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5. INTRODUCTION

Tumor metastasis is the major cause of treatment failure in breast cancer patients. Numerous
studies have shown that metastasis formation depends on the ability of the tumor cells to invade
basement membranes and connective tissue matrices in a process involving a specialized group of
enzymes capable of degrading extracellular matrix (ECM) components (1-3). Studies with various
enzyme systems including the serine proteases (4), the matrix metalloproteinases (MMPs) (5-11)
and the cathepsins (12) have shown that the degradation of ECM during tumor cell invasion is the
result of a collaborative action between enzymes, enzyme receptors and enzyme inhibitors
produced by both the tumor and the stroma. For example, tumor cells may utilize stromal enzymes
during their invasion of ECM by binding enzymes to specific cell surface receptors (13) and/or by
producing enzymes capable of activating stromal proteases (14). In turn, stromal cells can induce
the expression of ECM-degradative enzymes in tumor cells (15) or they can produce specific
enzyme inhibitors in response to the degradative activity produced by tumor cells (16).

5.1 Matrix Metalloproteinases. The MMPs are a family of highly conserved zinc-dependent
proteinases capable of degrading many extracellular matrix (ECM) components (17). Although all
the MMPs can degrade ECM, several of them, in particular, were shown to be associated with
breast cancer. These include gelatinase A (72 kDa type IV collagenase or MMP-2), gelatinase B
(92 kDa type IV collagenase or MMP-9), stromelysin-3, matrylisin, collagenase-3 and membrane-
type MMP (MT-MMP). ’

The MMPs, except stromelysin-3 and MT-MMP, are secreted in a latent form that requires
activation to become proteolitically active (17). In the case of stromelysin-3, activation occurs
intracellularly and it is mediated by a furin enzyme (18). The mechanism of MT-MMP activation is
still unknown. Proenzyme activation is a critical event in regulation of MMP activity and may be
essential for ECM degradation during tumor cell invasion. The physiological mechanisms
responsible for MMP activation in breast cancer are not completely understood, but may involve
the action of other proteases, including other MMPs. Previous studies have shown that MT-MMP,
an MMP present in the plasma membrane, may be the physiological activator of progelatinase A
(19-22). The plasma membrane-dependent activation of progelatinase A is induced in cultured cells
by treatment with phorbol ester (TPA) (20,21), concanavalin A (19,20,23,24), transforming
growth factor-8 (20), or a collagen substrate (25).

The MMPs are all inhibited by the tissue inhibitor of metalloproteinases (TIMPs), a conserved
family of low molecular weight proteins that presently includes TIMP-1 (30 kDa) (26), TIMP-2
(21 kDa) (27,28) and TIMP-3 (22 kDa) (29). TIMP-1 and TIMP-2 have been shown to inhibit
MMPs by forming a stoichiometric complex with the active species (1,17). The association of
TIMP-1 and TIMP-2 with the gelatinases, however, is unique since the inhibitors can also form a
stable complex with the latent enzymes. For instance, TIMP-1 is capable of binding to the latent
form of progelatinase B (30) whereas TIMP-2 can form a complex with progelatinase A (27). This
unique interaction of the TIMPs with the proenzymes may provide an additional level of regulation
by preventing generation of full enzymatic activity (31,32). However, recent studies have
sugfgeste(g 3a) possible role of TIMP-2 on the activation of progelatinase A by MT-MMP on the cell
surface .

5.3 Epithelial-Stromal Regulation of ECM-degrading Proteases in Breast Cancer. In breast
cancer, expression of MMPs, in particular of the gelatinases (8,34-36) and stromelysin-3 (5), have




been suggested to play a role in tumor progression. However, the molecular, biochemical and
tissue regulation of these enzymes at early and late stages of breast cancer development are still
unknown. Immunohistochemical studies showed elevated expression of the 72 and 92 kDa
gelatinases in the tumor cells (34,35, Appendix 1). In situ hybridization studies, however,
showed mRNA expression for enzymes and TIMP-2 in the fibroblasts around invasive tumor cell
clusters (8). Zymograms of tissue extracts of invasive breast carcinoma samples contained mostly
the activated form (62 kDa) of the 72 kDa gelatinase (15/20) whereas only 2/20 of the samples
showed active 92 kDa gelatinase (36). The studies of Basset et al. (5) demonstrated that the stroma
of breast carcinomas expresses a new member of the MMP family, stromelysin-3. This study also
showed that mRNAs for stromelysin-3, 92 kDa gelatinase and interstitial collagenase (MMP-1)
were the only MMP mRNAs overexpressed in breast carcinoma whereas mRNAs for stromelysin-
1, 72 kDa gelatinase, and pump-1 were also expressed in adenomas (5). In other study, both the
72 and 92 kDa gelatinase mRNAs were expressed at high levels in breast carcinomas whereas low
levels of stromelysin-1 mRNA were detected (37). Recent in situ hybridization studies in seventeen
cases of breast cancer showed high levels of gelatinase mRNAs in 60-80% of the cases, whereas
moderate levels of stromelysin-1 mRNA were detected in only 30% of the cases (Dr. Lynn
Matrisian, Vanderbilt University, personal communication).

In all these studies, mRNA expression of these MMPs was restricted to the breast stroma
suggesting an important role for the stromal cells in MMP expression in breast cancer. In the case
of the 72 kDa gelatinase, it was speculated that the activator of this enzyme, the recently identified
MT-MMP (22), was probably localized in the breast cancer cells. This would allow activation of
the stromal 72 kDa enzyme on the surface of the tumor cells. However, in a recent study the
mRNA for MT-MMP was also localized in the tumor stroma of breast cancer tissues (38). This
raises the question of (i) how the degradation of ECM is regulated in breast cancer, (i) what is the
role of the tumor and stromal cells in MMP expression and activity and (iii) how the tumor cells

utilize the stromal MMPs for ECM degradation? Here we report preliminary studies suggesting that
mali r cell in ion of MMP-2 by fibrobl 1

Another important aspect of MMPs in breast cancer that may be regulated by tumor-stroma
interactions is the conversion of the zymogen to the active enzyme. As mentioned before, activation
of the 72 kDa gelatinase may be achieved by MT-MMP (22). Interestingly, this activation has been
shown to require binding of TIMP-2 to MT-MMP on the cell surface (33). This TIMP-2-MT-MMP
bimolecular complex can in turn bind the proenzyme form of the 72 kDa gelatinase through the C-
terminal end of the enzyme, causing zymogen activation (33). Thus, this paradoxical model of
gelatinase A activation requires the participation of TIMP-2. It is tempting to speculate that the
overexpression of TIMP-2 in the stroma of invasive breast cancer (please, see Results section) may
also play a role in enzyme activation and contribute to the degradative activity in the tumor. Current
studies in our laboratory are addressed to define the role of TIMP-2 in the regulation of MMP
activity in breast cancer progression.

The 92 kDa gelatinase is also expressed at high levels in breast tumors (5,37, Appendix 1). In
vitro, expression of this enzyme can be induced in immortalized breast epithelial cells, MCF10A,

in response to phorbol ester and tumor necrosis factor-o. (TNF-av) (please, see Results section). In
contrast, cultured breast fibroblasts produce only constitutive levels of the 72 kDa gelatinase. The
92 kDa enzyme, in contrast to the 72-kDa enzyme, is not activated by MT-MMP (20,21) and is
usually detected in the culture media of normal and tumor cells in a latent form. Studies with
purified enzymes, however, have shown the ability of several proteases to activate the 92 kDa




= -

gelatinase including stromelysin-1 (MMP-3) (39,40), plasmin (41) and tissue kallikrein (42).
Activation of the 92 kDa gelatinase with stromelysin-1, which appears most efficient, generates an
82-kDa active species with enzymatic activity (40,41). The coordinated regulation of the 92 kDa
enzyme and stromelysin-1 expression by cytokines in certain cells has been suggested to facilitate
progelatinase B activation (39). However, in breast tumors, these enzymes are not always co-
expressed as opposed to gelatinase A and B. We have hypothesized that the high levels and co-
localization of the two gelatinases in breast tumors may facilitate the interaction of these two

enzymes. We have recently found that MT-MMP-activated 72 kDa gelatinase can activate the latent
form of the 92 kDa enzyme (please, see Results section). In addition, here we report the presence

of activ MMP-9 in lasma mem s of t epithelial cells treated with phorbol ester.

6. BODY OF REPORT
6.1 EXPERIMENTAL METHODS

6.1.a. Cell Culture. The MCF10A breast epithelial system. As a model to study the expression
of proteases in various stages of breast cancer progression in vitro, we have been using the
MCF10 system of immortalized breast epithelial cells (MCF-10) (43-45). These cells were
obtained from a patient with fibrocystic breast disease and have undergone spontaneous
immortalization in culture (43). The MCF-10A line is near-diploid and monosomic for
chromosomes 3 and 9. This line has been transfected with protooncogenic (MCF-10AneoN) and
oncogenic (MCF-10AneoT) forms of c-H-ras plus the neomycin resistance gene (46). The MCF-
10AneoT cells appear to have some characteristics of atypical breast epithelial stem cells as they are
capable of indefinite proliferation and have a wide range of differentiation from normal to atypical.
With prolonged xenograft growth, they occasionally evolve (30%) to a fully malignant histological
appearance (44). Dr. Miller and collaborators have developed a series of transplant generations
(TG1, TG2, and TG3) from lesions of MCF-10AneoT cells implanted in subcutis of nude/beige
mice (44). These transplant generations were established in culture.

MCF10A, MCF10AneoT, and the TG (1 to 3) cells were grown in DMEM/F-12 (1:1) medium
supplemented with 5% horse serum, insulin (10 pg/ml), cholera toxin (0.1 pg/ml), penicillin (100
i.u./ml), streptomycin (100 pg/ml), hydrocortisone (0.5 pg/ml), and epidermal growth factor (20
ng/ml). For some experiments, the cells will be maintained without the growth factors and
hormones. Malignant breast carcinoma MDA-MB-435 cells were obtained from Dr. Janet Price
(MD Anderson, TX). The metastatic properties of these cells have been very well characterized
(47)15 The cells were grown in DMEM supplemented with 10% fetal bovine serum (FBS) and
antibiotics. :

Stromal Cells. Fibroblasts derived from normal (reduction mammoplasty) or breast bearing tumor
were kindly provided by Drs. Helene Smith and Shanaz Derkie (UCSF, CA). These cells were
grown in DMEM-H16/F-12 (1:1) medium supplemented with 15% FBS, non-essential amino
acids and antibiotics. Cells were split (1:2 to 1:5) using a trypsin-EDTA solution.

6.1.b. Preparation of Conditioned Media.

To prepare serum-free conditioned (SF-CM) media of the breast epithelial cells or fibroblasts, 80
% confluent cultures were washed four times with warm serum-free media without growth factors




and hormones after aspirating the growth media and then incubated with a reduced volume of the
serum-free media for 24-48 hrs at 37°C. The media was then collected, centrifuged to remove cell
debris (2000 rpm, 10 min) and filtered through a 0.2 um filter. The samples were analyzed
immediately for expression of enzymes or enzyme inhibitors by zymography and immunobloting.
The SF-CM was also used to test their effect on other cell types. For these studies, the SF-CM was
concentrated 10-folds using Amicon concentrators. To determine the protein concentration of the
SF-CM, 1 ml of the media was dialyzed against water followed by concentration with a speed-vac.
The lyophilized media was then resuspended in 50 pl water and the protein content was determined
with the BCA kit (Pierce).

6.1.c. Analysis of Enzyme and Inhibitor Expression.

Zymography . This was performed in 10% SDS-polyacrylamide gels containing 0.1% gelatin as
described earlier (32). Samples of the SF-CM or purified enzymes were resuspended in Laemmli
sample buffer (4X) without reducing agents and were not subsequently heated. At the end of the
electrophoresis, the gels were incubated (20 min., 22°C) in a solution of 2.5% Triton-X100 in
water to remove the SDS, and then washed in 50 mM Tris/HCI buffer pH 8 for another 20 min.
The gels were then incubated overnight in 50 mM Tris/Hcl, 5 mM CaCl, pH 8, at 37°C and
stained with 0.25% Coomassie Blue in 10% methanol and 5% acetic acid. Bands of gelatinolytic
activity were easily visualized after distaining the gels with 10% methanol-5% acetic acid as cleared
bands against the blue-stained gelatin background. ‘

Immunoblot Analysis.. Samples were subjected to SDS-PAGE under reducing conditions. The
separated proteins were then transferred to nitrocellulose paper. After blocking with 3% bovine
serum albumin and 3% non-fat dry milk in 50 mM Tris/HC1 pH 7.5, the blots were incubated with
the corresponding primary antibody diluted in 50 mM Tris/HC1 pH 7.5, 150 mM NaCl and 0.1%
Tween-20. The immunodetection of the antigen was performed using the immunoperoxidase ABC
kit (Vector Laboratories). Immunoblot analysis were also performed using the ECL kit system
(Amersham) as described by the manufacturer.

