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INTRODUCTION
Substantial evidence indicates that proteolytic degradation of

Proteolytic degradation of the extracellular matrix (ECM)the extracellular matrix is necessary for invasion and metastasis
by cancer cells. Our previous work has demonstrated elevated is hypothesized to be necessary for tissue invasion and me-
secretion by cultured ovarian adenocarcinoma cells of two gela- tastasis by cancer cells [1]. The basement membrane, a spe-
tinolytic metalloproteinases, a 72-kDa enzyme resembling matrix cialized ECM containing large amounts of type IV collagen
metalloproteinase 2 (MMP-2) and a 92-kDa enzyme resembling and laminin, serves a barrier function separating epithelial
MMP-9 (Moser et al., Int. J. Cancer 56, 552–559, 1994). To assess cells from the underlying stroma [2, 3]. For hematogenous
the potential in vivo relevance of these enzymes, we have examined metastasis to occur, a tumor cell must repeatedly cross this
ovarian carcinoma ascites using gelatin substrate zymography.

basement membrane barrier, a process for which proteolysisMMP species identical to those secreted from several well-charac-
of ECM components is required. However, hematogenousterized ovarian adenocarcinoma cell lines were found in the major-
metastasis occurs infrequently in the early stages of epitheliality of ascites: MMP-2-like gelatinase (23 of 23 cases) and MMP-
ovarian carcinomas which more commonly metastasize by9-like gelatinase (18 of 23 cases), suggesting a prevalence of these
surface shedding, followed by peritoneal dissemination, im-species in the ovarian carcinoma microenvironment and their

availability for tumor-associated proteolysis. The contribution of plantation, growth, and visceral invasion [4]. It is reasonable
these proteinases to ovarian cancer invasion was further demon- to hypothesize that proteolysis also plays a key role in intra-
strated by experiments measuring tumor cell-mediated proteolysis peritoneal metastasis, such as in the disruption of the meso-
of native endothelial cell extracellular matrix (ECM) and tumor thelial cell layer, during extension of the implanted tumor
cell invasion of reconstituted basement membrane (Matrigel). through the submesothelial basement membrane into the vis-
These data showed that secretion of type IV collagenase activity ceral organ stroma, and, importantly, in gaining access to
by a series of independently isolated ovarian adenocarcinoma cell

the host vascular supply, a necessary step in progression oflines correlated well with the ability of these cells to proteolyze
the implant [5].the ECM and invade the basement membrane. Furthermore, we

The matrix metalloproteinase (MMP) family of proteo-have identified and characterized an ovarian carcinoma-associated
lytic enzymes catalyzes the hydrolysis of numerous ECMgelatinase, the 72-kDa MMP found in conditioned media of the
molecules, most importantly the collagens, but also otherDOV 13 cell line, as MMP-2. This enzyme was identical to the

previously described MMP-2 from other sources by Western blot, ECM components [3, 6]. MMP-1, or interstitial collagenase,
amino terminal sequence, and substrate specificity. Additionally, is specific for cleavage of native fibrillar collagens types I,
a large portion of the MMP-2 activity found in DOV 13 condi- II, and III found in interstitial ECM, while MMP-2 (gela-
tioned media is active without organomercurial treatment, sug- tinase A, 72-kDa type IV collagenase) and MMP-9 (gela-
gesting that ovarian cancer cells have an endogenous activator of tinase B, 92-kDa type IV collagenase) rapidly degrade gela-
the zymogen. Together, these data suggest that ECM proteolysis tins and basement membrane collagen types IV and V.
mediated by tumor-associated proteinases plays an important role

MMP-3 (stromelysin 1) predominantly degrades noncollage-in the invasion and/or metastasis of ovarian carcinoma. q 1996
nous ECM glycoproteins. Overexpression of MMPs, particu-
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larly the type IV collagenases, has been demonstrated in
several tumor systems and has been linked to invasive poten-

1 To whom correspondence should be addressed. Fax: (312) 908-8773. tial of tumor cells [3, 7, 8]. Indeed, MMP-2 was first identi-
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fied based upon overexpression of type IV collagenase activ- environment. Finally, studies were undertaken to examine
the potential role of gelatinolytic MMPs secreted from fiveity in tumor cells [9], and subsequently, its level of secretion

was found to correlate with the metastatic potential of murine ovarian carcinoma cell lines in endothelial cell basement
membrane proteolysis and in invasion of a reconstitutedmelanoma cell lines and other cell types [10]. Further studies

