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ABSTRACT

Using both human and murine cell lines, we show that malignant cells
are able to invade through basement membrane and also secrete elevated
amounts of collagenase IV, an enzyme implicated in the degradation of
basement membranes. Using serine proteinase inhibitors and antibodies
to plasminoceli activators as well as a newly described collagenase
inhibitor we demonstrate that a protease cascade leads to the activation
of an enzyme(s) that cleaves collagen IV. Inhibition at each step reduces
the invasion of the tumor cells through reconstituted basement membrane
in vitro. Treatment with a collagenase inhibitor reduced the incidence of
lung lesions in mice given i.v. injections of malignant melanoma cells.

INTRODUCTION

Cellular migrations are associated with many normal and
pathological processes most notably during development and
in cancer and it has been postulated that lytic enzymes are
required to facilitate tissue invasion (1-4). Malignant tumor
cells differ from other cancer cells in their ability to spread
throughout the body, giving rise to new lesions at sites distant
from the primary tumor (5). Studies on the metastatic process
have led to the conclusion that it consists of several distinct but
essential events. These include escape from the original site,
dissemination through blood and lymph vessels, penetration
through vessel walls at a distal point, and growth at a new site
(1, 6-10). Each of these steps could involve multiple intracel-
lular and extracellular activities. Connective tissue stroma and
basement membranes provide the main physical barriers to the
movement of these cells.

The destruction of connective tissue is classically observed at
the margins of invasive tumors. Proteolytic enzymes including
lysosomal hydrolyses (11-13), collagenases (3, 14-21), and in
some cases plasminogen activator (for a review, see Ref. 22),
are elevated in invasive cells and in tumors with metastatic
potential. Natural and synthetic proteinase inhibitors applied
exogenously to tumor cells have been found in some studies to
inhibit tumor cell invasion but not in others (23-31) and the
precise role of these proteolytic enzymes in tumor invasion has
not been completely defined.

Various test systems have been devised to study the mecha
nism of invasiveness in vitro. These include studying the inva
sion of tumor cells into organs and tissues such as chick heart
(32), urinary bladder (33, 34), blood vessels (34), lens capsules
(35), chick chorioallantoic membrane (34, 36), and human
amnion (30, 37). Such tissues contain basement membranes as
well as stromal connective tissue. Recently, reconstituted base
ment membrane molecules (38) formed into barriers have been
used to study the invasiveness of tumor cells in vitro (39-41).
These barriers, composed mainly of collagen IV, laminin, and
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heparan sulfate proteoglycans are formed on a filter placed
between two chambers, and the passage of the cells across the
reconstituted basement membrane barrier and filter are as
sessed. Malignant cells readily cross this barrier while tumor
derived, but nonmalignant cells do not (41). We show here that
metastatic cells utilize a cascade of proteolytic reactions to
generate an active collagenase IV which is needed to lyse the
critical structural element of the basement membrane barrier.
Inhibition at any step of the cascade reduces the invasiveness
of the cells in vitro and an inhibitor of collagenases shows
antimetastatic activity in vivo.

MATERIALS AND METHODS

Cell Lines and Culture Conditions. HT-1080 cells (CCL 121) derived
from a metastatic lesion of a human fibrosarcoma (42) and the ME-
180 cell line (HTB 33) derived from squamous cell epidermal carcinoma
of the human ovary (43) were obtained from the American Type Culture
Collection. Murine melanoma cell lines M2 (highly metastatic) (44)
and CI 10 (nonmetastatic) (45) derived from the K1735 UV-induced
murine melanoma and B16F10 (46) were provided by Dr. I. J. Fidler,
M. D. Anderson Hospital.

The cells were maintained under an atmosphere of 5% CCÂ»2in
Dulbecco's minimal essential medium supplemented with 10% fetal

calf serum, glutamine, vitamins, nonessential amino acids, and antibi
otics (Gibco).

Proteinase Inhibitors and Antibodies. Soybean trypsin inhibitor, benz-
amidine, aminocaproic acid, and mersalyl were purchased from Sigma.
Trasylol was purchased from Boehringer, Mannheim GmbH. Collagen
ase and elastase inhibitors (SC44463 and SC39026, respectively) were
from G. D. Searle and Co. Anti-human urokinase type plasminogen
activator was a gift from L. Ossowski, Rockefeller University, and anti-
human tissue type plasminogen activator was a gift from E. L. Wilson,
Cape-Town.

