peritoneal mesothelial cells secreted fibronectin, but the
quantity was less than that of the total peritoneal tissue (data not
shown). This may be a reason for mesothelial cell CM to show less
increase of MMP-9 activity than pentoneal CM (16). Because pen
toneal tissue may more closely reflect the in vivo situation than
isolated mesothelial cells, peritoneal CM was used in this study.

Integrins are a family of transmembnane receptors that mediate cell
attachment to ECM proteins at sites called focal contacts (29, 30) and
play an important role in tumor progression and metastasis (31â€”33).In
murine B 16 melanoma cells, a critical role of integrin a4j3l in tumor
cell invasion has been established (34). In addition, there have been
some reports of the role on @3l-integrinin peritoneal implantation (35,
36). In our experiment, anti-integnin a5IFnR antibody and ROD
peptide largely blocked the induction of MMP-9 activity by pentoneal

CM at 20 @tg/ml,although induction of NOM1 cell invasion by
penitoneal CM was not so strongly blocked. These results suggest that

NOM1 cell invasion may be regulated by several factors, including
MMPs. A previous study demonstrated that cooperative signaling by
a5@3l integrins regulates metalloproteinase gene expression in fibro
blasts adhering to fibronectin (37). Although the mechanism of inte

grin-initiated signaling is not well defined, we showed that its acti
vation resulted in a drastic increase of MMP-9 secretion. Analysis of
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Fig. 5. Gelatinase activity in CM from GRGDSP- or GRGESP-treated NOM1 cells
after exposure to human peritoneal CM. The cells were pretreated with various concen
trations of GRGDSP or GRGESP and then were exposed to human peritoneal CM. The
enhancement of MMP-9 activity is shown as the amount relative to control. Lane I,
control CM; Lanes 2â€”8,CM after exposure to human peritoneal CM; Lane 2, no
treatment; Lane 3, I .sg/ml of GRGDSP; Lane 4, 5 @sg/mlof GRGDSP; Lane 5, 20 @sg/ml
of GRGDSP. Lane 6, 1 @sg/mlof GRGESP; Lane 7, 5 @g/mlof GRGESP; Lane 8, 20

@g/mlof GRGESP.
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Fig. 6. Gelatinase activity in CM from NOM I cells after exposure to human peritoneal
CM from which fibronectin was removed by immunoprecipitation. The enhancement of
MMP-9 activity is shown as the amount relative to control. Lane 1. control CM: Lane 2,
CM after exposure to human peritoneal CM; Lane 3, CM after exposure to antifibronectin
mAb-immunoprecipitated peritoneal CM; Lane 4, CM after exposure to antimouse lgG
immunoprecipitated peritoneal CM.

bronectin and was exposed to NOM 1 cells at a concentration of 0.4
mg proteinlml, did not stimulate MMP-9 secretion in NOM1 cells,
whereas supernatant treated with control mouse IgG enhanced
MMP-9 activity (Fig. 6).

MMP-9in NOM1Cell Lysates. Bothfibronectinandperitoneal
CM clearly induced MMP-9 activity in NOM1 cell lysates, as shown
in Fig. 7A. Induction of MMP-9 expression by fibronectin and peri
toneal CM in NOMI cell lysates was also demonstrated by Western
blotting (Fig. 7B). At 20 @.tWml,the mAb against a5fFnR blocked
induction of MMP-9 activity and expression by peritoneal CM in
NOM 1 cell lysates (Fig. 7, A and B). These results suggested that both
fibronectin and peritoneal CM increased MMP-9 protein and MMP-9
activity in NOM1 cells.

Inductionof Invasivenessby Fibronectinand PeritonealCM
The invasiveness of NOM1 cells was significantly stimulated by both
fibronectin and peritoneal CM in a concentration-dependent manner.
Increases of 6- and 7-fold were observed with 50 ng/ml of fibronectin
and 0.4 mg protein/ml of peritoneal CM, respectively. At 20 @tg/ml,
both anti-integrin aS/FnR and GRGDSP blocked the induction of
NOM I cell invasion by peritoneal CM well (Fig. 8). These results
suggested that the increase of NOM1 invasiveness stimulated by
fibronectin and peritoneal CM may have resulted from enhanced

MMP-9 activity.

DISCUSSION

Peritoneal dissemination is an important step in ovarian cancer
invasion and metastasis (18â€”20).During this process, tumor cells may
interact with stromal cells and mesothelial cells (21). Host-tissue
environmental factors may influence metalloproteinase activity and
tumor cell metastasis (22â€”25).Our previous study revealed that hu
man peritoneal CM induced MMP-9 activity in ovarian cancer cell
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Fig. 7. Gelatinase activity and MMP-9 in NOMI cell lysates. The enhancement of
MMP-9 activity is shown as the amount relative to control. A, gelatinase activity; B,
immunoblotting for MMP-9. Lane I, lysate of control NOMI cells; Lane 2, lysate of
NOMI cells after exposure to fibronectin at 50 ng/ml; Lane 3, lysate of NOMI cells after
exposure to human peritoneal CM (0.4 mg protein/ml); Lane 4, lysate of NOMI cells
pretreated with anti-integrin a5IFnR.
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Fig. 8. In vitro invasion assay of anti-integrin a5IFnR antibody-pretreated cells and
GRGDSP-pretreated cells after exposure to either human peritoneal CM or human
fibronectin. A, exposure to human peritoneal CM. Lane I, control; Lanes 2â€”4,untreated
cells;Lane2, 0.1 mg protein/nilexposure;Lane3, 0.2 mg protein/mi;Lane4, 0.4 mg
protein/ml; Lane 5, 0.4 mg protein/mi after anti-integrin a5IFnR antibody-treatment; Lane
6, 0.4 mg protein/nil after GRGDSP treatment. B, exposure to human fibronectin. Lane 1,
control; Lanes 2â€”4,untreated cells; Lane 2, 1 ng/ml; Lane 3. 10 ng/ml; Lane 4, 50 ng/ml;
Lane 5, 50 ng/mI after anti-integrin a5/FnR antibody treatment; Lane 6, 50 ng/ml after
GRGDSP treatment. *, P < 0.05; **, P < 0.001. Bars, SD.

the MMP-9 gene has shown that its expression is controlled by a 12-0-
tetradecanoylphorbol-13-acetate-responsive element coordinating with
SP-l and nuclear factor .cB sites in the promoter region, and various
factorsthataffectthiselementcaninfluenceMMP-9expression.For
example, 12-0-tetradecanoylphorbol-13-acetate, interleukin l@3, tumor

necrosis factor a, and epitheial growth factor all increase MMP-9 secre
tion (11, 38â€”40),and retinoic acid decreases it (41, 42). Fibronectin is
known to activate the Ras-MAP kanase pathway, which in turn activates

these transcriptional factors (43, 44). A more thorough understanding of
the molecular basis of the tumor cell-fibronectin interactions modulating
MMP-9 expression will be useful for the development of strategies to
overcome ovarian cancer invasion and metastasis.
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