have shown that type IV collagenase (either MMP-2 or basement membrane.
MMP-9) secretion correlates with invasive or metastatic po-
tential in tumor–tumor or tumor–normal cell fusion hybrids MATERIALS AND METHODS
of varying metastatic potential [11], in nude mice using H-
ras or H-ras/E1A oncogene-transfected rat embryo fibro- Material. Polyclonal antibodies prepared against puri-
blasts [12], and in other systems both in vitro and in vivo fied proMMP-2 (rabbit) and purified proMMP-9 (sheep)
[13–17]. Type IV collagenase activity also correlates with were the generous gift of Dr. Hideaki Nagase, University of
malignant transformation, metastasis, and poor survival in Kansas Medical Center (Kansas City, KS) [40]. Collagen
many different cancers studied using clinical material [18– type I, collagen type V, alkaline phosphatase-conjugated
24]. Furthermore, the specific endogenous inhibitors of the anti-rabbit and anti-sheep IgG, 5-bromo-4-chloro-3-indolyl
MMPs, the tissue inhibitors of metalloproteinases (TIMPs), phosphate/nitro blue tetrazolium (BCIP/NBT) alkaline phos-
appear to function to suppress metastasis or invasion in ani- phatase substrate tablets, cell culture reagents, and chroma-
mal models or reconstituted systems [25–30]. Together, tography matrices were purchased from Sigma (St. Louis,
these studies demonstrate that elevated proteinase secretion MO). Collagen type IV and Matrigel were purchased from
unchecked by an equivalent rise in inhibitor levels can enable Collaborative Research (Bedford, MA). The synthetic colla-
a tumor cell to invade neighboring tissues and metastasize. genase substrate Dnp-Pro-Leu-Gly-Leu-Trp-Ala-D-Arg-

Substantial evidence indicates that proteolysis, catalyzed NH2 (Dnp-PLGLWAR-NH2) was purchased from Peptides
by both MMPs and serine proteinases such as urinary-type International (Louisville, KY). Gelatin types I, IV, and V
plasminogen activator (u-PA) and plasmin, also plays an were prepared by denaturation of the corresponding colla-
important role in metastasis of ovarian cancer. Niedbala et gens by heating at 607C for 20 min. All other chemicals
al. [31] observed that ovarian cancer cells are capable of were reagent grade quality. A metalloproteinase reverse zy-
disrupting mesothelial cell layers and of fully degrading bio- mography kit was purchased from University Technologies
synthetically labeled extracellular matrix, suggesting the International (Calgary, Alberta, Canada).
possibility that ovarian cancer cells possess both plasmin-

Clinical specimens. Twenty-three peritoneal ascites flu-like and MMP-like proteolytic activity. Furthermore, serine
ids from ovarian carcinoma patients were examined in theproteinase inhibitors, anticatalytic antibodies against u-PA,
present study. The ascites were obtained at surgery fromand TIMP inhibit the in vitro invasion of ovarian cancer
patients undergoing exploratory laparotomy for treatment ofcells on reconstituted basement membranes [32, 33]. Inter-
stage III or IV epithelial ovarian cancer at Duke Universityestingly, a synthetic MMP inhibitor has been reported to
Medical Center. In all cases, informed consent of the patientretard progression of ovarian carcinoma xenografts in nude
was given prior to collection of fluids. The ascites weremice [34]. These studies did not elucidate the type of MMP
made cell-free by centrifugation and filtration and storedspecies which were involved in the invasive mechanism.
frozen at 0707C. The protein content of the fluids was mea-Previous studies from our laboratory comparing the normal
sured using a BCA assay (Pierce, Rockford, IL).ovarian epithelium with ovarian adenocarcinoma demon-

Cell culture. The human ovarian adenocarcinoma cellstrated that ovarian carcinoma cells in vivo and in vitro se-
lines DOV 13, OVCA 420, OVCA 429, OVCA 432, andcrete elevated quantities of u-PA, coexpress the cell surface
OVCA 433 were maintained at 377C under 5% CO2 in sup-receptor for u-PA, and overexpress two gelatinolytic MMPs
plemented minimal essential medium (MEM) as previouslywhich resembled MMP-2 and MMP-9 [35, 36]. A number
described [41]. Serum-free conditioned medium was col-of additional studies provide further support for these find-
lected for purification of MMP-2 as follows. Cells wereings of elevated plasminogen activator and metalloproteinase
propagated in 162-cm2 flasks (Costar, Cambridge, MA) withsecretion in ovarian carcinoma [37–39].
serum-containing medium. At approximately 30 and 90%In the present study we have sought to definitively charac-
confluence, the cells were washed twice with phosphate-terize the gelatinolytic MMP secreted by the DOV 13 ovar-
buffered saline and placed in serum-free medium for 24ian adenocarcinoma cell line. The enzyme was purified, iden-
hr. The serum-free conditioned medium was harvested andtified as MMP-2 (gelatinase A, 72 kDa type IV collagenase)
subsequently stored frozen at 0207C.using Western blotting and N-terminal protein sequencing,

and characterized regarding substrate specificity and zymo- Native basement membrane degradation assay. Human
umbilical vein endothelial cells (HUVEC) were obtainedgen activation properties. Furthermore, we have analyzed

clinical samples of ovarian carcinoma ascites seeking in vivo from Clonetics (San Diego, CA) and were cultured as pre-
viously described [42]. Metabolically labeled endothelial cellevidence for MMP secretion in the ovarian carcinoma micro-
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91GELATINASES LINKED TO OVARIAN CANCER INVASION

basement membranes were produced by culture of HUVEC lyze purified DOV 13 MMP-2 and was performed using a
kit according to the manufacturer’s specifications [47].in the presence of [3H]proline as previously described [43].