6.1.d. Expression and Purification of Recombinant Enzymes and Inhibitors

Human recombinant progelatinase A, progelatinase B, TIMP-2 and TIMP-1 were all expressed in
mammalian cells using a recombinant vaccinia virus expression system (Vac/T7), as previously
described (32). Recombinant vaccinia viruses containing either the progelatinases or TIMP cDNAs
were obtained by homologous recombination as previously described (32). Progelatinase A and B
were purified from the media (Opti-MEM I, Gibco, Grand Island, NY) of Hela cells infected with
the appropriate recombinant viruses, as described previously (32). TIMP-2 was purified by affinity
chromatography using a monoclonal antibody (mAb) (CA-101) against human TIMP-2, as
described previously (32). TIMP-1 was purified from the media of infected Hela cells using a lentil
lectin-Sepharose 4B (Sigma); column equilibrated with 20 mM Hepes pH 7.5, 500 mM Na(l, 1
mM CaCl,, 10% glycerol, 0.05% Brij-35 and 0.02% NaN3. TIMP-1 was eluted with 500 mM

methyl o-D-mannopyranoside (Sigma) diluted in the same buffer, dialyzed against collagenase
buffer, concentrated in a Centricon-10 concentrator (Amicon, Beverly, MA) and purified by
reverse phase-HPLC. The concentrations of the purified enzymes and TIMPs were determined by
amino-acid analysis.




6.1.e. Triton-X114 Extraction of Cell Surface-associated Gelatinases.

Cultures of MCF10A cells (in 6-well plates) treated or not with TPA were washed three times with
cold tris-buffered saline (TBS) and then incubated (15 min, 4°C) with 0.2 ml/well of 1.5% triton-
X114 in TBS. The cells were then scrapped and the extracts centrifuged at 10,000 g at 4°C for 2
min. The supernatant was collected and incubated at 37°C for 2 min and then centrifuged at 14,000
rpm for 2-3 min. This procedure results in the formation of two phases, a detergent lower phase
and an aqueous upper phase.

6.1 f. Isolation of Plasma Membranes

Plasma membranes were isolated from MCF10A and HT1080 cells cultured in roller bottles. To
this end, 80% confluent cultures were treated or not with phorbol ester (100 nM) overnight in
serum-free media. The next day the media was removed and the cells were washed twice with cold
PBS. The cells were then scrapped in PBS followed by a low speed (1200 rpm) spin for 5 min.
The cell pellet was then resuspended in 25 mM Tris pH 7.4, 8.5% sucrose and 50 mM NaCl
containing protease inhibitors (NEM, PMSF, aprotinin, leupeptin, pepstatin) and homogenized
with a Dounce homogenizer. The homogenate was centrifuged at 3000 rpm for 10 min at 4°C and
the supernatant was collected. The supernatant containing the plasma membranes was centrifuged
at 100,000 g for 2 hrs. and the pellet was resuspended in 25 mM Tris pH 7.4, 50 mM NaCl
containing protease inhibitors. The plasma membranes were further fractionated on a discontinuous
sucrose gradient at 100,000 g for 2 hrs at 4°C in a SW40 rotor. The 50%/30% interface band
representing the enriched plasma membrane fraction was collected in 25 mM Tris pH 7.4, 50 mM
NaCl containing protease inhibitors and centrifuged again at 100,000 g for 2 hrs. Finally, the
plasma membrane pellet was resuspended in 25 mM Tris pH 7.4, 50 mM NaCl containing protease
inhibitors and stored at -80°C. The protein concentration of the plasma membrane preparation was
determined using the BCA kit (Pierce).

6.2 RESULTS.
6.2.a. Expression of MMPs, and TIMPs.

We tested the expression of MMPs and TIMPs in immortalized breast epithelial MCF10A cells,
invasive TG3b and malignant breast cancer cells, and various human fibroblasts. Figure 1 is a
zymogram showing the expression of MMPs in the conditioned media of human lung CCL153
fibroblasts (lIane 8), MCF10A (lane 7), TG2b (lane 6), MDA-435 (lane 5) and four different
fibroblasts isolated from normal (lanes 1 and 2) or tumor-bearing breast tissue (lanes 3 and 4).
Except for MDA-435 all these cell lines secreted proMMP-2 at various degrees or proMMP-9.
Only MCF10A cells produced higher levels of proMMP-9 (lane 7). The media of the breast
fibroblasts showed a higher molecular weight gelatinase that its identity is unknown. As control,
we utilized media of HT 1080 cells (lane 9) known to produce both proMMP-2 and proMMP-9.
Same results were obtained by immunoblot analysis (not shown).
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Figure 1. Gelatin-zymogram of gelatinases secreted by breast epithelial cells and fibroblasts. Lane 1, M106 (normal
breast fibroblast); lane 2, M7 (normal breast fibroblast); lane 3, B74 (tumor breast fibroblast); lane 4, B394 (tumor breast
fibroblast); lane 5, MDA-435; lane 6, TG3b; lane 7, MCF10A; lane 8, lung fibroblasts (CCL153); and lane 9, human
fibrosarcoma HT1080 cells. Upper arrow, proMMP-9; lower arrow, proMMP-2.

We will test the breast epithelial and fibroblasts cells for other MMPs including MMP-1 (interstitial
collagenase) MMP-3 (stromelysin-1), collagenase 3 and MT-MMP. The latter is important since
this enzyme has been suggested to be the activator of proMMP-2 (22). As a source of this novel
MMP we are currently using plasma membranes isolated from HT1080 human fibrosarcoma cells
treated with phorbol ester. It has been shown that these plasma membranes can activate proMMP-2
into its active forms due to the presence of MT-MMP (20,21,22). As shown in Figure 2, plasma
membranes (100 pg/ml) of HT1080 cells activate recombinant proMMP-2 (1.25 pg/ml) into a
major 62-kDa and a minor 45-kDa forms (not detectable in this Figure) after 2 hrs incubation.
Latent MMP-2 was not activated in the absence of plasma membrane even after a 24 hrs incubation
period at 37°C (not shown). L e

92 kDa

0 2 4 6 8 24 ¥ i
& [
g l

TIME (Hrs.) |

Figure 2. Activation of proMMP-2 by plasma membranes of HT1080 cells. Purified proMMP-2 was incubated for various
periods of time with isolated plasma membranes and then the reaction mixture was analyzed by gelatin-zymography.
APMA-activated MMP-2 (APMA) and proMMP-9 (92 kDa) were used as controls.

Using a polyclonal antibody against the catalytic domain of human MT-MMP (kindly provided by
Dr. S. Weiss (University of Michigan), we detected a 60-65-kDa protein representing MT-MMP in
two independent isolations of HT1080 plasma membranes (Figure 3, lanes 1 and 2, next page).
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1 2
Figure 3. Immunoblot analysis of MT-MMP (arrow) in the plasma membranes of TPA-treated HT1080 cells.

Since we do not have in our possession sufficient anti-MT-MMP antibody for our studies, it was
necessary to produce specific antibodies against this protein. The production of the polyclonal
antibody was ordered from Research Genetics Inc. and the final antiserum was recently received.
A synthetic peptide comprising residues 450-466 (KNIKVWEGIPESPRGSF) starting from the
first Met of the human MT-MMP sequence was used to immunized rabbits. The antiserum is now
being tested for recognition of MT-MMP. Eventually, this antibody will be used to test the
expression of MT-MMP in the breast epithelial and fibroblast cells and in immunohistochemical
studies in breast carcinomas.

6.2.b. Stromal-Epithelial Regulation of MMP And TIMP Expression.

In our immunohistochemical studies in sections of invasive breast carcinoma tissues we reported
an upregulation of MMP-2, MMP-9 and TIMP-2 (Appendix 1 and Figure 4). TIMP-2 was
localized in the tumor stroma and was absent from benign areas of the same section suggesting a
stromal specific expression of TIMP-2. Moreover, in situ carcinoma showed presence of TIMP-2
closely associated with the basement membrane/stroma interface (Fig. 4). Whereas the stroma in
areas of carcinoma in situ was weakly stained or negative for TIMP-2 staining, the stroma
surrounding the invasive nests of cancer cells was strongly positive for TIMP-2. MMP-2 (72 kDa)
was localized in the tumor cells.

o-TIMP-2 o-TIMP-2 a-72 kDa

‘In Situ

| Invasive Invasive

Figure 4. Immunohistochemical distribution of MMP-2 (72 kDa) and TIMP-2 in in situ and invasive breast carcinomas.
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These studies suggested a role for the stroma in breast cancer progression. We have hypothesized
that the tumor cells may be stimulating the stroma to produce TIMP-2 and MMPs. In addition, the
stroma may also play a role in the localization of MMP-2 and MMP-9 on the tumor cells since
previous data indicated that these enzymes are synthesized mainly in the stromal cells.

Induction of MMP-2 in fibroblast cells by malignant breast cancer cells. Based in our
immunohistochemical studies and previous in situ hybridization studies we decided to examine the
role of tumor-stroma interactions on the expression of MMPs and TIMPs. Initially, we tested the
effect of breast epithelial and breast cancer cell conditioned media on the MMP and TIMP-2
expression in human fibroblasts. To this end, SF-CM of MDA-435, at various dilutions (100 and
50%) were applied to human lung fibroblasts (CCL153) for 24 hrs. Then, the media was collected
and analyzed by zymography. As shown in Figure 5, the MDA-435 media does not contain
detectable levels of gelatinases (lane 1) and the CCL153 cells produced only proMMP-2 (lane 3).
Incubation of the CCL153 cells with either 50 or 100% SF-CM from MDA-435 cells resulted in an
enhanced secretion of MMP-2 as suggested by the wider gelatinolytic band of 72 kDa (lanes 4 and
5) as compared to CCL153 cells incubated with plain SF-media (lane 3). Interestingly, the 72 kDa
enzyme in the CCL153 cells exposed to the SF-CM of MDA cells (lanes 4 and 5) showed
presence of the active form which was not detected in the untreated CCL153 cells (lane 3). Lane 2
shows purified recombinant MMP-2 as standard.

1 2 3 4 5

Figure 5. Zymogram of CCL153 cells incubated with SF-CM of MDA-435 cells. Lane 1, SF-CM of MDA-435 cells; lane
2, recombinant MMP-2; lane 3, -CCL153 cells alone; lane 4, CCL153 cells with 50% MDA SF-CM and lane 5, CCL153
cells with 100% MDA SF-CM. Upper arrow, latent proMMP-2; lower arrow, activated MMP-2.

This preliminary experiment suggests that conditioned media from MDA-435 cells stimulates the
secretion of latent and possible the activation of MMP-2 in human lung fibroblasts. We do not
know yet the effect on TIMPs secretion.

Note: The previous experiment was performed with human lung fibroblasts instead of the breast
fibroblasts due to the difficulty we encountered maintaining the primary breast fibroblasts. The
primary human breast fibroblasts from normal and tumor-bearing breasts were obtained from Dr.
Helene Smith. The following cells were obtained: Tumor derived: B-357, B-21, B-394, B-383 and
B-74; Normal: M-106, and M-7. These cells were grown as described in section 6.1.a. However,
difficulties were encountered when large number of cells were required for the various experiments
due to their slow growth. The doubling time was estimated to be around 48 hrs at a splitting ratio
of 1:2. Although we obtained SF-CM from these cells, their viability was compromised after
several passages. We are aware of the difficulties of working with primary cultures. The most
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important include long doubling times, loss of phenotypic markers and lack of reproducibility. In
terms of expression of MMP-2 and TIMPs, these do not appear to change. However, whether their
response to the epithelial cells will be affected cannot be predicted at this time. We have recently
contacted Dr. Derkie which assumed the role of Director of the Tissue Culture Core Facility of the
Geraldine Brush Cancer Research Institute. Dr. Derkie informed us that the primary fibroblasts that
we received earlier were late passage cells and this may explain their slow proliferation. Dr. Derkie
has selected a new set of fibroblasts that will be sent to us in the near future. Furthermore, she will
also collect SF-CM from these cells that will be forwarded to us to be tested in our system. This
will prevent possible variations due to different tissue culture conditions. As an alternative, we will
use-established fibroblasts cell lines such as the CCL153 and WI-38 cell lines, both human lung
fibroblasts.

6.2.c. Regulation of MMP Activation and Plasma Membrane Localization in Breast
Epithelial MCF10A Cells.

In Vitro Activation of ProMMP-9. Our previous immunohistochemical studies indicated a co-
expression of MMP-2 and MMP-9 in invasive breast carcinomas (Appendix 1). This raised the
question of the mechanism of activation of these enzymes in breast tissues. Previous studies
demonstrated that MMP-9 can be activated efficiently by stromelysin-1 (MMP-3) (39). However,
the expression of stromelysin-1 in breast carcinoma is unclear. Due to the frequent co-expression
of the 72- and 92-kDa gelatinases in breast tumors, we wished to investigate the ability of these
enzymes to activate each other (Appendix 2). Incubation of proMMP-9 with APMA-activated
MMP-2 resulted in a time- and dose-dependent conversion of the 92-kDa zymogen to the 82-kDa
species (Figure 6). An intermediary form of 86 kDa could be observed as early as 30 min after
addition of MMP-2. Full conversion to the 82-kDa species was observed after a 2-hr incubation
period (Figure 6, right panel; 1:50 MMP-2 : proMMP-9 molar ratio). The N-terminal sequences
of the 86- and the 82-kDa MMP-9 species formed after activation by gelatinase A were determined
and found to be Met4! for the 86-kDa form and Phe388 for the 82-kDa form. These sequences are
the same as those reported previously for the activation of proMMP-9 by stromelysin-1 (39).

These studies have been published in Cancer Research (Appendix 2).

0 051 2 3 4 0 051 2 3 4
Time  (hes)

Figure 6. SDS-PAGE analysis of the activation of progelatinase B by gelatinase A. APMA-activated gelatinase A was
incubated (37°C) with human recombinant progelatinase B for various time periods at a 1:100 (left panel) or 1:50 (right
panel) gelatinase A : progelatinase B molar ratios. At the end of the indicated incubation times, the samples (1 pg/lane of
progelatinase B) were analyzed in 10% SDS-polyacrylamide gel under reducing conditions, followed by staining of the gel
with 0.25% Coomassie Brilliant Blue. The left lane shows the molecular-weight standards (Bio-Rad). The arrow in the right
shows the activated gelatinase A used in the experiment.