Chemoinvasion and Chemotaxis Assays. The chemoinvasion assay
was performed as previously described (41). Briefly, polyvinylpyrroli-
done-free polycarbonate filters, S-^m pore size (Nucleopore, Pleasan-
ton, CA) were coated with an extract of basement membrane compo
nents (Matrigel, 25 Â¿tg/filter,i.e.. 0.5 Â¿tg/mm2)and placed in modified

Boyden chambers. This amount of Matrigel forms an even coating over
the surface of the filter (41) and the ultrastructure of the reconstituted
basement membrane has been reported to resemble, in part, authentic
basement membranes (38). The cells to be studied (2 x 10s) were

collected by short exposure to EDTA (1 mM) resuspended in 0.1%
bovine serum albumin in Dulbecco's minimum essential medium and

placed in the upper compartment of the Boyden chamber. Fibroblast
conditioned media were placed in the lower compartment as a source
of chemoattractants. The chemotactic assays were conducted in a
similar fashion except with a small amount (5 ng/filter) of collagen IV
instead of Matrigel. After incubation for 6 h at 37 'C the cells on the

lower surface of the filter were stained and quantitated with an image
analyzer (Optomax IV) attached to an Olympus CK2 microscope. The
data are expressed as the area of the bottom surface of the filter occupied
by cells and is proportional to the number of cells on this surface.

Collagenase Assay. Collagenase IV activity was measured using a
modified solid phase radioassay (47). Briefly, collagen IV extracted
from Englebreth-Holm-Swarm tumors was iodinated by the Bolton-
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Hunter method and a solution of the labeled collagen (10,000-20,000
cpm) was applied to microtiter plates (Removawell; Dynatech) and
allowed to bind overnight. Media from the Boyden chamber were added
to the wells of microtiter plates for 24 h at 37Â°C,and the amount of

labeled collagen released from the solid phase in the presence of serine
proteinase inhibitors was measured.

Zymographic Analysis of Plasminogen Activator. Qualitative /> mo-
graphic analysis of plasminogen activator molecular types, i.e., uroki-
nase and tissue type, was performed as previously described (48).
Briefly, media (7 Â¿il)from the upper chamber of the Boyden chamber
were applied under nonreducing conditions on a polyacrylamide gel in
sodium dodecyl sulfate containing plasminogen and casein as substrates
for plasminogen activator and plasmin, respectively. The gel was
washed in 2.5% Triton X-100 and incubated for 150 min at 37Â°Cin a

humidified atmosphere to allow proteolysis and then stained with
Coomassie blue.

Experimental Metastasis. Tumor cells (2 x 10s) in a total volume of

200 /il were injected into the tail vein of mice. Two or 3 weeks later,
the mice were sacrificed by cervical dislocation, their lungs were ex
amined, and indiinone lesions were counted. In some experiments the
collagenase inhibitor was mixed with the cells just prior to their
injection i.v. into mice and/or given i.p. 2 h later.

RESULTS

Role of Collagenase in Basement Membrane Invasion. Met-
astatic and nonmetastatic cells were compared for their ability
to penetrate through a barrier of reconstituted basement mem
brane and for their production of collagenase IV. These studies
(Fig. 1) demonstrated that the metastatic cells (HT 1080 and
M2) were able to cross this barrier, while the less malignant
cells (ME180 and CLIO) were much less invasive. The medium
in the upper chamber was also sampled at various times and
assayed for collagenase IV. As shown in Fig. 1, the metastatic

Fig. 1. Invasiveness and collagenase IV secretion by tumor cells. Top, invasion
of tumor cells measured in the Boyden chamber assay using 25 en Matrigel-
coated Tillers. Results are expressed in i/m ' per high-power field as measured with

an image analyzer. Bottom, collagenase IV secreted by tumor cells in the Boyden
chamber. Data represent the mean of three different experiments. The maximal
level of enzyme activity represents about 30% of the labeled substrate degraded.
Bars, SEM.

cells secrete considerably more collagenase IV than do the less
invasive cells. Further, inclusion of radio-labeled collagen IV in
the reconstituted basement membrane barrier showed that un
der similar conditions metastatic cells (M2) degrade 2.5 times
more collagen IV in the gel during the assay than do non
metastatic cells (CLIO) (data not shown).