DOV 13, OVCA 420, OVCA 429, OVCA 432, and OVCA Purification of MMP-2. The Mr 72,000 gelatinase from
433 cells were harvested with EDTA, washed with PBS, DOV 13 cells [36] was purified using a modification of
resuspended in serum-free medium, enumerated, and plated previously published procedures [48, 49]. Serum-free condi-
at 5 1 105 cells/well on wells containing [3H]proline-labeled tioned medium (2.5 liters) from DOV 13 cells was concen-
HUVEC matrix. Control wells contained medium only or trated 50-fold by ultrafiltration using a YM-30 membrane
cells plus minocycline (50 mg/ml), which inhibits MMP ac- (Amicon, Beverly, MA) and applied to a gelatin agarose
tivity [44]. After a 24-hr incubation, the conditioned media column (12 1 2 cm) equilibrated with 50 mM Tris–HCl, 5
were collected (500 ml). The wells were rinsed twice with mM CaCl2 , 0.5 M NaCl, 0.02% Brij 35, pH 7.6 (TCS buffer).
PBS and further incubated with 500 ml CR-Dispase at 377C After elution with TCS buffer containing 10% dimethyl sulf-
for 48 hr to remove nonsolubilized matrix. The conditioned oxide, fractions containing gelatinase activity as determined
media and CR-Dispase digests were clarified by centrifuga- by zymography were dialysed against 50 mM Hepes, 10 mM
tion (10,000g 1 5 min) and radioactivity was determined CaCl2 , 0.05% Brij 35, pH 7.2 (HBC buffer). The dialysate
by scintillation counting as described above. Cellular ECM was applied to a DEAE-Sephacel column (101 2 cm) equili-
degradation was calculated as the percentage of counts in brated with HBC buffer and eluted with HBC buffer con-
the conditioned medium relative to the total counts in the taining 1.0 M NaCl. The eluate was concentrated 50-fold by
well (conditioned medium / Dispase digest). Assays were ultrafiltration (Centriprep-30, Amicon) and desalted into 50
performed in triplicate. mM Tris–HCl, 0.02% Chaps, pH 7.5, using a NAP-5 column

(Pharmacia, Uppsala, Sweden). Aliquots of material at eachMatrigel invasion assay. Transwell invasion chambers
purification step were reserved for analysis by SDS–PAGEcontaining polycarbonate filters (8-mm, Costar) were coated
and collagenase assay.on the upper surface with Matrigel. Conditioned medium

from NIH 3t3 cells was added to the lower chamber as a Collagenase activity assays. The collagenase activity of
chemoattractant. Ovarian cancer cells (3 1 105) were placed conditioned media and purified enzyme samples was assayed
in the upper chamber in a 200-ml total volume and incubated quantitatively using the synthetic collagenase substrate Dnp-
at 377C for 18 hr. The filter was then removed, fixed, and PLGLWAR-NH2 as previously described [50]. Dnp-PLG-
stained with hematoxylin and eosin. Noninvading cells ad- LWAR-NH2 (20 mM) was incubated with 501 concentrated
herent to the upper surface of the filter were removed with serum-free conditioned medium (4.5 mg) or purified DOV
a cotton swab. Cell invasion was assessed by counting a 5 13 MMP-2 (0.48 mg) in 0.05 M Tris–HCl, 5 mM CaCl2 ,
1 5-mm square using an inverted phase microscope with a 0.2 M NaCl, pH 7.7, at 377C for 16 hr. In some cases, the

samples also contained 0.6 mM APMA alone or with 2 mM201 objective. Assays were performed in triplicate.
o-phenanthroline. The reactions were stopped by additionSodium dodecyl sulfate–polyacrylamide gel electrophore-
of 2 mM o-phenanthroline and the cleavage products weresis (SDS–PAGE) zymography. Samples of ovarian cancer
analyzed by reverse-phase HPLC using a C18 column (4.6ascites fluids were analyzed by SDS–PAGE zymography
mm 1 25 cm) with a guard column (4.6 mm 1 1.5 cm) onaccording to the method of Heussen and Dowdle [45] to
a Rainin Dynamax HPLC and quantitated by monitoring thedetermine the molecular weights and relative abundance of
column effluent at 370 nm.the gelatinases present. Samples containing 70 mg of protein