Since APMA activated-gelatinase A caused activation of proMMP-9, we examined the effect of
plasma membrane-activated gelatinase A (MT-MMP-activated MMP-2) on proMMP-9 activation.
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Plasma membranes from phorbol ester treated-HT1080 cells were incubated (3 hr, 37°C) with
proMMP-2 and then proMMP-9 was added to the reaction mixture for an additional 3-hr incubation
period. The reaction mixture was then analyzed by immunoblot using a mAb (CA-209) against
proMMP-9 and a mAb (CA-801) against proMMP-2. These studies (Figure 7) showed that
plasma membrane activated-MMP-2 caused the conversion of proMMP-9 to the 86- and 82-kDa
species (Figure 7, lanes 1 and 2). The immunoblot also showed the bands corresponding to the
plasma membrane-activated gelatinase A including a 64-, 62- and a 45-kDa form. When proMMP-
2 was incubated (3 hr, 37°C) with plasma membranes in the presence of recombinant TIMP-2,
there was a significant reduction in the formation of the 62- and 45-kDa species and most of the
72-kDa enzyme remained in the latent form (Figure 3, lanes 3 and 4). Consistently, addition of
proMMP-9 to the mixture of plasma membranes, proMMP-2 and TIMP-2 followed by another 3-
hr incubation period, had no effect on activation of proMMP-9 (Figure 7, lanes 3 and 4). Also,
proMMP-9 incubated with HT1080 plasma membranes in the absence of proMMP-2 was not
activated (not shown). ' S S e
kba 1 2 3 4
106- . ) P @} <« Progelatinase B
80- = ! ouam «@— Progelatinase A

i
|

49.5-

TIMP-2 - - + +

Figure 7. Immunoblot of proMMP-9 activation by plasma membrane-activated MMP-2 and inhibition by TIMP-2. Plasma
membranes (10 pg/reaction) were incubated (3 hrs, 37°C) with proMMP-2 (200 ng/reaction) in 25 mM Hepes/KOH pH 7.5,
0.1 mM CaCl, in the absence (lanes 1 and 2) or presence (lanes 3 and 4) of stoichiometric amounts (60 ng/reaction) of
TIMP-2 to proMMP-2. An aliquot of the reaction mixture was then incubated with proMMP-9 (200 ng/lane) at 1:10 (lane 1
and 3) and 1:50 (lane 2 and 4) molar ratios (MMP-2 : proMMP-9) for another 3 hrs at 37°C. Molecular weights on the left
represent the prestained molecular-weight standards (low range, Bio-Rad).

HT1080 PLASMA MEMBRANES - - 4 4 |

-

-+—382 kDa

0 16 0 16

TIME (hrs.)

Figure 8. Zymogram of proMMP-9 activation by plasma membrane-activated MMP-2. ProMMP-9 (5 ng/lane) activated
by a MMP-2 activated by HT1080 plasma membranes after 16 hrs incubation. The activated MMP-2 cannot be seen in this
zymogram due to the low amounts of the enzyme loaded in the gel.
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The zymogram of Figure 8 (previous page) shows that plasma membrane-activated MMP-2 can
activate proMMP-9 into the 82-kDa form. This process requires MMP-2 activation since incubation
of latent MMP-2 and MMP-9 without plasma membrane did not cause proMMP-9 activation.
Taken together these studies demonstrate that both APMA- or plasma membrane-activated
gelatinase A can activate proMMP-9. We speculate that this process of activation may play a role in
the regulation of MMP activity in breast cancer.

Cell Surface Localization of MMP-9 in MCF10A Cells. The ability of MT-MMP-activated
MMP-2 to activate proMMP-9 suggested a role for a cell surface activation of proMMP-9. When
we examined MCF10A cells for MMP expression, we found that they produce mainly proMMP-9
and very low (sometimes undetectable) levels of proMMP-2. Treatment (16 hrs, 37°C) of
MCF10A cells with 100 nM of phorbol ester resulted in enhanced secretion of proMMP-9 into the
media (Figure 9). Concanavalin A (conA) had no effect on proMMP-9 secretion. Also, phorbol
ester or conA treatment did not cause an increase in proMMP-2 secretion or activation. Using the
byphasic triton-X114 detergent that extracts intrinsic and peripheral plasma membrane proteins into
a detergent and aqueous phase, respectively, we have found that MMP-9 was associated with the
cell surface in the cells treated with TPA. The enzyme was found in the aqueous phase suggesting
that is a peripheral plasma membrane component (Figure 9). Interestingly, the MMP-9 enzyme
detected in the aqueous phase was partially activated as determined by the presence of a lower
molecular weight form.
" MEDIA  AQ. PHASE
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Figure 9. Distribution of gelatinases in human breast epithelial MCF10A cells.

Figure 10 (next page) shows an immunoblot of a time course experiment showing proMMP-9
secretion and aqueous phase localization in MCF10A cells treated with TPA. In the supernatant
(top panel), the enzyme was in the latent form and could be detected after a 30 min of TPA
treatment. In the aqueous phase (middle panel), the enzyme was partly activated. TIMP-1 was
also induced by TPA treatment but was only localized in the supernatant (bottom panel).
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Figure 10. Immunoblot of a time course and cellular distribution of gelatinase B and TIMP-1 in MCF10A cells treated with
TPA. Lane 1, untreated; lane 6, 30 min; lane 5, 1 hr.; lane 4, 2 hrs.; lane 3, 4 hrs.; lane 2, 6 hrs.; lane 7, purified
recombinant TIMP-1; and lane 8, purified recombinant proMMP-9.

We have also found that the latent enzyme secreted into the supernatant in response to TPA was in
complex with TIMP-1 (not shown). Presence of MMP-9 and its active form in the cell surface of
MCF10A cells was not affected by triton-X 114 extraction in the presence of protease inhibitors
(PMSF, aprotinin, leupeptin, EDTA) suggesting that the origin of the lower molecular weight form
of MMP-9 was not due to a non-specific proteolytic activity released during the triton-X114
treatment. Also, the same treatment did not cause the spontaneous activation of a purified
preparation of recombinant proMMP-9 suggesting that cell surface activation of MMP-9 was not
due to an effect of the detergent.

Presence of Activated MMP-9 in Plasma Membranes of MCF10A Cells. We next prepared
plasma membranes of MCF10A cells treated or not with TPA. As shown in Figure 11, only the
plasma membranes of TPA-treated MCF10A cells showed presence of latent and activated MMP-9
as determined by zymography (lane 2). When the plasma membranes were treated with triton-
X114, MMP-9 was found only in the aqueous phase suggesting that the association of MMP-9 to
the membranes does not involved binding to a lipid component.

1 234

Figure 11. Zymogram of plasma membranes isolated from MCF10A cells. Lane 1, untreated MCF10A plasma membranes;
lane 2, TPA-treated MCF10A plasma membranes; lane 3, recombinant APMA-activated MMP-9 and lane 4, latent
recombinant proMMP-9. Note that the recombinant APMA-activated MMP-9 (lane 3) shows an 82 kDa activated form and a
67-70 kDa activated form.
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We tested whether TPA-treated MCF10A cells or their isolated plasma membranes could activate
exogenous proMMP-9 by providing the cells or the membranes with purified 355-proMMP-9 and
found no activation. Thus, in contrast to TPA-treated HT1080 cells or their plasma membranes
which can activate exogenous proMMP-2 through MT-MMP, this mechanism appears not to be
involved in the cell surface activation of proMMP-9 by MCF10A cells. Taken together, these
studies suggest that in vitro induction of MMP-9 production and secretion in normal immortalized
breast epithelial cells results in the secretion of a TIMP-1/latent enzyme complex into the media
whereas a fraction of activated TIMP-1 free-MMP-9 binds to the cell membrane. The mechanism
of activation and plasma membrane association of MMP-9 in MCF10A cells remain to be
determined.

Plasma membranes of breast epithelial MCF10A cells activate proMMP-2. We examine the
ability of plasma membranes of untreated or TPA-treated MCF10A cells to activate proMMP-2. To
this end, the isolated plasma membranes were incubated (16 hrs., 37°C) with recombinant
proMMP-2 and the reaction mixture analyzed by zymography. As shown in Figure 12, the TPA-
treated plasma membranes activated proMMP-2 into the 62-kDa form (Fig. 12, lane 3) as reported
with the HT1080 plasma membranes (see also Figure 2). Incubation (16 hrs., 37°C) of proMMP-
2 alone did not result in proenzyme autoactivation (lane 4) demonstrating the specific effect of the
plasma membranes on activation of proMMP-2. The zymogram also shows that the plasma
membranes of TPA-treated MCF10A cells contain both the latent and activated form of MMP-9
(1ane 3). As control, proMMP-2 was activated with APMA generating the 62-kDa form (lane 2).

1 2 3 4

Figure 12. Activation of proMMP-2 by plasma membranes of TPA-treated MCF10A cells. Lane 1, molecular weight
markers; lane 2, APMA-activated MMP-2; lane 3, plasma membrane-activated
MMP-2; lane 4, latent proMMP-2.

We have recently found that plasma membranes from control untreated MCF10A cells can also
activate proMMP-2 (not shown). Thus, the plasma membrane-dependent activation of proMMP-2
by MCF10A is not inducible by TPA as opposed to HT1080 cells. At the present time, we do not
know whether MCF10A express the same MT-MMP expressed by HT1080 cells. We are currently
testing the new polyclonal antibody with the MCF10A plasma membrane preparations to determine
if these cells posses MT-MMP. Since the identification of at least three novel MT-MMPs was
recently reported (Gordon Conference on MMPs, unpublished), will be of interest to determine the
type of MT-MMP expressed by the MCF10A cells and if different from the MT-MMP found in
HT1080 cells, whether this novel MT-MMP is the responsible for the activation of proMMP-9 in
the plasma membranes of MCF10A cells.
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Plasma Membrane localization of MMPs. Relevance in Tumor-Stroma Interactions in Breast
Cancer Progression. Recent findings from our laboratory and others have suggested the
importance of the tumor stroma in the expression of MMPs and TIMPs in breast cancer. Whereas
in situ hybridization studies showed mRNA expression in the stroma, immunohistochemical
studies demonstrated a pericellular distribution of MMP-2 and MMP-9 in the tumor cells. Thus, it
is possible that the stromal cells secrete the enzymes which then bind to the surface of the tumor
cells. Our studies with MCF10A cells demonstrate the importance of the plasma membrane
localization of MMPs in breast epithelial cells and suggest that this localization may play a role in
enzyme activation.

6.2.c. Future Studies.

We will continue, during the second year, to test the effect of stroma-tumor interactions on MMP
and TIMP expression using the premalignant and malignant breast epithelial cells. In particular, we
will try to determine whether there is a signal from the breast epithelial cells that may stimulate the
secretion and activation of MMPs by the stromal cells. Regarding fibroblasts, we will continue our
efforts with the primary fibroblasts provided by Dr. Shanaz Derkie. We will also study tumor-
stroma interactions in a mouse model of mammary carcinoma (kindly provided by Dr. Fred Miller,
Michigan Cancer foundation) that consists of low and highly metastatic mammary carcinoma cells
and mammary-derived fibroblasts. In these experiments, we will pay special attention to plasma
membrane localization. For example, cancer cells may induce secretion of latent MMPs into the
media by the fibroblasts cells, as shown in Figure 5. However, active enzymes may localize in the
cell surface. RT-PCR will be used in the co-culture experiments to determine the source of enzyme
production. The system of breast tumor and stroma cells will be also examined for cathepsin
expression and regulation (in collaboration with Dr. Bonnie Sloane)

During the second year, we will establish the in situ hybridization technique and species specific
RT-PCR method (in collaboration with Dr. Markku Kurkinen) with the goal to study the
expression of MMPs, TIMPs and cathepsins in the xenograft model of breast tumors using the
MCF10 variants and malignant MDA-MB-435 cells.

7. CONCLUSIONS

1. Immortalized human breast epithelial cells secrete mainly proMMP-9 and very low levels of

proMMP-2, and TIMPs. Phorbol ester and TNF-o. induce proMMP-9 and TIMP-1 secretion into
the media.

2. Malignant MDA-435 breast cancer cells do not secrete MMPs in culture and are not inducible by
phorbol ester.

3. Primary fibroblasts from normal and malignant breast tissue secrete only proMMP-2, and
TIMPs.

4. Conditioned media from MDA-435 cells induce secretion and possibly activation of proMMP-2
in human lung fibroblasts.
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5. Latent and activated MMP-9 free of TIMP-1 are associated with the plasma membrane of TPA-
treated MCF10A cells. In the media, only latent enzyme in complex with TIMP-1 can be found.

6. Plasma membranes of untreated or TPA-treated MCF10A cells can activate proMMP-2.
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The 72-kDa (MMP-2, gelatinase A) and the 92-kDa (MMP-9,
gelatinase B) matrix metalloproteinases have been associated
with tumor cell invasion and metastasis. Immunohistological
staining of MMP-2 and MMP-9, basal lamina collagen IV and
TIMP-2 were performed on frozen sections of 83 invasive breast
carcinomas. MMP-2 and MMP-9 were associated with neoplas-
tic cell plasma membrane in 72% of cases and exhibited
inter-tumoral variability of staining intensity. MMP-2 and MMP-9
staining was not correfated with presence of metastases at time
of diagnosis or with disease outcome. TIMP-2 was detected in
the peri-tumoral stroma and was present in 87% of cases.
Residual benign breast tissue was negative for TIMP-2 staining.
Neoplasms with diffuse TIMP-2 staining (24%) recurred signifi-
cantly more frequently (75% recurred) than cases with focal
(42% recurred) or absent (27% recurred) TIMP-2. Presence of
collagen IV was negatively correlated with gelatinase staining.
We conclude that up-regulation of MMP-2 and MMP-9 expres-
sion in breast tumor cells is reciprocally correlated to collagen
IV staining. Clinical outcome, however, is more closely related
to the presence of TIMP-2 than the corresponding MMPs.
Enhanced TIMP-2 expression, therefore, may denote a stromal
response to tumor invasion, indicative of aggressive behavior in
a subset of breast carcinomas.
© 1994 Wiley-Liss, Inc.