We have tested a chemically designed inhibitor of collagenase
IV Â¡W-hydroxy-./V'-l15'[(4-methoxyphenyl)methyl]-2-(methyl-

amino)-2-oxoethyl|-2Ã„-(2-methylpropyl)butanediamide, SC-
444463) on the invasion process (Fig. 2, inset). This compound
inhibits the degradation of purified collagens I and IV by
bacterial collagenase as well as the degradation of these colla
gens by the collagenases produced by the tumor cells (Fig. 2).
Under these conditions collagenase IV is inhibited more than
collagenase I by this compound. The aforementioned com
pound was also tested for its ability to inhibit the invasion of
tumor cells through the basement membrane barrier and was
found to reduce the number of tumor cells crossing the barrier.
We also assessed the effect of the highest concentration of this
compound on the chemotactic migration of the cells, i.e., in the
same chambers but using filters lacking the coating of reconsti
tuted basement membrane. As shown in Fig. 3, the highest
concentration (50 Mg/ml) of the compound did not inhibit the
motility of these cells. Nor did the compound at these levels
alter the rate of DNA synthesis or cell proliferation when added
to cultures of fibroblasts or tumor cells.2 A noncompetitive
inhibitor of human neutrophil elastase (SC-39026, 2-chloro-4-
1-hydroxyoctadecyl benzoic acid) did not inhibit either invasion
or chemotaxis. These studies indicate that a collagenase IV is
produced by the metastatic cells as they penetrate through
basement membrane and that degradation of collagen IV is
required for invasion.

Steps in the Activation of Collagenase. It is well known that
collagenases exist in both latent and active forms and that the
latent forms can be activated by treatment with trypsin or
mercuric compounds. To examine the natural pathway of acti
vation, cells were liberated from the culture dish with EDTA (1
HIM) rather than with trypsin to avoid artifactual activation of
collagenase. Then we added various inhibitors of proteases to
the cells in the Boyden chamber to test their effects on the
invasion of tumor cells through basement membrane. Addition

Fig. 2. Effect of SC-44463 on different collagenases. The inhibitory effect of
the drug (Â»igper ml) was measured on '"I-labeled collagen I and '"I-labeled

collagen IV as substrate. Bacterial collagenase (Clostridium hislolyticum): O, on
collagen I substrate; Â©.on collagen IV substrate. A, collagenase I from fibroblast
conditioned media; â€¢,collagenase IV from culture media of HT-1080 cells. Bars,
SEM. Inset, chemical structure of the collagenase inhibitor SC-44463. The
chemical name of this compound is |Ar4-hydroxy-Ar'-|15I(4-methoxphenyl)
methyl]-2-(methylamino)-2-oxoethyl|-2A-(2-methylpropyl)butanediamide|.

2G. C. Fuller, unpublished observations.
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Fig. 3. Effect of collagenase IV and elastase inhibitors on the invasive and
chemotactic activity of HT-1080 cells. Inhibitors were added to the upper part of
the Boyden chamber at the indicated concentrations per ml, 30 min prior to the
addition of the cells. The data are expressed as in Fig. 1. The assay was performed
in duplicate and the experiment was repeated three times. Bars, SEM.
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Fig. 4. Effect of serine proteinase inhibitors on the invasive and chemotactic
activity of HT-1080 cells. The assay was performed as in Fig. 3. SBTI, soybean
trypsin inhibitor; t-aminocaproic acid; burs. SEM.

of aminocaproic acid, benzamidine, soybean trypsin inhibitor
(Fig. 4), or Trasylol (data not shown) to the upper compartment
of the Boyden chamber caused a dose dependent inhibition of
invasion. No effect of these compounds was noted on the
chemotaxis of the cells (Fig. 4) suggesting that they were not

toxic per se to the cells but were acting by inhibiting proteases,
specifically serine proteases. Zymographic analysis of the plas-
minogen activators in culture media taken from the Boyden
chambers at the conclusion of the invasion assays showed that
both the invasive (HT-1080) and noninvasive (ME 180) cells of
human origin produced large quantities of the urokinase form
of plasminogen activator. The murine noninvasive line (C110)
secreted lower amounts of the urokinase type of plasminogen
activator, whereas the invasive line (M2) was found to secrete
preferentially the tissue type (Fig. 5). Invasion assays were also
performed with the HT-1080 and M2 cells in media to which
specific antibodies to urokinase and to tissue type plasminogen
activator, respectively, were added (Fig. 6). The appropriate
antibody inhibited invasion in a dose dependent fashion indi
cating that plasminogen activators were probably involved in
the activation of collagenase IV.