Western blotting. The immunoreactivity of the purifiedwere activated by incubation with 1.0 mM aminophenyl-
DOV 13 MMP with antibodies raised against either MMP-mercuric acetate (APMA) for 1 hr at 377C and were electro-
2 or MMP-9 was determined by Western blotting. Purifiedphoresed according to the method of Laemmli [46] without
DOV 13 MMP (1 mg) was electrophoresed on a 9% poly-reduction on 9% SDS–polyacrylamide gels copolymerized
acrylamide gel and electroblotted to an Immobilon mem-with 0.1% gelatin. Gels included a conditioned media stan-
brane. The blots were probed with either rabbit anti-MMP-2dard from DOV 13 and OVCA 432 cells as positive controls
polyclonal antibody (1:500) or sheep anti-MMP-9 polyclonaland for identification of the gelatinases in ascites relative to
antibody (1:1000). Subsequently, the blots were developedthe known 72- and 92-kDa secretory products of these cell
by probing with the corresponding species-specific alkalinelines, respectively [36]. Gelatinolytic bands were assessed
phosphatase-conjugated secondary antibodies (1:2000), fol-for semiquantitative analysis using an arbitrary graded scale.
lowed by colorimetric development employing the BCIP/Scale categories were defined as follows: 0, no band de-
NBT alkaline phosphatase substrate.tected; //0, faint band detected, õ1.0 mm width; 1/, clear

band detected, 1.0–1.5 mm width; 2/, intense band de- NH2-terminal sequence analysis. The amino terminal se-
tected, 1.5–3.0 mm width; 3/, very intense band detected, quence of the purified, APMA-activated DOV 13 metallo-
ú3.0 mm width. proteinase was determined by Edman degradation as pre-

viously described [51]. Purified zymogen of the DOV 13Metalloproteinase reverse zymography was used to ana-
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MMP (30 mg) was activated with 0.5 mM APMA in buffer elevated levels of gelatinolytic MMPs relative to normal
ovarian epithelial cells [36]. As tabulated semiquantitativelycontaining 20 mM Tris–HCl, pH 7.4, 0.02% Chaps at 377C

for 60 min. The reaction was stopped by addition of 2 mM in Fig. 1, DOV 13 and OVCA 429 cells secrete significant
levels of a 72-kDa o-phenanthroline-inhibitable gelatinaseo-phenanthroline and dilution in reducing SDS–PAGE sam-

ple buffer. The reactants were subsequently separated by resembling MMP-2, and OVCA 429 and OVCA 433 cells
secrete high levels of a 92-kDa o-phenanthroline-inhibitableSDS–PAGE (8% acrylamide), electroblotted to an Immobi-

lon membrane, and stained with Coomassie blue. The bands gelatinase resembling MMP-9. OVCA 432 cells secrete
much lower levels of the 92-kDa gelatinase apparent onlycorresponding to the fully activated enzyme were excised,

placed on Porton sample support disks, and subjected to after concentration of the conditioned medium, while OVCA
420 cells do not produce detectable gelatinase. These dataautomated Edman degradation using an Applied Biosystems

477A liquid-phase sequencer with ‘‘on-line’’ 120A phenyl- demonstrate heterogeneous secretion by ovarian adenocarci-
noma cells of gelatin- and type IV collagen-degrading MMPsthiohydantoin analysis. The amino acid sequence was deter-

mined for 15 cycles. which have been implicated in tumor invasion.
However, since the activity of secreted proteinases maySubstrate specificity studies. The substrate cleavage

be regulated extracellularly by zymogen activation, cofactorspecificity of the purified DOV 13 MMP was determined
modulation, or inhibition, it is not possible to predict theusing SDS–PAGE separation of degradation products. Puri-
biological effects of this observed overexpression of gela-fied DOV 13 MMP zymogen was activated with 1.5 mM
tinases. For this reason, the invasive potential of the ovarianAPMA for 2 hr at 377C. Activated MMP at a concentration
carcinoma cells on extracellular matrix was determined us-of 12.5 ng/ml (gelatins) or 25 ng/ml (collagens) was incu-
ing two types of cellular assays and compared with the gela-bated with 16 mg collagen types I, IV, or V or the correspond-
tinase expression of the cells. To demonstrate directly theing gelatins for various time periods at 337C (collagens) or
activity of cellular type IV collagenases on native basement377C (gelatins) in 0.05 M Tris–HCl, 0.2 M NaCl, 0.01 M
membrane, an assay was employed measuring the solubiliza-CaCl2 , 0.25 M glucose, pH 7.7. Additional experiments in-
tion of HUVEC basement membranes metabolically labeledcluded the matrix glycoproteins fibronectin (10 mg) or lami-
with [3H]proline [31]. Proline release from ECM is stronglynin (10 mg) as the substrate. Experiments incubated in paral-
linked to collagenolysis due to the very high proline contentlel contained the metalloproteinase inhibitor o-phenanthro-
of collagens relative to other proteins and the marked pre-line (4 mM). The reactions were stopped by addition of 2.5
dominance of collagen in ECM. When plated on a substratemM o-phenanthroline and boiling in reducing SDS sample
of [3H]proline-labeled HUVEC ECM, DOV 13, OVCA 429,buffer. Following SDS–PAGE on 7.5% polyacrylamide
and OVCA 433 cells displayed significantly higher solubili-gels, substrate and cleavage products were visualized by
zation of [3H]proline relative to OVCA 420 and OVCA 432staining with Coomassie blue.
cells (Fig. 1, open triangles). This degradation was inhibitedAPMA activation of pro-MMP-2. To further investigate
fully by minocycline (data not shown), previously shown tothe mode of activation of DOV 13 MMP-2 with APMA,
act as a metalloproteinase inhibitor [44], suggesting that thealiquots of the purified zymogen (1 mg) were treated with
[3H]proline solubilization was MMP-mediated. These data0.5 mM APMA for various time periods at 377C in 20 mM
demonstrate that [3H]proline solubilization and hence prote-Tris–HCl, pH 7.5. As a control experiment APMA was
olysis of type IV collagen in a native basement membraneomitted from one aliquot and the sample was incubated in
correlates with the secretion of 72-kDa gelatinase and/or 92-parallel with the last time point. The reactions were stopped
kDa gelatinase by these cell types. Furthermore, these databy addition of 2.5 mM o-phenanthroline and boiling in re-
also indicate that the secreted proMMP zymogens becomeducing SDS sample buffer. Following SDS–PAGE on an
activated and that the elevated secretion of MMPs is not8.0% polyacrylamide gel, the zymogen and activation prod-
offset by an equivalent increase in secretion of inhibitors.ucts were visualized by silver staining (Gelcode, Pierce).