The early proliferative stages of breast cancer are character-
ized by a continuous basement membrane (BM) separating the
hyperplastic epithelial cells from the surrounding stroma.
Pathologically, the transition from ir situ to invasive carcinoma
is usually accompanied by disorganization and discontinuity of
the BM. It is generally believed that an enhanced process of
proteolysis of both the BM and the stromal extracellular matrix
(ECM) contributes to the escape of breast cancer cells into the
neighboring tissues, eventually leading to the formation of
distant metastases. A group of enzymes thought to play a role
in tumor cell invasion are the matrix metalloproteinases
(MMPs), a family of related zinc-dependent proteinases ca-
pable of degrading ECM components (Matrisian, 1990). Much
attention has been focused on the 72-kDa (MMP-2, gelatinase
A) and the 92-kDa (MMP-9, gelatinase B) gelatinases/type IV
collagenases (Liotta et al, 1991), 2 members of the MMP
family active against collagen IV, the major structural collagen
of BM. Immunohistochemical studies showed elevated expres-
sion of MMP-2 in the tumor cells of malignant breast tissue
(Monteagudo et al., 1990; D’Errico et al, 1991). In another
study, mRNAs for MMP-2 and TIMP-2 were localized in
desmoplastic fibroblasts of the stroma of breast carcinomas
(Poulsom et al., 1993). Basset et al. (1990) reported elevated
mRNA levels for MMP-9 in breast carcinoma as compared to
adenomas. Gelatin zymography of breast tumor extracts showed
activation of MMP-2 in 15/20 tumors, whereas no activation or
trace amounts of the active form of MMP-9 were observed
(Brown et al., 1993). Therefore, elevated expression of MMP-2
and MMP-9 is associated with breast carcinomas. However,
little is known about the correlation between enzyme expres-
sion and disease outcome in breast tumors.

The enzymatic activity of MMP-2 and MMP-9 is inhibited by
the tissue inhibitors of metalloproteinases (TIMPs) (Matri-
sian, 1990), a family of specific naturally occurring inhibitors of

MMPs. TIMP-2, one member of the TIMP family, forms a
complex with latent pro-MMP-2 and inhibits the active forms
of both the 72- and the 92-kDa enzymes (Goldberg et al., 1992;
Fridman et al, 1993). TIMP-2 inhibits in vitro tumor cell
invasion, and it has been suggested that a balance between
TIMPs and activated gelatinases may determine the extent of
ECM degradation and remodeling occurring during tumor cell
invasion (Liotta et al., 1991). We have previously shown that
breast carcinomas contain elevated levels of TIMP-2 localized,
usually, in the tumor stroma (Ho6yhtyi et al,, 1994). However,
the findings were not correlated with markers of breast cancer
progression. In this study, we evaluated the immunohistochemi-
cal distribution of TIMP-2 along with that of MMP-2 and
MMP-9 and collagen IV in 83 cases of invasive breast carci-
noma. The staining of these proteins was correlated with
tumor stage, lymph node status, metastases and disease
outcome. The data show a positive correlation of TIMP-2
stromal immunostaining with tumor recurrence and suggest a
role for TIMP-2 in breast cancer progression.

MATERIAL AND METHODS
Monoclonal antibodies (MAbs)

Female BALB/c mice were immunized with emulsion of
Freund’s complete adjuvant and natural pro-MMP-2/TIMP-2
complex (10 pg antigen in 100 pl/mouse) isolated from
conditioned media of human melanoma A2058 cells. The final
boost and the pre-fusion boost were performed with either
purified human recombinant TIMP-2 or recombinant MMP-2
produced in a recombinant vaccinia virus mammalian cell
expression (Vac/T7), system as previously described (Fridman
et al., 1993). Another group of mice was immunized with
purified human recombinant pro-MMP-9 obtained in the
Vac/T7 system. Mouse myeloma cells (P3-X63-Ag8.653) and
spleen cells from the immunized mice were fused using
standard protocols. Hybrid cells were selected on 96-well
plates in HAT media (Dulbeco’s modified Eagle media supple-
mented with 20% FPS, 2% Origen, 0.1 mM hypoxanthine, 0.4
wM aminopterin and 16 wM thymidine). Wells containing
colonies after 10-14 days were screened for antibody produc-
tion by ELISA, immunoblots and immunoprecipitation as
previously described (Hoyhtyd et al, 1994). Characterization
of the mouse MAbs CA-406 (anti-MMP-2) and T2-101 (anti-
TIMP-2) has been previously reported (HOyhtyi et al., 1994).
The MAb CA-209 against human MMP-9 recognizes both the
native and the denatured enzyme as well as the precursor
(92-kDa) and active (85-kDa) forms and a pro-MMP-9/
TIMP-1 complex, suggesting that the epitope of the antibody
does not involve the TIMP-1 binding region. In addition,
CA-209 recognizes pro-MMP-9 produced by human fibrosar-

4To whom correspondence and reprint requests should be ad-
dressed, at Despartment of Pathology, Wayne State University School
of Medicine, 540 E. Canfield, Detroit, MI 48201, USA. Fax: (313)
577-8180.
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DISCUSSION

MAbs were used to evaluate the distribution of MMP-2,
MMP-9 and TIMP-2 in invasive breast carcinomas. These
findings were correlated with collagen IV staining, lymph node
status, presence of distant metastases and tumor recurrence.
We have found that TIMP-2 is localized in the stroma of
invasive tumors and in the tumor-stroma interface region in
areas with in situ carcinoma. A similar localization of TIMP-2
in breast tumors was also reported in previous studies using
immunohistochemistry (Hoyhtyd et al, 1994) and in situ
mRNA hybridization (Poulsom et al., 1993). The major finding
of this study, however, was the apparent association between
elevated TIMP-2 immunoreactivity and disease aggressiveness
in breast carcinoma. However, we would caution that the
clinical outcome data are limited by relatively short follow-up
intervals, the stage heterogeneity of our series as well as the
statistical methods employed. Multivariate analysis would be
required to demonstrate that TIMP-2 immunostaining was
independent of other parameters such as tumor differentia-
tion. The correlation of TIMP-2 over-expression with impaired
survival may seem paradoxical given the known ability of
TIMP-2 to inhibit MMP activity and tumor cell invasion
(Matrisian, 1990; Liotta et al., 1991). However, elevated levels
of TIMP-1 were also found in human colon tumors compared
to normal mucosa (Lu ef al., 1991). We have recently observed
a positive correlation between intense stromal TIMP-2 immu-
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nostaining and adverse outcome in transitional carcinoma of
the bladder (Grignon et al., 1994). Thus strong immunoreactiv-
ity with our anti-TIMP-2 MAb (T2-101) characterizes an
aggressive subset of epithelial malignancies. The high levels of
TIMPs may represent a mechanism by which the tumor stroma
controls the proteolysis and remodeling of ECM that occurs
during invasion of tumor cells with abundant and activated
MMPs. It was interesting to find TIMP-2 in the peri-ductal
stroma in areas of carcinoma in situ, suggesting that TIMP-2
expression may constitute an early stromal response to tumor
invasion. Stromal TIMP-2 may also exert other effects on cells
possibly related to its growth promoting activity (Nemeth and
Goolsby, 1993), which may play a role in breast cancer
progression.

Our data with TIMP-2 are analogous with other protease
systems in breast carcinoma. Janicke et al. (1993) reported that
levels of plasminogen activator inhibitor-1 were more closely
correlated with impaired survival in breast carcinoma patients
than levels of urokinase plasminogen activator. Thus enhanced
protease inhibitor expression in some tumor systems may be a
more accurate reflection of ECM remodeling, and thereby
invasive phenotype, than levels of corresponding protease. In
this study, for example, staining of both the 72- and the 92-kDa
enzymes failed to correlate significantly with distant metasta-
ses or poor outcome. A lack of correlation between the level of
MMP-2 mRNA and disease severity was reported in 32

FIGURE 2 — TIMP-2 immunostaining in breast carcinoma tissue. Frozen sections of invasive breast carcinoma specimens were stained
with a MAb to human TIMP-2 as described in “Material and Methods”. (a) Diffuse strong TIMP-2 staining in peri-tumoral stroma. (b)
Stromal TIMP-2 immunostaining with accentuation at the “advancing front” of the neoplasm (tumor on right, benign on left). (c)
Peri-ductal TIMP-2 immunostaining in area of carcinoma in situ. {d) Presence of TIMP-2 immunostaining in area of neoplasm (top
right) but not in residual benign breast tissue (left). Magnification (a, b, d) X100, (c) x200.
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biopsies of malignant breast tumors (Davies et al, 1993a).
Likewise, MMP-2 levels did not correlate with tumor grade or
stage in prostatic adenocarcinoma. However, MMP-2 expres-
sion was higher in the prostate cancer cells than in the benign
hyperplastic epithelial cells (Boag and Young, 1994). In
bladder carcinomas, however, the level of MMP-2 and MMP-9
expression correlated with tumor grade (Davies ef al., 1993b).
Differences between tumor types, sample size, fixation and
method of detection may account for these differences. The
MADbs used here, however, cannot distinguish between latent
and active enzymes. Thus a correlation between metastasis/
recurrence and presence of active enzymes could not be done.
In the study of Davies et al. (1993a), however, the amount of
active MMP-2, as determined by zymography, was higher in
breast malignant tissue. In any case, the molecular complexity
of the ECM is such that invasion of neoplastic cells may
require the cooperative activity of multiple protease species.
We have previously shown that in breast carcinomas clinical
outcome is more closely correlated with immunostaining for
multiple protease species (Visscher et al., 1993).

An interesting finding of our study was the correlation
between absence of collagen IV in the basal lamina and
intense staining of the 2 gelatinases. Also, most of the tumors
with abundant basal lamina showed low levels of TIMP-2
staining. These results suggest that degradation of collagen IV
in breast tumors may be a consequence of a balance between
gelatinases and TIMPs, though the presence of TIMP-1 was
not examined in these specimens. However, abnormal collagen
IV gene expression and secretion in the tumors may also
account for the absence of basal lamina.

The location of the gelatinases or TIMP-2 as epithelial or
stromal described here does not necessarily mean origin, or
synthesis, within these particular cellular components of the
tumor. In fact, immunolocalization of TIMP-2 and MMP-2 in
some tumors differs from findings using in situ hybridization,
which demonstrated expression of both mRNAs in the stroma
of various human carcinomas including breast (Poulsom et al.,
1993), cutaneous basal cell (Poulsom et al., 1993), colon (Pyke
et al, 1993) and ovarian (Autio-Harmainen et al, 1993). In
another study (Davies ef al, 19932), MMP-9 mRNA and
protein in malignant breast tissue were both confined to the
tumor stroma, as opposed to the results presented here where
MMP-9 staining was present in the tumor cells in 83% of the
cases, whereas only 17% showed very weak stromal MMP-9
staining. The cause for this discrepancy is unknown but may be
related to the antibodies used (polyclonal vs. monoclonal) and
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TABLE III - RELATIONSHIP BETWEEN MMP-2, MMP-9 AND COLLAGEN IV

IMMUNOSTAINING
B Collagen IV
reymes Absent Focal Diffuse
Negative 6/6! 14/20 3/4
Weak 5/10 13/11 8/7
Strong 20/15 14/10 0/0

p < 0.001 statistically significant associations (both enzymes),
chi square test—'Number of cases in each group, epithelial
staining only.

the epitopes recognized. Stromal staining for MMP-2 was
present in 42% of the cases; however, the staining was always
significantly weaker than the staining of MMP-2 in the tumor
cells. Studies have shown that urokinase can localize in the
plasma membrane of tumor cells via specific receptors follow-
ing synthesis and secretion by stromal cells (Pyke et al., 1991).
Whether this is the case with MMP-2 and MMP-9 remains to
be determined. In many tumor samples examined here, both
enzymes were localized in the membrane of the neoplastic
cells. Studies with a human breast cancer cell line have shown
binding of MMP-2 to the cell surface (Emonard et al., 1992). In
addition, activation of pro-MMP-2 appears to be mediated by
interaction of the enzyme precursor with the plasma mem-
brane and this activation is inhibited by TIMP-2 (Strongin et
al., 1993). It is plausible that, in vivo, the differential tissue
expression of TIMP-2 and 72-kDa enzyme may contribute to
the existence of a pool of TIMP-2 free pro-MMP-2 capable of
undergoing complete activation when associated with the
tumor cell membrane, thus facilitating ECM degradation. If
so, tumor invasion is not only a consequence of an imbalance
production of proteinases and inhibitors but it may also due to
a differential tissue and cellular localization of gelatinases and
their inhibitors as shown here.