We have also noted that the addition of plasminogen (5 or
20 jig/chamber) along with the tumor cells increases the number
of cells penetrating the barrier in the first 2 h, although similar
numbers of cells cross after 6 h. This finding suggested that
plasminogen was involved in the process but that the assay
constituents might contain enough plasminogen to allow a slow
but full activation of collagenase IV. Indeed, the Matrigel used
to form the reconstituted basement membrane was found to
contain significant levels of plasminogen (data not shown).

The results obtained with the serine proteinase and collagen
ase inhibitors indicate that both classes of enzymes are neces
sary for the tumor cells to invade basement membrane struc
tures. The plasmin generated from plasminogen by plasmino
gen activator could directly degrade basement membrane com
ponents (49, 50) or activate the latent collagenase produced by
the tumor cells (51, 52). To define the respective roles of
plasmin and of collagenase in invasion, plasminogen activator
and plasmin were inhibited by serine proteinase inhibitors, and
mersalyl, an organic mercurial compound was used to activate
procollagenase. As expected, both soybean trypsin inhibitor and
aminocaproic acid inhibited the invasion of the basement mem
brane barrier by HT-1080 cells in a dose dependent fashion.

Mersalyl (1 mM) when preincubated with the basement mem
brane-coated filters reversed the inhibitory effect (Table 1).
Also, the addition of bacterial collagenase to the chemoinvasion
chamber increased the rate of invasion of metastatic cells (HT-

1080) by 2Q% and the invasiveness of nonmetastatic cells (CL
IO) by 45%. Collectively, these studies indicate that an active
collagenase is a prerequisite for basement membrane penetra
tion by these malignant tumor cells.

Effect of the Collagenase Inhibitor on Experimental Metasta
sis. Since the collagenase inhibitor reduced the invasiveness of
the tumor cells, it was of interest to test it on experimental
metastasis formation. In these studies, cells from the M2 clone
of the K-1735 melanoma or B16F10 melanoma cells were
injected i.v. into C3H/MTV(-) and C57BL mice, respectively.

A high number of mÃ©tastaseswere present in the lungs of the
control groups as well as in the animals receiving 1 mg of the
collagenase inhibitor along with the cells. However, animals
receiving 1 mg of inhibitor with the cells and an additional 2.5
or 5 mg of the compound i.p. 2 h later had a significant
reduction in the number of lung lesions (Table 2). Since direct
exposure of the cells to the inhibitor when they were injected
together did not reduce the metastatic activity of the cells, a
direct cytotoxic effect on the tumor cells would not explain the
inhibition of metastasis. Rather this effect is likely to be due to
the anticollagenase activity of the compound.
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Table 1 Inhibition of HT-1080 tumor cell invasion by serine proteinase inhibitors and reversal by an organic mercurial

Inhibitors were added to the invasion chamber 30 min prior to the addition of the cells.

Addition

Soybean trypsin inhibitor t-Aminocaproic acid

10 50 10 SO

Control
Mersalyl(l IHM)

13,916 Â±556Â°

14,159 Â±1,352
7,814 Â±986

13,349 Â±1,834
4,624 Â±636

12,740 Â±1,371
7,997 Â±833

14,233 Â±1,108
3,906 Â±149
9,527 Â±1,306

Vfield Â±SD as measured by the image analyzer in triplicate in two different experiments.

-tPA

-h

â€”m

HT-1080 ME-180 M-2 CL-10

Fig. 5. Zymographic analysis of the plasminogen activators secreted by the
different tumor cells. The analysis was performed on culture media from the
invasion assays. Lane I, HT-1080 media collected after 6 h in culture; lane 2,
ME-180 media collected after 6 h; lane 3, M2 media collected after 24 h; lane 4,
CLIO media collected after 24 h in culture. tPA, tissue/plasminogen activator;
n!' i urokinase plasminogen activator; h, human; m, mouse.

HT-1080 K-1735-M2

25

Fig. 6. Effect of antibodies to the different plasminogen activators on the
invasive potential of tumor cells. Left, effect of antibody against human urokinase;
right, effect of antibody against human tissue type plasminogen activity which
cross-reacts with the mouse enzyme. Antibodies were added to the upper part of
the Boyden chamber 30 min prior to the cells. NS, nonspecific; auPA, antiuroki-
nase plasminogen activator; atPA, antitissue plasminogen activator.