To assess whether this elevated type IV collagenase activ-
ity plays a role in tumor cell invasion of the ECM, two-

RESULTS
chamber invasion assays using reconstituted Englebreth–
Holm–Swarm cell basement membranes (Matrigel) [54, 55]Characterization of Tumor Cell Proteolysis and ECM
were employed. Heterogeneity of invasive potential wasInvasion
found in the 5 cells lines, with DOV 13 cells 5-fold more
invasive than OVCA 429 and OVCA 433 cells, which wereTumor cell-mediated proteolysis of ECM components is

a postulated mechanism for invasion and metastasis [1]. Pre- in turn 2.5- to 8-fold more invasive than the poorly invasive
cell lines, OVCA 420 and OVCA 432 (Fig. 1, filled circles).vious studies have shown that MMP activity is necessary

for tumor invasion or metastasis [17, 25, 28, 52, 53]. Further- This pattern of invasivity correlates well with the type IV
collagenolytic activity measured by [3H]proline solubiliza-more, work from our laboratory employed zymography to

demonstrate that several ovarian carcinoma cell lines secrete tion and the measured secretion of gelatinolytic MMPs, par-
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FIG. 1. Comparison of Matrigel invasion and [3H]proline release from HUVEC ECM by ovarian carcinoma cells. ECM invasion was determined
in five ovarian adenocarcinoma cell lines by two methods. Matrigel invasion assays (filled circles) were performed in transwell chambers containing a
Matrigel-coated (12.5 mg/filter) polycarbonate filter (8 mm pore size). Cells (2 1 105) were incubated 18 hr in the upper chamber under serum-free
conditions, and cell penetration of the Matrigel layer was assessed by staining and counting. Solubilization of metabolically labeled HUVEC ECM was
quantitated by cell-mediated [3H]proline release (open triangles). ECM produced by HUVEC maintained in the presence of [3H]proline were harvested
by removal of cells with NaOH and air-dried. Cells (5 1 105/well) were plated on the HUVEC ECM in serum-free medium (0.5 ml) and incubated 24
hr in the presence or absence of minocycline (50 mg/ml). Control wells contained media only. Solubilized radioactivity was determined in the conditioned
media and nonsolubilized radioactivity was measured following digestion with CR-Dispase. Specific ECM degradation was determined relative to cell-
free controls and expressed as percentage solubilization of total counts. Note that lines connecting the points of the histogram are included only as a
visual aid and do not imply that the independent cell lines represent a continuous variable.

ticularly the 72-kDa gelatinase, which is secreted preferen- o-phenanthroline (Fig. 2B) and had affinity for gelatin (data
not shown) consistent with their presumed identification astially by the highly invasive DOV 13 cells. Also, no correla-

tion was seen with the secretion of u-PA, which is the MMP-2 and MMP-9. The 72-kDa gelatinase was detected
in 100% of ascites (nÅ 23), in high amounts (2–3/) in 96%;principal plasminogen activator produced by these cell types,

or with the cell surface association of u-PA [36]. Taken and the 92-kDa MMP was found in 78%, with a bimodal
distribution, absent or scarce (0 or //0) in 52% and abun-together, these data suggest that type IV collagenase secre-