In summary, our data show that MMP-2 and MMP-9 are
frequently co-over-expressed in breast carcinomas and further,
expressed reciprocally in relation to collagen IV. Enzyme
immunostaining failed to predict for adverse disease outcome.
However, intense staining for TIMP-2 with our MAb defined
an aggressive group of breast neoplasms. These results suggest
a role for the gelatinases and TIMP-2 in breast carcinoma
progression. The nature of this role, however, is likely complex
and modulated by dynamic host—tumor interactions.
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APPENDIX II

Activation of Progelatinase B (MMP-9) by Gelatinase A (MMP-2)*
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ABSTRACT

The M, 72,000 (MMP-2; gelatinase A) and M, 92,000 (MMP-9; gela-
tinase B) gelatinases are two members of the family of matrix metallo-
proteinases (MMPs). These proteinases are thought to play a critical role
in tumor cell invasion and are frequently coexpressed in human cancers.
Gelatinases are secreted in a latent inactive form, and their conversion to
the active species can be accomplished by other proteolytic enzymes,
including other MMPs. We report herein that organomercurial or plasma
membrane-activated M, 72,000 gelatinase A activates progelatinase B to
an M, 82,000 active form in a process inhibited by tissue inhibitor of
metalloproteinase (TIMP)-1 and TIMP-2. Progelatinase B activation was
accomplished by the two active species of gelatinase A, the M, 62,000 and
M, 45,000 forms, generated after plasma membrane or organomercurial
activation of TIMP-2-free progelatinase A. The M, 45,000 species of
gelatinase A lacks both the NH,-terminal profragment and the COOH-
terminal domain known to play a role in plasma membrane activation and
the regulation of TIMP-2 inhibition. These results suggest a novel mech-
anism of activation of progelatinase B mediated by gelatinase A species
that may be localized in the surface of tumor cells and enhance matrix
degradation during cancer metastasis.

INTRODUCTION

Tumor metastasis requires proteolytic degradation of ECM? com-
ponents to facilitate the invasion of basement membranes and con-
nective tissue matrices by the malignant cancer cells. Several groups
of proteases have been implicated in tumor cell invasion including
MMPs (1, 2), serine proteases (3), and cysteine proteases (4). The M,
72,000 gelatinase A/type IV collagenase (MMP-2; Ref. 5) and the M,
92,000 gelatinase B/type IV collagenase (MMP-9; Ref. 6) are two
members of the MMP family postulated to play a critical role in tumor
invasion and angiogenesis (1, 7). Elevated levels of these enzymes
were reported in human cancers (7-14), and the metastatic potential of
tumor cells in experimental models of metastasis has been correlated
with the expression and activity of these proteinases (reviewed in Ref.
7). The association of the gelatinases with malignancy may be related
to their ability to degrade basement membrane collagen IV to yield
1/4 NH,-terminal and 3/4 COOH-terminal fragments (5, 6, 15). For
that reason, these proteinases are also known as type IV collagenases
(5, 6). In addition, they degrade gelatin and thus are named gelatinases
(2, 16). Gelatinases degrade other ECM components in vitro, includ-
ing collagens V, VIIs and XI; fibronectin; laminin (2, 5, 6, 16); elastin
(17, 18); proteoglycans (18-20); and entactin (21), although with
different efficiencies and probably involving different cleavage sites.
They may also attack other biologically relevant molecules. For
example, gelatinase A hydrolyzes the Lys'®-Leu’” peptide bond of 2
synthetic decapeptide representing the soluble B-amyloid sequence of
amino-acid residues 10-20 (22) and the Lys*®-Leu’” and Met**-Val*®
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peptide bonds of B-amyloid peptides 1-40 and 1-42, respectively, -
isolated from brains of Alzheimer’s disease patients (23). We have
shown recently that the gelatinases can hydrolyze galectin-3, a cell
surface lectin involved in cell-cell and cell-matrix interactions and
metastasis (24). Thus, the spectrum of proteins that can be potentially
cleaved by these MMPs suggests an important role for these protein-
ases in the regulation of various biological processes.

The progelatinases, like other members of the MMP family, are
secreted in a latent form that requires activation (1, 2, 16). Thus,
proenzyme activation is a critical event in the regulation of gelatinase
activity and may be essential for ECM degradation during tumor cell
invasion (1, 7). The physiological mechanisms responsible for acti-
vation of the progelatinases are not completely understood but may
involve the action of other proteases, including other MMPs. Previous
studies (25-27) have shown a plasma membrane-dependent activation
specific for progelatinase A, possibly mediated by a recently identi-
fied MT-MMP (28). The plasma membrane-dependent activation of
progelatinase A is induced in cultured cells by treatment with phorbol
ester (26, 27), concanavalin A (25, 26, 29, 30), transforming growth
factor B (26), or a collagen substrate (31). Plasma membrane activa-
tion of progelatinase A was shown to generate the reported M, 62,000
active species with the NH,-terminal sequence starting at Tyr®! but
also to generate an additional active species of M, 41,000-45,000
(27) with high specific activity (29, 30). A similar pattern of activation
was observed after organomercurial activation of progelatinase A free
of TIMP-2 (32, 33), a specific inhibitor of the M, 72,000 enzyme
known to form a noncovalent complex with the proenzyme form (34,
35). We (32) have reported previously that the M, 45,000 species
showed an electrophoretic mobility similar to a recombinant truncated
gelatinase A lacking the COOH-terminal domain, suggesting that
formation of the M, 45,000 form also involved a cleavage at the
COOH-terminal region. Interestingly, the COOH-terminal domain of
progelatinase A is the TIMP-2 binding domain (32, 36-38) in the
proenzyme form. Removal of this domain does not impair catalytic
activity but reduces the rate of TIMP-2 inhibition (32, 37, 38). Thus,
the nature of the active species of gelatinase A, formed after plasma
membrane activation, may regulate enzyme activity and inhibition by

“TIMP-2.

Progelatinase B, in contrast to the M, 72,000 enzyme, appears not
to be activated by a plasma membrane-dependent mechanism and is
usually detected in the culture media of normal and tumor cells in a
latent form (25-27). Studies with purified enzymes, however, have
shown the ability of several proteases to activate progelatinase B.
These include stromelysin-1 (MMP-3; Refs. 39 and 40), plasmin 41),
and tissue kallikrein (42). Activation of progelatinase B with strome-
lysin-1, which is most efficient (40), generates an M, 82,000 active
species with enzymatic activity (39, 40). The coordinated regulation
of progelatinase B and stromelysin-1 expression by cytokines in
certain cells has been suggested to facilitate progelatinase B activation
(39). However, in some tumors, these enzymes are not always coex-
pressed, in contrast to gelatinase A and B. For example, high levels of
gelatinase A and B were detected in breast tumors (43-45), whereas
stromelysin-1 mRNA was undetectable (43). We have also reported
enhanced expression of both gelatinases in breast tumors by immu-
nohistochemistry (46). High levels of both gelatinases were also
reported in colon (10) and bladder (14) cancers. Due to the frequent
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PROGELATINASE B ACTIVATION

coexpression of the M, 72,000 and M, 92,000 gelatinases in human
tumors, we chose to investigate the ability of these enzymes to
activate each other. Here we show that gelatinase A can activate
progelatinase B to generate an M, 82,000 active form. This process
was observed after plasma membrane activation of progelatinase A
and could be mediated by either of the active species of gelatinase A.
In addition, progelatinase B activation by gelatinase A was inhibited
by TIMP-1 and TIMP-2. These results suggest a novel, but not
exclusive, mechanism for progelatinase B activation that may enhance
ECM degradation in certain tumors and possibly contribute to tumor
cell invasion.

MATERIALS AND METHODS

Expression and Purification of Recombinant Enzymes and Inhibitors.
Human recombinant progelatinase A, progelatinase B, TIMP-2, and TIMP-1
were all expressed in mammalian cells using a recombinant vaccinia virus
expression system (Vac/T7), as described previously (32, 47). The cDNA for
human progelatinase B was a generous gift from Drs. K. Tryggvason and A.

Tuuttila (University of Oulu, Oulu, Finland). TIMP-1 ¢cDNA was kindly

provided by Dr. Stetler-Stevenson (NIH, Bethesda, MD). Recombinant vac-
cinia viruses containing either the progelatinases or TIMP cDNAs were
obtained by homologous recombination as described previously (32, 47).

Progelatinase A and B were purified from the media (Opti-MEM I; GIBCO,
Grand Island, NY) of HeLa cells infected with the appropriate recombinant
viruses, as described previously (32, 33). TIMP-2 was purified by affinity
chromatography using a mAb (CA-101) against human TIMP-2, as described
previously (32, 33). TIMP-1 was purified from the media of infected HeLa
cells using a lentil lectin-Sepharose 4B (Sigma Chemical Co.); the column was
equilibrated with 20 mm HEPES (pH 7.5), 500 mM NaCl, 1 mm CaCl,, 10%
glycerol, 0.05% Brij-35, and 0.02% NaN, (48). TIMP-1 was eluted with 500
mM methy] a-D-mannopyranoside (Sigma) diluted in the same buffer, dialyzed
against 50 mM Tris/HC] (pH 7.5), 150 mm NaCl, 5 mM CaCl,, and 0.02%
Brij-35 (collagenase buffer), concentrated in a Centricon-10 concentrator
(Amicon, Beverly, MA), and purified by reverse phase-HPLC (48). The
concentrations of the purified enzymes and TIMPs were determined by amino
acid analysis (49).

Purification of Gelatinase A Active Species. To isolate the active forms
of gelatinase A, 1-2 mg of progelatinase A in 20 mM Tris/HCI (pH 7.5), 5 mM
CaCl,, and 0.02% Brij-35 were activated with 1 mm APMA for 1 h at 37°C.
The activated gelatinase A was applied to a red-agarose (Sigma) column (10 x
0.5 cm) equilibrated with the same buffer. A gradient of 0.05-3 M NaCl in
equilibrating buffer was then applied to the column. The M, 45,000 species was
recovered in the void volume, whereas the M, 62,000 species eluted with 3 M
NaCl. To separate other activation fragments from the M, 62,000 species, the
sample was dialyzed against collagenase buffer and was subjected to gelatin
affinity chromatography. Three fragments of M, 32,000, 26,000, and 12,000
were recovered in the flow through, whereas the M, 62,000 species was eluted
from the gelatin column with 10% DMSO in the collagenase buffer. The
purified M, 62,000 and M, 45,000 species were concentrated with a Centri-
con-10 concentrator and analyzed by zymography and SDS-PAGE. Protein
concentrations of the purified active species were determined by amino acid
analysis (49).

Microsequence Analysis. The activation species of either gelatinase A or
gelatinase B were separated by SDS-PAGE under reducing conditions and
transferred to an Immobilon membrane (Millipore, Marlboro, MA). The trans-
ferred proteins were stained with 1% amido black in 20% isopropanol and 10%
acetic acid, and the appropriate stained bands were cut out of the membrane.
The NH,-terminal sequence of the immobilized proteins was determined on an
Applied Biosystems 475A gas-phase protein sequencer.

Enzyme Assays. Zymography was performed in 10% SDS-polyacrylamide
gels containing 0.1% gelatin using precast mini-gels from Novex (Encinitas,
CA), as described earlier (32, 33). Samples of the purified enzymes were
resuspended in the Laemmli sample buffer without reducing agents and were
not subsequently heated. Gelatinase activity was determined using heat-dena-
tured rat [*H]collagen type I (18,000 cpm/pg; Dupont NEN, Wilmington, DE)
as the substrate (~60,000 cpm/reaction) as described previously (32, 33).

Immunoblots. Purified samples were subjected to SDS-PAGE under re-
ducing conditions. The separated proteins were transferred to nitrocellulose
paper. After blocking with 3% BSA and 3% nonfat dry milk in 50 mM Tris/HCl
(pH 7.5), the blots were incubated with the corresponding primary antibody
diluted in 50 mm Tris/HCl (pH 7.5), 150 mm NaCl, and 0.1% Tween 20. The
immunodetection of the antigen was performed using the immunoperoxidase
ABC kit (Vector Laboratories). The characterization of the mAbs to the
gelatinases and TIMP-2 was described previously (46, 50). A rabbit polyclonal
antibody against a synthetic peptide comprising residues 513 to 530 of human
progelatinase A was a generous gift from Dr. Steven Ledbetter (Upjohn Co.,
Kalamazoo, MI).,

Activation of Progelatinases. Progelatinase A was activated with either
APMA or plasma membrane. For APMA activation, progelatinase A in col-
lagenase buffer was incubated (30 min at 37°C) with 1 mm APMA (final
concentration) prepared from a 10X APMA solution in 50 mMm NaOH. To
remove APMA, the active gelatinase A was applied to a Quick-Spin column
(Boehringer Mannheim, Indjanapolis, IN) that was equilibrated previously
with collagenase buffer. The concentration of active gelatinase A was then
determined by titration with a“known amount of TIMP-2, assuming a 1:1
stoichiometry for complete inhibition (32, 33, 51). Plasma membrane activa-
tion of progelatinase A (27) was performed using plasma membranes isolated
from HT1080 cells treated with phorbol ester (a generous gift from Dr. Greg
Goldberg, Washington University, St. Louis, MO). Briefly, progelatinase A
(50-200 ng) diluted in 25 mm Hepes/KOH (pH 7.5) and 0.1 mm CaCl, was
incubated (1-3 h) with 10 pg of isolated plasma membrane, as described
previously (27). The presence of active gelatinase A species was determined by
zymography or immunoblot analysis.