Table 2 Inhibition of experimental mÃ©tastasesby a collagenase inhibitor
(SC-44463)

DISCUSSION

Our studies show that these two metastatic cell lines utilize
a protease cascade in invading through a basement membrane
barrier (Fig. 7). Plasminogen activator and collagenase IV are
produced by the metastatic cells, as they invade reconstituted

u PA basement membrane, and inhibitors of these enzymes block
their invasion. Many studies implicate plasminogen activator
in the invasive activity of tumor cells, including the recent work
of Mignatti et al. (30) who used an amnion-derived basement
membrane as barrier. Of course, plasminogen activator is not
unique to malignant cells and considerable amounts are pro
duced by nonmalignant tumor cells (53, 54) and were found to
be produced by the noninvasive cells studied here. However, we
also found that plasminogen activator and possibly other serine
proteases have a role in the invasion of basement membrane.

In confirmation of other work, collagenase IV was found to
be produced in greater quantity by the malignant cells (18) and
its importance in invasion through basement membrane was
assessed using a collagenase inhibitor. The collagenase inhibitor
used, SC-44463 (Fig. 2), is one of a series of hydroxamic acid
compounds designed to mimic the helical topography of colla
gen I in the region of the sequences flanking the collagenase
cleavage site and to form a coordinate complex with zinc when
bound to the active site. This compound is an inhibitor of
bacterial collagenase as well as of murine collagenases I and
IV. It inhibits purified human skin fibroblast collagenase cleav
age of calf skin collagen with a 50% inhibitory concentration
of 2 x 10~8 M.3 It does not inhibit serine proteases or an

unrelated zinc protease, angiotensin converting enzyme. The
evidence that the cleavage of collagen IV is the permissive event
in our invasion assay is indirect but includes the observations
that (a) a collagenase inhibitor blocks invasion, (/>) labeled
collagen IV added to the Matrigel was degraded as the malig
nant cells invade, (c) bacterial collagenase increases the ima
siveness of the cells, and (</) the inhibition of plasminogen
activator and plasmin could be bypassed using an activator of
procollagenase. Since inhibitors of elastase did not alter inva-
siveness and collagen IV is the only collagen found in Matrigel,
collagen IV would appear to be the critical factor in this
basement membrane barrier. Different collagenases would be
required for cells to penetrate other matrix barriers (3).

The collagenase inhibitor produced a significant reduction in
the numbers of mÃ©tastasesthat formed in animals given injec-

Mouse
Cell type groupTreatment"B16-F10M

2I

2
3
45

6
7
8I

mg at 0 h + 2.5 mg at 2 h
1 mg at 0 h + 5 mg at 2 h
5 mg at 2h1

mg at 0 h + 2.5 mg at 2 h
1 mg at 0 h + 5 mg at 2 h
1 mg at 0 hLung

lesions, no./mouse,
mean Â±SEM133

Â±20* (8)c
15 Â±4* (8)
5 Â±1.5* (9)

81 Â±20(8)>200(11)

108.16 Â±30.2*(6)
85 Â±20.8*(11)

>200 (5)
" Mice were given injections of 5 x 10* cells in the lateral tail vein.
' Significantly lower than the untreated groups, at P < 0.01.
' Numbers in parentheses, number of mice.

PLASMINOGEN ACTIVATOR (PA)

PLASMINOGEN - -Â»â€¢PLASMIN

PROCOLLAGENASE IV- -Â».COLLAGEN ASE IV

Fig. 7. Schematic model proposed for collagenase IV activation in tumor cells.

3G. C. Fuller, Unpublished observations.

3310

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3307/2431403/cr0480123307.pdf by guest on 19 M

ay 2023



EFFECTS OF INHIBITORS ON INVASION OF BASEMENT MEMBRANES

ACKNOWLEDGMENTS

REFERENCES

14.