tion and subsequent type IV collagenase activity is rate lim- dant (2–3/) in 43% (Table 1). These gelatinases also comi-
grate with the corresponding species observed in tissue cul-iting for ECM invasion in these cell types.
ture of ovarian carcinoma cells [36], suggesting the possibil-
ity that these species are identical and that the ascitesCharacterization of Gelatinase Activity in Ascitic Fluids
gelatinases may (although do not necessarily) originate from
peritoneal tumor implants. Furthermore, these data demon-Since tissue culture experiments suggested a role of MMP

gelatinases in ovarian carcinoma tumor invasion, we sought strate that gelatinolytic MMPs are readily available in the
ovarian carcinoma microenvironment.to characterize the nature of MMPs present in the ovarian

cancer microenvironment in vivo. For this purpose, ascites
fluids collected from ovarian carcinoma patients were exam- Purification and Characterization of Metalloproteinase
ined using SDS–PAGE gelatin-substrate zymography (Fig. Activity
2). Two gelatinolytic proteinases were observed in the asci-
tes (Fig. 2A), including a 72-kDa band resembling MMP-2 Because secretion of a 72-kDa gelatinase resembling

MMP-2 correlated with a highly invasive phenotype in theand a 92-kDa band resembling MMP-9. The gelatinases were
identified as metalloproteinases based upon inhibition by DOV 13 cell line, we sought to purify, identify, and further
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FIG. 3. Purification of Mr 72,000 MMP from DOV 13 epithelial ovarian
carcinoma. The Mr 72,000 gelatinase from DOV 13 cells was purified usingFIG. 2. Metalloproteinases from ovarian carcinoma ascites demon-
a two-step chromatography procedure. Serum-free conditioned medium wasstrated by gelatin zymography. Samples were electrophoresed under nonre-
applied to a gelatin agarose column equilibrated with TCS buffer. Afterducing conditions on an SDS–PAGE gel containing 9% acrylamide and
elution with TCS/10% dimethyl sulfoxide, fractions containing gelatinase0.1% gelatin. Samples were activated (1.3 mM APMA) for 60 min (377C)
activity were dialyzed against HBC buffer. The dialysate was applied to aprior to electrophoresis. Following removal of SDS with 2.5% Triton X-
DEAE-Sephacel column and eluted with HBC/1.0 M NaCl. The eluate was100, the gels were incubated overnight in 20 mM glycine, 10 mM CaCl2 ,
concentrated by ultrafiltration and desalted. Aliquots of each step were1 mM ZnCl2 , pH 8.3, at 377C. (A) Lanes 1–7, randomly selected ovarian
analyzed by SDS–PAGE (9% acrylamide) followed by silver staining (A)carcinoma ascites samples (70 mg protein/lane). (B) Lanes 1–7, the identical
or Western blotting (B): A contains the following: lane 1, serum-free condi-samples, except with addition of 2.5 mM o-phenanthroline prior to electro-
tioned medium (10 mg protein); lane 2, gelatin agarose eluate (1 mg protein);phoresis and during incubation. The positions of MMP-2 (72 kDa gela-
lane 3, DEAE-Sephacel eluate (1 mg protein). (B) Blots with purified en-tinase) and MMP-9 (92 kDa gelatinase) standards are indicated. Two major
zyme (1 mg protein) were immunostained with rabbit anti-MMP-2 poly-o-phenanthroline-inhibitable gelatinases are present in ovarian carcinoma
clonal antibody (1:500) or sheep anti-MMP-9 polyclonal antibody (1:1000)ascites which comigrate with MMP-2 and MMP-9.
(data not shown). The DOV 13 metalloproteinase reacts vigorously with
anti-MMP-2 antibody. No staining was observed with anti-MMP-9 anti-
body.characterize this enzyme. The 72-kDa gelatinase was puri-

fied from serum-free DOV 13 cell conditioned medium by a
prominent 21-kDa band copurifying with the enzyme mi-combination of gelatin affinity chromatography and DEAE-
grates with the molecular weight described for TIMP-2, aSephacel anion exchange chromatography (Fig. 3A). The
specific inhibitor of MMP-2, previously described to copur-enzyme purified predominantly as an 82-kDa zymogen. A
ify with this enzyme as a noncovalent enzyme–inhibitor
complex [56, 57]. Additionally, the 21-kDa band was ob-

TABLE 1 served to exhibit metalloproteinase inhibitory activity using
Summary of Matrix Metalloproteinase Zymographic Analysis of reverse zymography and comigrates with TIMP-2 (data not

Ovarian Carcinoma Ascites shown), commensurate with its presumed identification as
TIMP-2.Number of cases (n Å 23)

The purification was monitored using the synthetic colla-
Activitya 0 //0 1/ 2/ 3/ genase substrate, Dnp-PLGLWAR-NH2 (50) in a reverse-

phase HPLC based assay (Fig. 4). The purification results
72-kDa MMP 0 0 1 20 2 in a 70-fold purification of the zymogen form of the enzyme
92-kDa MMP 5 7 1 8 2

with approximately 28% yield (relative to the zymogen com-
ponent of the starting material). The purified zymogen isa Ascites fluids were normalized for protein content and analyzed by