To activate progelatinase B with gelatinase A, progelatinase B was diluted
in collagenase buffer, and each solution was individually incubated (37°C for
various periods of time) with either activated gelatinase A (by APMA or
plasma membranes) or purified M, 62,000 or M, 45,000 species. The reaction
was then stopped by the addition of the Laemmli sample buffer containing 1%
fB-mercaptoethanol. Conversion to the active forms was -determined after
separation of the samples by SDS-PAGE and staining of the gels with 0.25%
Coomassie Brilliant Blue R-250 in 10% methanol/5% acetic acid or by
immunoblot analysis using a mAb (CA-209) to human progelatinase B. In
some experiments, progelatinase B was incubated with stoichiometric amounts
of TIMP-1 or TIMP-2 for 20 min at 22°C before activation with gelatinase A.
Progelatinase B was also activated in concentrated conditioned media of
HT1080 cells by adding various concentrations of exogenous recombinant
gelatinase A species. To obtain conditioned meaium, a confluent T75 tissue
culture flask was incubated (16 h at 37°C) with 7 ml of serum-free DMEM in
a CO, incubator. The medium was then collected, clarified by centrifugation
(10 min at 2000 rpm), and concentrated (10-fold) using a Centricon-10
concentrator.

RESULTS

Activation of Progelatinase B by Gelatinase A. We examined the
ability of gelatinase A to activate progelatinase B. Incubation of
progelatinase B with APMA-activated gelatinase A resulted in a time-
and dose-dependent conversion of the M, 92,000 zymogen to the M,
82,000 species (Fig. 1). An intermediary form of M, 86,000 could be
observed as early as 30 min after the addition of gelatinase A. Full
conversion to the M, 82,000 species was observed after a 2-h incu-
bation period (Fig. 1B; 1:50 gelatinase A:progelatinase B molar ratio).
To rule out the possibility that trace amounts of APMA remaining in
the gelatinase A preparation were responsible for the activation of
progelatinase B, the M, 92,000 zymogen was incubated with a 10-fold
excess APMA (10 mm) for 1 h. Under these conditions, APMA failed
to fully convert progelatinase B to the M, 82,000 form (data mnot
shown). Gelatinase B did not activate progelatinase A (data not
shown).

The NH,-terminal sequences of the M, 86,000 and the M, 82,000
gelatinase B species formed after activation by gelatinase A were
determined and found to be Met*! for the M, 86,000 form and
Phe®® for the M, 82,000 form. These sequences are the same as
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Fig. 1. SDS-PAGE analysis of the activation of proge-
latinase B by gelatinase A. Human recombinant progela-
tinase A was activated with 1 mM APMA (1 h at 37°C)
and applied to a Quick Spin column to remove the APMA
as described in “Materials and Methods.” The activated
gelatinase A was incubated (37°C) with human recombi-
nant progelatinase B for various time periods at a 1:100
(A) or 1:50 (B) gelatinase A:progelatinase B molar ratio.
At the end of the indicated incubation times, the samples
(1 pgfane of progelatinase B) were analyzed in 10%
SDS-polyacrylamide gel under reducing conditions, fol-
lowed by staining of the gel with 0.25% Coomassie Bril-
liant Blue. Left lane, molecular weight standards (Bio-
Rad). Arrow on the right, the activated gelatinase A used
in the experiment.

those reported previously for the activation of progelatinase B by
stromelysin-1 (39).

Plasma Membrane-activated Gelatinase A Activates Progelati-
nase B. Progelatinase A can be activated by APMA (5) or by plasma
membrane containing MT-MMP (25-28). We reported previously that
APMA activation of TIMP-2-free progelatinase A generated two
active species of M, 62,000 and M, 45,000 (32, 33). We compared the
pattern of activation of progelatinase A by APMA and plasma mem-
brane of HT1080 cells treated with phorbol ester. As shown in Fig. 2,
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Fig. 2. Activation of progelatinase A by plasma membranes or APMA. Progelatinase
A (200 ng/lane) in 25 mm HEPES/KOH (pH 7.5)-0.1 mum CaCl, was incubated (37°C)
with either 10 pg of HT1080 plasma membranes (Lane 1, 1 h; Lane 2, 2 h) or with 1 mm
APMA for 1 h (Lane 3) or with buffer alone (Lane 4). The samples were then separated
by electrophoresis in a 10% SDS-polyacrylamide gel under reducing conditions, followed

by transfer to nitrocellulose paper. The blot was developed using a mADb to progelatinase.

A as described in “Materials and Methods.” Molecular weights on the left indicate the
relative mass of the gelatinase A species.
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Fig. 3. Progelatinase B activation by plasma
membrane-activated gelatinase A and inhibition by
TIMP-2. Plasma membranes (10 pg/reaction) were
incubated (3 h at 37°C) with progelatinase A (200
ng/reaction) in 25 mm HEPES/KOH (pH 7.5)-0.1
mMm CaCl, in the absence (Lanes 1 and 2) or pres-
ence (Lanes 3 and 4) of stoichiometric amounts (60
ng/reaction) of TIMP-2 to progelatinase A. An ali-
quot of the reaction mixture was then incubated with
progelatinase B (200 ng/lane) at 1:10 (Lanes I and
3) and 1:50 (lanes 2 and 4) molar ratios (gelatinase
Acprogelatinase B) for another 3 h at 37°C. The
mixtures were then separated by electrophoresis in a
10% SDS-polyacrylamide gel under reducing con-
ditions, followed by transfer to nitrocellulose paper.
The blot was developed using a mixture of mAbs to
progelatinase A and B, as described in “Materials
and Methods.” Molecular weights on the left repre-
sent the prestained molecular weight standards (low
range; Bio-Rad).
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plasma membrane- (Fig. 2, Lanes I and 2) or APMA- (Fig. 2, Lane
3) activated progelatinase A into a M, 62,000 and a M, 45,000 species.
An intermediary form of M, 64,000 to 66,000 could also be observed
(not visible in Fig. 2). Thus, both APMA and plasma membrane
activation of progelatinase A generate the M, 62,000 and M, 45,000
species.

Since APMA activated-gelatinase A caused activation of progela-
tinase B, we wished to examine the effect of plasma membrane-
activated gelatinase A on progelatinase B activation. To this end, the
plasma membranes from phorbol ester treated-HT1080 cells were
incubated (3 h at 37°C) with progelatinase A, and then progelatinase
B was added to the reaction mixture for an additional 3-h incubation
period. The reaction mixture was then analyzed by immunoblot using
amAb (CA-209) against progelatinase B and a mAb (CA-801) against
progelatinase A. These studies (Fig. 3) showed that plasma membrane
activated-gelatinase A caused the conversion of progelatinase B to the
M, 86,000 and M, 82,000 species (Fig. 3, Lanes 1 and 2). The
immunoblot also showed the bands corresponding to the plasma
membrane-activated gelatinase A, including a M, 64,000, 62,000, and
a 45,000 form. When progelatinase A was incubated (3 h at 37°C)
with plasma membranes in the presence of recombinant TIMP-2, there
was a significant reduction in the formation of the M, 62,000 and M,
45,000 species, and most of the M, 72,000 enzyme remained in the
latent form (Fig. 3, Lanes 3 and 4). Consistently, the addition of
progelatinase B to the mixture of plasma membranes, progelatinase A,
and TIMP-2, followed by another 3-h incubation period, had no effect
on the activation of progelatinase B (Fig. 3, Lanes 3 and 4). Also,
progelatinase B incubated with plasma membranes in the absence of
progelatinase A was not activated (data not shown), as reported
previously (25-27). Taken together, these studies demonstrate that

2 3 4
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Fig. 4. Purification of the M, 62,000 and M,
45,000 species of gelatinase A. The active M,
62,000 and M, 45,000 species were purified as de-
scribed in “Materials and Methods” and analyzed by
SDS-PAGE (Lanes 1-3) under reducing conditions
and by gelatin-zymography (Lanes 4-6). Lane 1,
progelatinase A (1 ug); Lane 2, purified M, 62,000
species (1 pg); Lanes 3 and 4, purified M, 45,000
species, 1 pug and 1 ng, respectively; Lane 5, low
salt (0.5 M NaCl) fraction (10 ul) from the red
agarose column showing elution of the M, 62,000
species with some M, 45,000 form; and Lane 6, high
salt (3 M NaCl) fraction (10 ul) containing the M,
62,000 species. The left lane shows the molecular
weight standards (low range; Bio-Rad).

both APMA and plasma membrane-activated gelatinase A activate
progelatinase B.

Isolation of Gelatinase A Species. To demonstrate the ability of
the gelatinase A species to activate progelatinase B, it was necessary
to isolate the M, 62,000 and the M, 45,000 forms. To this end,
progelatinase A was activated with APMA, and the active species
were separated by red-agarose chromatography using a NaCl gradient.
SDS-PAGE analysis and zymography of the purified M, 45,000
species, which eluted in the»void volume, revealed a single active
band of M, 45,000 (Fig. 4, Lanes 3 and 4). Increasing concentrations
of NaCl resulted in a stepwise elution of the M, 62,000 active species
(Fig. 4, Lane 5, 0.5 M NaCl; both the M, 45,000 and the M, 62,000
forms were observed). At high salt concentrations (3 M NaCl), a single
active form of M, 62,000 was detected (Fig. 4, Lane 6). The high-salt
fraction containing the M, 62,000 enzyme also showed three addi-
tional inactive fragments of M, 32,000, 26,000, and 12,000 that
separated as three distinct bands in SDS-PAGE under reducing con-
ditions (data not shown). To remove these fragments from the M,
62,000 active species, the dialyzed sample was applied to a gelatin
agarose column, and a single protein of M, 62,000 kDa was eluted
with DMSO (Fig. 4, Lane 2); the three smaller fragments did not bind
to the gelatin column. NH,-terminal sequence of the M, 62,000 and
the M, 45,000 species revealed the same NH, terminus, which started
from Tyr®'. The M, 32,000 fragment revealed a major and a minor
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Fig. 5. Immunoblot analysis of activated gelatinase A and the M, 45,000 species.
Samples (200 ng/lane) of progelatinase A (Lanes I and 4), APMA-activated gelatinase A
(Lanes 2 and 5) and purified M, 45,000 species (Lanes 3 and 6) were subjected to
SDS-PAGE under reducing conditions, followed by blotting to nitrocellulose paper. After
blocking, the blots were incubated with a mouse mAb (CA-801) against human progela-
tinase A (Lanes 1-3) or with a rabbit polyclonal antibody against a synthetic peptide
comprising residues 513-530 of human progelatinase A (Lanes 4-6). Molecular weights
on the left indicate the relative mass of the purified proteins.
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component. The NH, terminus of the former started from Tyr*®

(YGASPDIDLG) and that of the latter from Gly*'? (GASPDIDLG).
The NH, terminus of the M, 26,000 fragment also started from Tyr*!6,
Thus, the M, 32,000 and 26,000 fragments may represent the COOH-
terminal domain of progelatinase A.

Immunoblot analysis using a polyclonal antibody directed against
the COOH-terminal end (residues 513-530) of progelatinase A
showed that the antibody failed to react with the purified M, 45,000
species (Fig. 5, Lane 6), consistent with the deletion of the COOH-
terminal domain in this species. In contrast, this antibody reacted with
the proenzyme form and the M, 62,000 species of activated gelatinase
A (Fig. 5, Lanes 4 and 5, respectively). As expected, a mAb (CA-801)
to human progelatinase A, known to bind to the COOH-terminally
truncated recombinant M, 72,000 enzymes (32), reacted with the three
enzymes forms (Fig. 5, Lane 1, progelatinase A; Lane 2, activated
gelatinase A; and Lane 3, M, 45,000 species). Similar results were
obtained when plasma membrane-activated M, 72,000 enzyme was
used as antigen (data not shown).

Activation of Progelatinase B by the Active Species of Gelatin-
ase A. The purified active species of gelatinase A were used to
evaluate their ability to activate progelatinase B. Fig. 6 shows that the
purified M, 45,000 species activated progelatinase B (Fig. 6) to the M,
86,000 and 82,000 forms in a time- and dose-dependent manner. A
similar pattern of activation was obtained when purified M, 62,000
species was used as activator of progelatinase B (results not shown).
Thus, both gelatinase A species activate progelatinase B.

We wished to examine the ability of the gelatinase A species to
activate the progelatinase B present in the conditioned media of
human fibrosarcoma HT1080 cells. A 100-ul portion of the 10-fold
concentrated conditioned media were incubated (1 h at 37°C) with 0.1
and 1 pg of purified M, 45,000 species. The medium was then
analyzed for M, 92,000 enzyme activation by immunoblot using a
mADb against human progelatinase B (46). As shown in Fig. 7 (Lanes
3 and 4), the M, 45,000 species activated the endogenous progelati-
nase B to the M, 86,000 and M, 82,000 species as shown with
recombinant progelatinase B. Conditioned medium incubated under
the same conditions, but without gelatinase A species, showed no
evidence of spontaneous progelatinase B activation (Fig. 7, Lane 2).
This experiment suggests that natural progelatinase B can be activated
by the gelatinase A active species.

Gelatinase Activity of Gelatinase B and Effects of TIMPs. We
measured the activity of gelatinase B against soluble [*H]gelatin after
treatment with the M, 45,000 species. As shown in Fig. 8, incubation
of progelatinase B with the M, 45,000 species generated an enzyme
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Fig. 6. SDS-PAGE analysis of the activation of
progelatinase B by the M, 45,000 species of gelatin-
ase A. Samples of purified progelatinase B (1 pg/
lane) were incubated (37°C) with purified M, 45,000
species at 1:10 (4) or 1:100 (B) molar ratios of M,
45,000:progelatinase B for various periods of time
and then subjected to SDS-PAGE analysis under
reducing conditions and staining of the gels with
0.025% Coomassie blue. Left lane, the molecular
weight standards (low range; Bio-Rad).
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with gelatinase activity. The M, 45,000 species alone also showed
activity against [*H]gelatin that was 3-fold lower than the activity of
the gelatinase B/M, 45,000 species. In contrast, progelatinase B
showed virtually no enzymatic activity.