15.

tions of melanoma cells. It is unlikely that the reduction in ' '

numbers of lung colonies in mice treated with this compound
is due to a growth arresting activity of the agent, since it was 12
only given during the first 2 h after the injection of the cells.
While certain hydroxamic acids are reported to have antitumor n
activity related to their ability to inhibit DNA synthesis (55),
we found that SC-44463 at concentrations of 10~8-1(T4 M had

no effect on thymidine uptake by B16F10 cells during log phase
growth in culture or on the proliferation of cells exposed for 24
or 48 h to this compound. Cytotoxicity was observed with this
compound at 10~3M but was not apparent at the concentrations 16

used to inhibit collagenase in the in vitro invasion experiments
described above. These data taken with the fact that the number ,7
of lung nodules was reduced in mice receiving injections of
inhibitor when a dual program of treatment was used indicate
that the antiproteinase activity of the compound is responsible
for the reduction in experimental mÃ©tastases.However, exten
sive in vivo studies will be necessary to completely rule out 19

systemic effects of the compound. Thus, we conclude that the
antimetastatic effect of SC-44463 is due to inhibition of colla- 20
genÃ¤seIV and presumably the preservation of basement mem- 2]
brane barriers in vivo, although the latter point has not been
demonstrated directly.

There is considerable evidence that collagenases, both types
I and IV, cathepsins, and thiol proteinases are important in
tumor invasion. However, because of the specific condition 23
under which these various enzymes are active, it is unlikely that
they function simultaneously in the same microenvironment 24
(56-58). Based on the heterogeneous nature of tissue surfaces
and matrices, it seems unlikely that any one enzyme could
remove all connective tissue barriers. The activity of collagenase 25
IV would be of major importance for basement membrane
disruption, but other enzymes are probably required for further 26
invasion to occur. Our studies point out the importance of
collagen IV in resisting the penetrations of tumor cells and to 27
the importance of basement membranes in the metastatic proc
ess. Such studies also indicate new therapeutic approaches for
preventing the dissemination of tumor cells.

22.

28.

29.

The assistance of Bridget Stradford with some of the experiments
and that of Selma Jacobs and Lisa Wepasnick in the preparation of
this manuscript is gratefully acknowledged. We are also indebted to
Steven Anderson, Frank Koszyk, William Moore, and James Stolzen-
bach for information on the specificity of the anticollagenase used here. 31

30.

32.

1. Nieolson, G. L. Organ colonization and the cell-surface properties of malig
nant cells. Biochim. Biophys. Acta, 695: 113-176, 1982.

2. Strauli, P. A concept of invasion. In: P. Strauli, A. J. Barrett, and A. Baici
(eds.), Proteinases and Tumor Invasion. EORTC Monogr. Ser, Vol. 6, pp.
1-15. New York: Raven Press, 1980.

3. Woolley, D. E. Collagenolytic mechanisms in tumor cell invasion. Cancer "â€¢

Metastasis Rev., 3: 361-372, 1984.
4. Mullins, D. E., and Rohrlich, S. T. The role of proteinases in cellular

invasiveness. Biochim. Biophys. Acta, 695:177-214, 1983. 36
5. Fidler, I. J., Gersten, D. M., and Hart, I. R. The biology of cancer invasion

and mÃ©tastases.Adv. Cancer Res., 28: 149-250, 1978. 37
6. Fidler, I. J. Tumor heterogeneity and the biology of cancer invasion and

metastasis. Cancer Res., 38: 2651-2660, 1978.
7. Weiss, L., and Ward, P. M. Cell detachment and metastasis. Cancer Metas- 38,

tasis Rev., 2: 111-123, 1983.
8. Hart, I. R. "Seed and soil" revisited: mechanisms of site specific metastasis.

Cancer Metastasis Rev., 1: 5-16, 1982. 39.
9. Salsbury, A. J. The significance of the circulating cancer cell. Cancer Treat.

Rev., 2: 55-72, 1975.
10. Liotta, L. A. Tumor invasion and mÃ©tastases:role of the basement membrane.

Am. J. Pathol., 117: 339-348, 1984. 40.