SDS–PAGE gelatin substrate zymography as described under Materials inactive against Dnp-PLGLWAR-NH2, gains proteolytic ac-
and Methods. Activity score represents an arbitrary graded scale analysis tivity following treatment with APMA, and is inhibited by
of bands representing MMP activity on zymograms. Scale categories are the zinc chelator o-phenanthroline. A large component of
defined as follows: 0, no band detected; //0, faint band detected, õ1.0

the activity in the starting material is active prior to APMAmm width; 1/, clear band detected, 1.0–1.5 mm width; 2/, intense band
treatment; however, this material did not copurify with thedetected, 1.5–3.0 mm width; 3/, very intense band detected, ú3.0 mm

width. zymogen. Since endogenously activated type IV collagenase
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that MMP-2 free of TIMP-2 in fact is capable of hydrolyzing
collagen I [59]. Our data do not refute these findings since
a proMMP-2/TIMP-2 complex was obtained in the current
purification and was used in the substrate specificity studies.
Additionally, the enzyme did not degrade fibronectin and
laminin under these conditions (data not shown). Based on
these studies, the 72-kDa MMP appears to be identical to
the previously characterized MMP-2.

DISCUSSION

Ovarian cancer is the leading cause of gynecologic cancer
death and the fifth leading cause of cancer death overall in
women. Each year 20,000 new cases are diagnosed in the
United States and 12,500 deaths occur [60], owing to the
advanced metastatic stage of disease usually present at diag-
nosis. Clearly, there is great need to gain an understanding
of the mechanisms which underlie the intraperitoneal inva-
sion of ovarian carcinoma cells.

In the present study, we have directly demonstrated that
ovarian carcinoma cells have the capacity to degrade native
and reconstituted basement membranes. Degradation is in-

FIG. 4. Hydrolysis of the synthetic collagenase substrate Dnp-PLG- hibited by minocycline, an MMP inhibitor, suggesting that
LWAR-NH2 by DOV 13 MMP-2. Dnp-PLGLWAR-NH2 cleavage activity an MMP is responsible for basement membrane collagen
of DOV 13 conditioned medium and the purified DOV 13 MMP-2 with or hydrolysis by these cells. Good correlation was observed
without APMA activation and o-phenanthroline inhibition. Dnp-PLG-

between the levels of gelatinase secretion by ovarian cancerLWAR-NH2 (20 mM) was incubated with concentrated serum-free condi-
cells and both their invasive potential on Matrigel and theirtioned medium (4.5 mg) or purified DOV 13 MMP-2 (0.48 mg) in 0.05 M

Tris–HCl, 5 mM CaCl2 , 0.2 M NaCl, pH 7.7, at 377C for 16 hr. In some ability to solubilize HUVEC ECM metabolically labeled
cases, the samples also contained 0.6 mM APMA alone or with 2 mM o- with [3H]proline. These correlations suggest that gelatinase
phenanthroline. Reactions were stopped by addition of 2 mM o-phenanthro-
line, and the products were analyzed by reverse-phase HPLC and quantitated
by monitoring the column effluent at 370 nm. Substrate hydrolytic activity
(nmole/hr) was obtained by integrating area-under-the-curve of the cleavage
product compared to a known standard. Shaded bars represent total (the
calculated activity of the entire pool of purification material) substrate hy-
drolytic activity (nmole/hr); solid bars represent specific (relative to the
amount of protein in the purification material) substrate hydrolytic activity
(pmole/hr/mg protein).

was observed in experiments employing cell-mediated [3H]-
proline solubilization (Fig. 1), whereas purified proMMP-
2 required organomercurial activation, together these data
suggest that endogenously activated proteinase may arise via
a cellular activator molecule. The purified MMP reacts with
antiserum against MMP-2 but not MMP-9 on Western blots
(Fig. 3B) and N-terminal sequence analysis of the activated

FIG. 5. Activation of DOV 13 MMP-2 with 4-aminophenylmercuricform gave a sequence of NH2-YNFFPRKPKWDKNQI,
acetate (APMA). Aliquots of purified DOV 13 proMMP-2 (1 mg) were

which is identical with the previously published N-terminal treated with 0.5 mM APMA for various time periods (indicated in min*
sequence of MMP-2 [58]. Upon treatment of the 82-kDa and hr7 above lanes) at 377C in 20 mM Tris–HCl, pH 7.5. In a control

experiment (designated ‘‘0’’ above the lane) APMA was omitted, and thezymogen with APMA, the active 66-kDa enzyme was pro-
sample was incubated in parallel with the last time point. Reactions wereduced via an intermediate of approximately 72 kDa (Fig.
stopped by addition of 2.5 mM o-phenanthroline and reducing SDS sample5). The substrate specificity was similar to that previously
buffer. Following SDS–PAGE (8.0% acrylamide), the reactants were visu-