The effect of TIMP-1 and TIMP-2 on the activation of progelati-
nase B by gelatinase A species was examined by measuring the
activity against [*H]gelatin in the presence or absence of inhibitor
(Table 1). To this end, progelatinase B was incubated with stoichio-
metric amounts of either TIMP-1 or TIMP-2 before the addition of the
gelatinase A species. As contgols, we measured the activity of proge-
latinase B (0.1 pm) and the M, 45,000 species alone (0.01 pM). As
shown in Table 1, the purified M, 45,000 species alone showed a
significantly higher (27% more) activity than progelatinase B, as
expected. Incubation of progelatinase B with one-tenth molar concen-
trations of the M, 45,000 species generated high enzymatic activity
(considered 100%). When progelatinase B was incubated with either
TIMP-1 or TIMP-2 prior to the addition of the M, 45,000 species, the
presence of the inhibitors caused a complete inhibition of enzymatic
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Fig. 7. Activation of progelatinase B in the conditioned media of HT1080 cells by the
M, 45,000 species of gelatinase A. Concentrated (100 pi/lane) serum-free conditioned
medium of HT1080 cells prepared as described in “Materials and Methods” was incubated
(1 h at 37°C) with either 0.1 (Lane 3) or 1 pg of purified M, 45,000 species or alone (Lane
2). The samples were then subjected to SDS-PAGE under reducing conditions and
immunoblot analysis using a mAb (CA-209) against human progelatinase B. Lane 1, the
conditioned media not incubated at 37°C. Left lane, the molecular weight of prestained
standards (low range; Bio-Rad).
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Fig. 8. Enzymatic activity of gelatinase B activated by the M, 45,000 species. Pro-
gelatinase B (0.1 pm) was incubated with (®) or without (O) the M, 45,000 species at a
1:10 molar ratio of M, 45,000:progefatinase B for various time periods and analyzed for
activity against soluble [*H]gelatin, as described in “Materials and Methods.” As control,
samples of the M, 45,000 species (0.01 pm) were incubated alone (A) and tested for
activity. Soluble degraded [H]gelatin was quantified by scintillation spectrometry.
Points, duplicate samples that varied by less than 15% (cpm) from each other. Similar
results were obtained in three independent experiments.

Table 1 Effect of TIMP-1 and TIMP-2 on the acti latinase B
by the M, 45,000 species

Progelatinase B (0.1 pm) was incubated (20 min at 22°C) in the presence (+) or
absence (—) of equimolar concentrations of either TIMP-1 or TIMP-2 and then incubated
(2 h at 37°C) in the presence or absence of the M, 45,000 species (0.01 pm). The mixtures
were then tested for activity against soluble [3H]gelatin, as described in “Materials and
Methods.” Data are expressed as the percentage of activity (solubilized counts) remaining
relative to the activity of M, 45,000-activated gelatinase B (100%).

of prog

% activity

Enzyme TIMP-1 TIMP-2 remaining
Progelatinase B - - 1
M, 45,000 - - 27
Progelatinase B/M, 45,000 - - 100
Progelatinase B/M, 45,000 + - 1
Progelatinase B/M, 45,000 - + 0

activity. Similar results were obtained when progelatinase B was
incubated with or without TIMPs with the purified M, 62,000 species.

DISCUSSION

In this study, we show that gelatinase A can activate progelatinase
B to a M, 82,000 form with activity against gelatin. Activation of
progelatinase B was observed with both plasma membrane or APMA-
activated, M, 72,000 enzyme and with both recombinant and natural
progelatinase B. Activation of progelatinase B by gelatinase A is
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MT-MMP ——— 72-kDa Progelatinase A

Fig. 9. Schematic model of progelatinase B activation.

accomplished by cleavage at the Glu*>-Met*! amide bond to generate
a M, 86,000 form and cleavage at the Arg®’-Phe® amide bond to
generate a M, 82,000 species in a process similar to the activation of
progelatinase B by stromelysin-1 (39). The formation of these species
is probably due to the action of gelatinase A alone and does not
involve an autocatalytic process, since conversion of the M, 86,000
species to the M, 82,000 form was not observed without stromelysin-1
(39). The activation of progelatinase B by gelatinase A observed here
is in contrast to the findings of Ogata et al. (39), who did not observe
any activation of progelatinase B by gelatinase A. This discrepancy
may be due to the source of the M, 72,000 enzyme used for activation
of progelatinase B in experiments by Ogata et al. (39). Progelatinase
A isolated from HT1080 cell culture media [as described in the study
of Ogata et al. (39)] is expected to be in complex with TIMP-2 (34,
52) and would possess diminished enzymatic activity when compared
to either the recombinant (32, 33) or natural (53) gelatinase A, which
are devoid of TIMP-2. In this study, we showed that preincubation of
progelatinase B with equal molar amounts of either TIMP-1 or
TIMP-2 inhibits activation by the gelatinase A active species, as
previously reported for activation of progelatinase B with stromely-
sin-1 (54). The effect of TIMP-1 may be due to formation of a
complex with progelatinase B (6), whereas that of TIMP-2 may be
caused by an inhibition of gelatinase A (32, 33), as shown in Table 1
with the M, 45,000 species. Although the M, 45,000 form of gelatin-
ase A is less susceptible to inhibition by TIMP-2, compared to the M,
62,000 species," the amount of TIMP-2 used in the experiment de-
scribed in Table 1 was 10-fold higher than that of the M, 45,000
species. At this concentration, TIMP-2 inhibits the activity of the M,
45,000 species completely, as reported previously for the truncated
forms of gelatinase A lacking the COOH-terminal domain (32). The
inhibitory effect of TIMP-2 on progelatinase B activation was also
demonstrated by inhibiting the plasma membrane and APMA activa-
tion of progelatinase A with TIMP-2. This is consistent with the
ability of this inhibitor to form a complex with progelatinase A that
prevents activation (33, 51, 55).

We have shown in this report that activation of human recombinant
progelatinase A, with either plasma membrane or APMA, generates a
M, 62,000 and a M, 45,000 species, as reported previously (25, 27, 32,
33, 55). Howard et al. (56) also reported the formation of a M, 42,500
active gelatinase A fragment after separation of TIMP-2 from proge-
latinase A by acid treatment and reverse phase-HPLC. The presence
of these species was also reported in the medium of fibroblast cells

4 Unpublished results.
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treated with concanavalin A (25, 29, 30). The formation of the M,
45,000 species, as shown in the present report, involves cleavage of
both the NH,-terminal profragment and the COOH-terminal domain.
This was demonstrated by NH,-terminal sequencing of the purified M,
45,000 species that revealed an NH,, terminus starting from Tyr®*. The
same residue was reported as the NH, terminus for the M, 62,000
species after APMA treatment (56, 57) or plasma membrane activa-
tion of progelatinase A (27). In addition, a polyclonal antibody gen-
erated against the COOH-terminal end of progelatinase A failed to
react with the M, 45,000 species but reacted with the M, 62,000 form,
further demonstrating the absence of the COOH-terminal region in the
M, 45,000 species.

We isolated the active species of gelatinase A and showed that both
the M, 62,000 and the M, 45,000 species activated purified progela-
tinase B. The ability of the 45-kDa species to activate progelatinase B
is consistent with previous studies that showed that the COOH-
terminal domain of gelatinase A is not required for catalytic activity
(32, 37, 38). The purified M, 62,000 and M, 45,000 species were also
able to activate progelatinase B present in the conditioned media of
HT1080 cells. However, high levels of the exogenous gelatinase A
species were required, possibly due to the presence of TIMPs in the
media. Previous studies showed that activation of progelatinase A in
the media of HT1080 cells that had been treated with phorbol ester did
not cause the activation of the M, 92,000 enzyme (26, 27). The lack
of progelatinase B activation under these conditions may be due to the
presence of TIMP-1, which is induced by the treatment with phorbol
ester.* Thus, the high levels of TIMP-1 results in inhibition of proge-
latinase B activation, and by consequence, a general inhibition of
MMP activity ensues. This is consistent with our previous data show-
ing the inhibitory effect of phorbol ester on the in vitro invasion of
HT1080 cells (58).

The activation of progelatinase B by gelatinase A may be signifi-
cant in tissues where stromelysin-1 may not be present (43). Recent
in situ hybridization studies in 17 cases of breast cancer showed high
levels of gelatinase A and B mRNAs in 60—-80% of the cases, whereas
low levels of stromelysin-1 mRNA were detected in only 30% of the
cases.” Also, our previous immunohistochemical studies showed a
colocalization of gelatinase A and B in the malignant cells in 72% of
83 cases of breast carcinoma tissue (46). Other studies also showed
coexpression of gelatinases in breast (44, 45), colon (10), and bladder
cancers (14). Therefore, it is highly plausible that colocalization of

5 L. Matrisian, personal communication.
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these enzymes in tumor tissue would facilitate their interaction for
activation, leading to degradation of ECM.

Fig. 9 depicts a model for the interaction of several members of the
MMP family, leading to the activation of progelatinase B. The mem-
brane enzyme, MT-MMP, of tumor cells activates progelatinase A to
generate the M, 62,000 and M, 45,000 species. This process has been
recently shown to involve the binding of TIMP-2 to MT-MMP,
followed by binding of progelatinase A to the TIMP-2-MT-MMP
complex (55). The activation process and substrate specificity of
MT-MMP remain to be defined. The active gelatinase A species may
in turn activate progelatinase B, as shown in this study, and degrade
ECM. Although the physiological significance of the M, 45,000
species of gelatinase A (Fig. 9, italics) remains presently obscure, it is
interesting that the rate of TIMP-2 inhibition of active gelatinase A
species lacking the COOH-terminal domain is significantly lower than
that of the M, 62,000 form (32, 37, 38, 59). Thus, cleavage of the
COOH-terminal domain, should it occur in vivo, would result in the
formation of gelatinase A species that are less susceptible to TIMP-2
inhibition but remain catalytically competent and capable of activa-
tion of progelatinase B. Recently, activation of progelatinase B in
fibroblast monolayers supplemented with plasminogen or prostrome-
lysin-1 was described (40). Thus, stromelysin-1 would efficiently
activate progelatinase B (39, 40, 54), if it were available; however, its
expression in breast cancer remains unclear at the present (43). Plas-
min, on the other hand, is a poor activator of progelatinase B (40, 41,
54). Nevertheless, the role of each proteinase in activation of proge-
latinase B would be determined by its abundance and accessibility, the
state of activation, the rate of formation of the active species, and the
presence of specific inhibitors (29). Although the role of TIMP-1 and
TIMP-2 is not depicted in this model (Fig. 9), these inhibitors are
critical regulators of the activation process and modulators of the
enzymatic activity of the MMPs. As such, they play a crucial role in
determining the extent of ECM degradation during tumor cell inva-
sion. This and previous studies have shown that both TIMP-1 and
TIMP-2 can inhibit the activation of progelatinase A and B and the
respective proteolytic activity of the resultant enzymes by forming a
complex with the latent enzymes and/or binding to the active enzyme
forms. Further studies on the relationship between these MMPs and
TIMPs will provide a clearer understanding of the regulation of MMP
activity and the role of these proteases in tumor cell invasion.
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Interaction of tumor cells with platelets facilitates metastasis
of tumor cells. It has been proposed that platelets protect
tumor cells against the host’s immune defense and enhance
tumor-cell extravasation. In the present work we show that
platelets increase the invasiveness of 3 mammalian cell lines
(MCF-7, ZR-51 and MDA-MB23 1) through extracellular matrix,
and propose this as an additional mechanism by which platelets
facilitate metastasis. Since gelatinase and urokinase have both
been implicated in degradation of the extracellular matrix and
cell migration, and therefore in tumor invasion, we have also
analyzed whether the interaction of platelets with tumor cells
can modify the secretion of these proteases by tumor cells.
MDA-MB23 1, which was the most invasive cell line among the 3
tested and was the most potent in inducing platelet aggrega-
tion, secreted the highest level of urokinase and was the only
one in which gelatinase was detected. While platelets had no
significant effect on the urokinase activity expressed by these
cells, they induced in MDA-MB231 an important increase in the
secretion of gelatinase, which can be reproduced by both
platelet membrane and platelet releasate of activated platelets.
This increase in gelatinase could be responsible, at least in part,
for the increased invasiveness of these cells, since added TIMP-1
significantly reduced the number of cells which traversed
matrigel.
© 1995 Wiley-Liss, Inc.

The relationship between malignancy and thrombotic disor-
der has long been recognized and thrombo-embolic disorders
are an important cause of morbidity and mortality in malignant
disease. Drugs that interfere with platelet function have been
shown to limit metastasis production (Honn et al., 1983, 1992).
Platelets could essentially facilitate all steps, from initial tumor
cell lodgement in the microvasculature to tumor-cell prolifera-
tion after arrest, interaction with the subendothelial matrix
and extravasation. These diverse effects may result from direct
platelet bonding with tumor cells or from the release reaction
products following platelet aggregation and activation (for
review, see Honn et al., 1992).

Numerous studies have shown that tumor cells in vitro can
induce platelet aggregation and this ability to aggregate
platelets was correlated with their ability to cause metastasis in
vivo (Pearlstein et al., 1980). The mechanisms of induction of
platelet activation appear to vary in the different tumor cells.
The generation of thrombin could be responsible in most cases
as tumor cells can express an activator of factor Xa and/or
tissue-factor-like material (for review, see Gordon, 1992).
Other mechanisms may also contribute, such as the activation
of platelets by ADP produced by the tumor cells themselves or
released by platelets in contact with tumor cells (Bastida et al,
1982), and the production of 12 hydroxyeicosatetranoic acid
(12 HETE), which facilitates the expression of the glycopro-
tein IIb-IIIa receptor (Steinert ef al., 1993).