3311

Poole, A. R., Tutman, K. J., Recklies, A. D., and Stoker, T. A. M. Differences
in secretion of the proteinase cathepsin B at the edges of human breast
carcinomas and fibroadenomas. Nature (Lond.), 273: 545-547, 1978.
Recklies, A. D., Mort, J. S., and Poole, A. R. Secretion of a thiol proteinase
from mouse mammary carcinomas and its characterization. Cancer Res., 42:
1026-1032, 1982.
Sloane, B. F., Honn, K. V., Sadler, J. C, Turner, W. A., Kimpson, J. J., and
Taylor, J. D. Cathespin B activity in B16 melanoma cells: a possible marker
for metastatic potential. Cancer Res., 42:980-986, 1982.
Robertson, D. M., and Williams, D. C. In vitro evidence for neutral collagen
ase activity in an invasive mammalian tumor. Nature (Lond.), 221: 259-260,
1969.
Dresden, M. II., Heilman, S. A., and Schmidt, J. D. Collagenolytic enzymes
in human neoplasms. Cancer Res., 22: 993-996, 1972.
Yamanishi, Y., Maeyens, E., Dabbous, M. K., Ohyama, H., and Hashimoto,
K. Collagenolytic activity in malignant melanoma: physicochemical studies.
Cancer Res., 33: 2507-2512, 1973.
Hashimoto, K., Yamanishi, Y., Maeyens, E., Dabbous, M. K., and Kanzaki,
T. Collagenolytic activities of squamous cell carcinoma of the skin. Cancer
Res., .?.?:2790-2801, 1973.
Liotta, L. A., Abe, S., Gehron-Robey, P. and Martin, G. R. Preferential
digestion of basement membrane collagen by an enzyme derived from a
metastatic murine tumor. Proc. Nati. Acad. Sci. USA, 76: 2268-2272, 1979.
Liotta, L. A., Tryggvason, K., Garbisa, S., Hart, I., Foltz, C. M., and Shafie,
S. Metastatic potential correlates with enzymatic degradation of basement
membrane collagen. Nature (Lond.), 284: 67-68, 1980.
Wirl, G., and Frick, J. Collagenase: a marker enzyme in human bladder
cancer. Urol. Res., 7: 103, 1979.
Eisenbach, L., Segal, S., and Feldman, M. Proteolytic enzymes in tumor
metastasis. II. Collagenase type IV activity in subcellular fractions of cloned
tumor cell populations. J. Nati. Cancer Inst., 74: 87-93, 1985.
DaÃ±o,K., Andreasen, P. A., Grondahl-Hansen, J., Kristensen, P., Nielsen,
L. S., and Skriver, L. Plasminogen activators, tissue degradation and cancer.
Adv. Cancer Res., 44: 139-266, 1985.
Persky, B., Ostrowski, L. E., Pagast, P., Ahsan, A., and Schultz, R. M.
Inhibition of proteolytic enzymes in the in vitro amnion model for basement
membrane invasion. Cancer Res., 46:4129-4134, 1986.
Ostrowski, L. E., Ahsan, A., Suthar, B. P., Pagasi, P., Bain, D. L., Wong,
C., Patel, A., and Schultz, R. M. Selective inhibition of proteolytic enzymes
in an in vivo mouse model for experimental metastasis. Cancer Res., 46:
4121-4128, 1986.
Lowe, F. C., and Isaacs, J. T. Biochemical methods for predicting metastatic
ability of prostatic cancer utilizing the Dunning R-3327 rat prostatic adeno-
carcinoma system as a model. Cancer Res., 44: 744-752, 1984.
Pauli, B. U., Arsemis, C., Hohberger, L. H., and Schwartz, D. E. Connective
tissue degradation by invasive rat bladder carcinomas: Action of nonspecific
proteinases on collagenous matrices. Cancer Res., 46: 2005-2012, 1986.
Zucker, S., Beck, G., DiStefano, J. F., and Lysik, R. M. Role for different
cell proteinases in cancer invasion and cytolysis. Br. J. Cancer, 52: 223-232,
1985.
Salo, T., Liotta, L. A., Keski-Oja, J., Turpeenniemi-Hujanen, T., and
Tryggvason, K. Secretion of basement membrane collagen degrading enzyme
and plasminogen activator by transformed cellsâ€”role in metastasis. Int. J.
Cancer, 30:669-673, 1982.
Cresson, D. H., Beckman, W. C., Tridwell, R. R., Geratz, J. D., and Siegal,
G. S. In vitro inhibition of human sarcoma cell's invasive ability by bis(5-
amidino 2-benzimidazolyl) methaneâ€”a novel esteroprotease inhibitor. Am.
J. Pathol., 123:46-56, 1986.
Mignatti, P., Robbins, E., and Rifkin, D. B. Tumor invasion through the
human amniotic membrane: requirement for a proteinase cascade. Cell, 47:
487-498, 1986.
Ossowski, L., and Reich, E. Antibodies to plasminogen activator inhibit
human tumor metastasis. Cell, 35: 611-619, 1983.
Marcel, M., Kint, J., and Meyvisch, C. Methods of study of the invasion of
malignant C3H mouse fibroblasts into embryonic chick heart in vitro. Vir-
chows Arch. B. Cell Pathol., 30:95-111, 1979.
Hart, I. R., and Fidler, I. J. An in vitro quantitative assay for tumor cell
invasion. Cancer Res., 38: 3218-3224, 1978.
Poste, G., Doll, J., Hart, I. R., and Fidler, I. J. In vitro selection of murine
B16 melanoma variants with enhanced tissue-invasive properties. Cancer
Res., 40: 1636-1644, 1980.
Starkey, J. R., Hosick, H. L., Stanford, D. R., and Liggitt, H. D. Interaction
of metastatic tumor cells with bovine lens. Cancer Res., 44: 1585-1594,
1984.
Ossowski, L., and Reich, E. Experimental model for quantitative study of
metastasis. Cancer Res., 40: 2300-2309, 1980.
Liotta, L. A., Lee, W. C., and Morakis, D. J. New method for preparing
large surfaces of intact basement membrane for tumor invasion studies.
Cancer Lett., //: 141-147, 1980.
Kleinman, H. K., McGarvey, M. L., Hassell, J. R., Star, V. L., Cannon, F.
B., Laurie, G. W., and Martin, G. R. Basement membrane complexes with
biological activity. Biochemistry, 25: 312-318, 1986.
Terranova, V. P., Hujanen, E. S., Loeb, D. M., Martin, G. R., Thornburg,
L., and Glushko, V. Use of a reconstituted basement membrane to measure
cell invasiveness and select for highly invasive tumor cells. Proc. Nati. Acad.
Sci. USA, 83:465-469, 1986.
Kramer, R. H., Bensch, K. K., and Wong, J. Invasion of reconstituted