reported for MMP-2 [40, 58], cleaving all tested gelatins, alized by silver staining. ProMMP-2 is activated by APMA from an inactive
native collagens IV and V, but not native collagen I (Fig. 82-kDa precursor to a 66-kDa active form via a 72-kDa intermediate spe-

cies.6). In contrast to earlier studies, one recent report indicates
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Because cells expressing the highest levels of an MMP-
2-like 72-kDa gelatinase (DOV 13) were also most invasive,
the MMP secreted by DOV 13 cells was purified and charac-
terized. Based on immunologic cross-reactivity, NH2-termi-
nal sequence analysis, and substrate specificity, the enzyme
purified from DOV 13 cells is identical to MMP-2 purified
from other sources [40, 58]. As further discussed below, this
enzyme appears also to be identical with the major gelatinase
found in ovarian carcinoma ascites in vivo. This observation
is particularly interesting in light of the fact that normal
ovarian epithelium does not produce any detectable MMP
[36] and provides further evidence correlating the expression
of a type IV collagen-degrading metalloproteinase with the
malignant phenotype [1].

Since members of the MMP family of proteinases are
secreted as inactive zymogens, requiring cleavage of the
amino terminal propeptide to gain full activity, zymogen
activation is postulated to be an important factor in the post-
translational regulation of metalloproteinase activity. Our
studies of ovarian carcinoma cell-mediated degradation of
HUVEC ECM indicate that the secreted proMMPs become
activated by an endogenous cellular mechanism. Our purifi-
cation studies of proMMP-2 further demonstrate that sig-
nificant amounts of activated metalloproteinase capable of
specifically cleaving a collagenase peptide substrate are pres-
ent in freshly isolated DOV 13 conditioned medium. This
endogenously activated material likely represents MMP-2,
since no other gelatinolytic or caseinolytic MMP activity
can be detected zymographically in the DOV 13 conditioned
medium [36; M. S. Stack, unpublished observations]. The
failure of the purification procedure to yield any of the active
MMP-2 protein is not surprising given the known instability
of the active proteinase. ProMMP-2 activated in the absence
of TIMP-2 is known to undergo rapid autolysis [40] and
would not be expected to survive a purification procedure
requiring a number of days, including membrane dialysis
steps which would remove proteolytic fragments. However,
the possibility that an additional nongelatinolytic, nonca-
seinolytic metalloproteinase may be present in the condi-

FIG. 6. Determination of substrate cleavage specificity of purified DOV 13 tioned medium cannot be excluded completely. Regardless
MMP-2. Purified DOV 13 proMMP-2 was activated with 1.5 mM APMA for of the identity of the active MMPs present, further studies
2 hr at 377C. Activated MMP at a concentration of 12.5 ng/ml (gelatins) or 25

will be necessary to demonstrate the nature of the MMPng/ml (collagens) was incubated with collagen type I, IV, or V (16 mg), or the
activator(s) present in ovarian cancer. The recently describedcorresponding gelatins for various time periods (indicated in hours) at 337C

(collagens) or 377C (gelatins) in 0.05 M Tris–HCl, 0.2 M NaCl, 0.01 M CaCl2, MT-MMPs, MMP family members containing a transmem-
0.25 M glucose, pH 7.7. Some experiments (indicated /) incubated in parallel brane domain [61, 62], and pump-1 (MMP-7) [63] have been
with the longest time point contained the metalloproteinase inhibitor o-phenan- reported to activate proMMP-2 and are potential physiologic
throline (4 mM). Reactions were stopped by addition of 2.5 mM o-phenanthroline

activators. ProMMP-9 may also be proteolytically activatedand reducing SDS sample buffer. Following SDS–PAGE (7.5% acrylamide),
by MMP-3, cathepsin G, and trypsin [64, 65]. Neither pro-reactants were visualized by Coomassie blue staining. DOV 13 MMP-2 degrades

collagen type IV and to a lesser extent collagen type V, but does not cleave gelatinase is directly activated via the plasminogen activator/
collagen type I. All corresponding gelatins are efficiently hydrolyzed. plasmin cascade; however, this may occur indirectly via

plasmin activation of proMMP-3 [66]. Our previous work
has shown elevated plasminogen activator expression in theproduction may be a rate-limiting step in invasion and that

secreted gelatinases are endogenously activated and not cell lines used in the current study [35, 36]. Preliminary
immunochemical studies in our laboratory demonstrate thatcounterbalanced by inhibitors.
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MT-MMP also is expressed in these cell lines [M. S. Stack, proteolyze and invade the basement membrane. Together,
these data suggest that extracellular matrix proteolysis medi-unpublished observations], potentially explaining the high

levels of APMA-independent metalloproteinase activity ob- ated by tumor-associated proteinases is associated with peri-
toneal implantation and/or metastasis of ovarian carcinoma.served in DOV 13 cell conditioned medium.
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