Platelet activation by tumor cells is thought to protect tumor
cells from immune surveillance, to enhance tumor-cell adhe-
sion to vascular endothelium—the first step of extravasation—
and to provide permeability factors and tumor-growth factors
which would facilitate extravasation and development of tu-
mor metastasis (for review, see Gasic, 1984; Honn et al., 1992).
In this work, we studied the effect of platelets on the
production, by tumor cells, of proteases which are implicated

in the degradation and invasion of the extracellular matrix
(ECM). Both urokinase-type plasminogen activator (u-PA)
and gelatinases have been implicated. u-PA activates plasmino-
gen into plasmin, a wide-range serine protease, which de-
grades some of the components of the ECM either directly or
indirectly by activating prometalloproteases (He et al., 1989).
Numerous studies have shown a correlation between tumor
agressiveness and expression of u-PA (for review, see Schmitt
etal., 1992). Gelatinase A (MMP-2) and gelatinase B (MMP-9)
are metalloproteases of 72 and 92 kDa respectively, and
numerous studies have implicated both of these in the diges-
tion of basement membrane type-IV collagen in cancer (Ura et
al., 1989) and angiogenesis (Gross et al., 1983). A correlation
between tumor secretion of gelatinases (Ura et al,, 1989; Liotta
and Stetler-Stevenson, 1989) and experimental metastasis has
been reported. Transfection of gelatinase-B expression vector
conferred metastatic capacity upon non-metastatic rat cells
(Bernhard et al, 1994). We have therefore compared the
potential of 3 different mammary tumor cells (MCF-7, ZR 51
and MDA-MB231) to aggregate platelets, and the effect of
platelets on the secretion of both u-PA and gelatinases by the 3
different types of tumor cells as well as their invasiveness
through an ECM.

MATERIAL AND METHODS
Preparation of platelets

Platelets from human blood freshly collected in the antico-
agulant acid-citrate dextrose were washed under sterile condi-
tions as described by Patscheke and Worner (1978), in the
presence of 100 ng/ml prostaglandin E;. The platelets were
finally resuspended in DMEM/F12 culture medium (GIBCO
Paisley, UK).

Activation of platelets

Platelet suspensions were incubated at 37°C for 15 min
before thrombin was added at 0.2 U/ml and the suspension
was agitated gently for 3 min to allow the aggregation to
proceed. Thrombin was neutralized by the addition of 10
IU/ml hirudin (Sigma, Saint Louis, MO) and the aggregated
platelets were then pelleted by centrifugation at 2,500 g for 10
min. The supernatant was used as a source of platelet-secreted
factors and the pellet containing the degranulated platelets
was resuspended in DMEM/F12 culture medium (GIBCO).

Cell lines and culture conditions

The human adenocarcinoma cell lines MDA-MB231 (Key-
dar et al, 1978), MCF-7 (Soule et al, 1973) and ZR-75-1

3To whom correspondence and reprint requests should be sent, at
Unité 353 INSERM, Hopital Saint-Louis, 1 Ave Claude Vellefaux
75010 Paris, France. Fax: 33 1 42490733.

Abbreviations: TIMP, tissue inhibitor of metalloproteinases; PA,
plasminogen activator; u-PA, urokinase-type plasminogen activator;
PAI, plasminogen activator mhlbltor ECM, extracellular matrix.
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2. Production of gelatinases by the 3 mammary-cancer cell lines:
effect of platelets

Zymographic analysis of the 3 cell lines (MDA-MB231, ZR
75-1 and MCF-7) showed that only MDA-MB231 cells se-
creted gelatinase activity. This activity at 92 kDa correspond-
ing to gelatinase B was only detected in the conditioned
medium and none was found in the cell lysate. No activity
corresponding to the 72-kDa gelatinase A was detected. When
MDA-MB231 cells were incubated with platelets for 24 hr, the
intensity of the gelatinase-B lysis band greatly increased in the
conditioned medium, whereas platelets did not induce any
visible effect in the 2 other cell lines which did not secrete
detectable gelatinase (Fig. 2a). No lysis band was observed
when platelets alone were tested. The increase in the area of
lysis of MDA-MB231 cells induced by platelets was not
accompanied by a change in the molecular weight of the
gelatinase, suggesting that this increase in lysis is related to an
increased secretion rather than to an activation of the proen-
zyme. This increase in gelatinase secretion was confirmed by
Western blot (Fig. 2b).

The secretion of gelatinase B by MDA-MB231 was studied
using different matrix components as cell support, including
collagen types I and I'V, gelatin, fibronectin and laminin. While
some variations was found in the basal secretion of gelatinase
by the MDA-MB231 cells, depending on the matrix on which
they were cultured, a similar increase in gelatinase activity was
induced by platelets, regardless of the matrix which was used
(results not shown).

In order to evaluate whether the effect of platelets is due to
a soluble factor released into the supernatant during platelet
activation or to the activated platelets themselves, we have
compared the gelatinase secretion by MDA-MB231 cells
incubated with either the platelet releasate or with the
remaining degranulated platelets. As shown in Figure 3, the
lysis band corresponding to the gelatinase was increased both
by the supernatants of activated platelets and by the degranu-
lated platelets.

3. Production of plasminogen activators by the 3
mammary-cancer cell lines: effect of platelets

All 3 cell lines expressed amidolytic activity which was only
detected in the presence of plasminogen and therefore repre-
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FIGURE 2 — Effect of platelets on the secretion of gelatinase B by
tumor cells. After 24 hr incubation of the 3 different cell lines in
serum-free medium without or with platelet suspension (2 x 108/
ml), conditioned medium was tested at cell confluence by: (a) gel-
atin zymography. Lanes 1-2: MDA-MB231; lanes 3—4: ZR 75-1;
lanes 5-6: MCF-7. Lanes 1, 3, 5: without platelet and lanes 2, 4, 6
in the presence of platelets. () Immunoblot of gelatinase B
produced by MDA-MB231. Lane 1 without platelets, and lane 2 in
the presence of platelets.
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sented a true PA activity. This PA activity was of the urokinase
type (u-PA) since it was totally inhibited by the presence of 1
mM amiloride, a selective inhibitor of u-PA (Sappino er al,
1993). Therefore, the results were expressed as u-PA units. As
shown in Table I, the highest u-PA activity was found in
MDA-MB231 cells.

When the cells were treated for 24 hr with platelets, a small
increase in u-PA activity was noted for MDA-MB231 cells and
MCF-7. However, this increase was not statistically significant.

A very low level of u-PA activity was detected in the
conditioned medium (less than 5% of the cell-associated
u-PA), indicating that the u-PA secreted by these cells re-
mained associated with the cell membrane. Platelets did not
have a significant effect. Plasminogen-dependent amidolytic
activity was not increased by the addition of fibrin monomers
to the medium (results not shown), indicating that these cells
did not secrete t-PA.

As platelets contain the u-PA inhibitor PAI-1, the possibility
that this PAI-1 masks an increase in u-PA secretion brought
about by platelets was investigated by zymogaphy, which
reveals both free u-PA and the complex u-PA/PAI. Figure 4
shows the zymography of PA activity obtained with the
MDA-MB231 cell line. A major lysis band was observed at the
region of 55 kDa which migrated to the same position as the
high-molecular-weight urokinase, while the lysis band of 95
kDa corresponding to the u-PA/PAI-1 complex was very faint.
The addition of platelets had no noticeable effect on the free
u-PA band, but a small increase in the complex was observed.
This increase in the u-PA/PAI complex was only observed with
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F1GURE 3 - Gelatin zymography: comparison between the effect
of releasate of activated platelets and degranulated platelets on
the secretion of gelatinase B by MDA-MB231. MDA-MB231 cells
at confluence were incubated for 24 hr: Lane 1 in serum-free
medium; lane 2 with supernatants of thrombin-activated platelets
and lane 3 with platelet pellets obtained after thrombin activation
and centrifugation at 15,000 g for 10 min. Thrombin was used at
0.2 U/ml and neutralized after aggregation by 10 IU/m] hirudin.

TABLE I - U-PA ACTIVITY (U/10° CELLS) EXPRESSED BY THE 3
DIFFERENT MAMMARY CELL LINES: EFFECT OF PLATELETS

MDA-MB231 MCF-7 ZR 75-1
Without platelets 219 +4.1 289+08 1.19+0.35
With platelets 277252 335x05 1.20=x0.20

Results are expressed as mean = SD of 4 different experiments.
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FIGURE 4 - Fibrin zymographic detection of the activity of
cellular plasminogen activators (PA) on MDA-MB231: effect of
platelets. MDA-MB231 at confluence were incubated for 24 hr.
Lane 1, in serum-free medium; lane 2, with intact platelets; lane 3,
with supernatants of thrombin-activated platelets; and lane 4, with
platelet pellets obtained after thrombin activation and centrifuga-
tion at 15,000 g for 10 min (thrombin was used at 0.2 U/ml and was
neutralized after aggregation by 10 TU/ml hirudin). Lane 5:
purified u-PA.

the platelet releasate which contained the PAI and not with
the degranulated platelets. Since this complex was not evi-
denced when purificd uPA was added to platclet lysate which
contains inactive PAI-1 (results not shown), we can only
suggest that platelct PAI was activated by some factors
secreted by the cells during the incubation thus able to form a
complex with uPA.

The u-PA activity in the 2 other cell lincs was very low and
not modificd by platelet addition.

Invasiveness of the 3 cell lines through the matrigel

MDA-MB231 cells, which scereted the highest levels of both
u-PA and gelatinase, showed the greatest capacity to traverse
the matrigel in the Boyden chamber (Fig. 5). When platelet
releasate was added to the cells, the capacity to traverse the
matrigel was greatly incrcased (p < 0.001). Since platelets
also increased gelatinasc sccretion in MDA-MB231 cells, the
participation of this protcasc in matrigel invasion was evalu-
ated by the addition of the metalloproteinases inhibitor
TIMP-1 (2 pg/ml). An inhibition of 60% was observed,
suggesting a possible role for gelatinase in the platelet-induced
invasiveness of the MDA-MB231 ccll line, although the
participation of other metalloproteinases, such as stromelysin,
cannot be ruled out. The fact that the matrigel invasion by the
2 cell lines, ZR 75-1 and MCF-7, which do not sccrete
detectable gelatinase, was also increased in the presence of
platelets, indicates that other factors are involved.

DISCUSSION

Tumor cells in the vasculature are frequently observed in
association with platelets, and this association has becn postu-
lated to be essential for the accomplishment of metastasis. The
interaction of tumor cclls with the platclets is thought to
protect the cclls against immunc host defense mechanisms in
the blood and to favor tumor-cell extravasation both by
enhancing cell adhcsion to the endothelium and by inducing
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FIGURE 5 — Invasiveness of the tumor cells: effect of platelets.
Tumor cells (2 x 10 ¥) were introduced into the upper compart-
ment of the Boyden chamber without or with the supernatant of
3 x 107 thrombin-activated platelets in the presence of 0.1 mM
APMA (4-aminophenylmercuric acetate), activator of metallopro-
teinases. After incubation at 37°C for 18 hr, the cells were counted
on the lower side of the filter, after the cells remaining on the
upper side had been scraped off. Results were expressed as the
number of cells per microscopic field. Ten fields were counted in
each of 3 different experiments.

endothelial cell retraction (Honn et al, 1992). This present
work suggests an additional role for platelets in the develop-
ment of metastasis by facilitating the invasivencss of tumor
cells through thc ECM. Platclets significantly increased the
invasiveness of the 3 types of mammalian tumor cell tested
(MDA-MB231, MCF-7 and ZR-51). This increascd invasive-
ness is duc, at least partially, to an increasc in gclatinase
scerction. This was shown in the case of MDA-MB231 where
the basal level of gelatinase was greatly stimulated by platelets.
The stimulation of gelatinase shown by zymography corre-
spondcd to an increase in the protein level, demonstrated by
Western blot, thus indicating increased secretion of the prote-
ase and not activation of the proenzyme. However, platelet-
induced gelatinasc could not be shown with the other 2 cell
lines which did not produce detectable basal levels of gelatin-
asc. This suggests that, in addition to gelatinase, platelets
increase invasiveness of tumor cells by some other mccha-
nisms. This is also supported by the fact that TIMP-1, a specific
inhibitor of metalloproteinase, did not totally block the platclet-
induced invasiveness (60% inhibition) of MDA-MB231. We
can exclude a role for ccll-associated u-PA as a mechanism of
platelet-induced invasiveness, since u-PA was not significantly
modified by platclets in any of the 3 cell lines, whatever the
basal value.

The mechanisms proposed so far for the role of platelets in
the metastatic process all refer to events occuring during the
passage of tumor cclls into the circulation. The increased
invasiveness shown in this study suggests an additional role for
platelets once tumor cells have traversed the endothelium into
thec ECM. We propose, therefore, a new mechanism by which
the cffect of platelets renders tumor cells more invasive,
partially due to gelatinasc secretion. We have alrcady shown
that platelets induce the secrction by endothelial cells of both
gelatinasc and u-PA (Menashi ef al, 1991), both implicated in
angiogenesis. Taken together, these results suggest that plate-
lets may act by favoring both tumor invasiveness and angiogen-
esis which is required for tumor progression and extravasation.
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