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3307/2431403/cr0480123307.pdf by guest on 19 M

ay 2023



EFFECTS OF INHIBITORS ON INVASION OF BASEMENT MEMBRANES

basement membrane matrix by metastatic tumor cells. Cancer Res., 46:
1980-1989, 1986.

41. Albini, A., Iwamoto, Y., Kleinman, H. K., Martin, G. R., Aaronson, S. A.,
Kozlowski, J. M.. and McEwan, R. N. A rapid in vitro assay for quantitating
the invasive potential of tumor cells. Cancer Res., 47: 3239-3245, 1987.

42. Rasheed, S., Nelson-Rees. W. A., Toth, E. M., Arnstein, P., and Gardner,
M. B. Characterization of a newly derived human sarcoma cell line (III
1080). Cancer (Phila.), 33: 1027-1033, 1974.

43. Sykes, J. A., Whitescarver, J., Jernstron, P., Nolan, J. F., and Byatt, P. Some
properties of a new epithelial cell line of human origin. J. Nati. Cancer Iusi..
45: 107-122, 1970.

44. Talmadge, J. E., and Fidler, I. J. Enhanced metastatic potential of tumor
cells harvested from spontaneous mÃ©tastasesof heterogenous murine tumors.
J. Nati. Cancer Inst., 69:975-980, 1982.

45. Fidler, I. J., Gruys, E., Cifone, M. A., Barnes, Z., and Bucana, C. Demon
stration of multiple phenotypic diversity in a murine melanoma of recent
origin. J. Nail. Cancer Inst., 67: 947-956, 1981.

46. Fidler, I. J. Selection of successive tumor lines for metastasis. Nat. New
Biol., 242: 148-149, 1973.

47. Menzel, J., and Borth, W. Influence of plasma fibronectin on collagen
cleavage by collagenase. Collagen Relat. Res., 3: 217-230, 1983.

48. Miskin, R., and Soreq, H. Sensitive autoradiographic quantification of elec-
trophoretically separated proteases. Anal. Biochem., IIS: 252-258, 1981.

49. Liotta, L. A., Goldfarb, R. H., Brundage, R., Siegal, G. P., Terranova, V.,
and Garbisa, S. Effect of plasminogen activator (urokinase), plasmin, and
thrombin on glycoprotein and collagenous components of basement mem
brane. Cancer Res., 41:4629-4636, 1981.

50. Liotta. L. A., Goldfarb, R. H., and Terranova, V. P. Cleavage of laminin by

thrombin and plasmin:,. iImmillili selectively cleaves the .i chain of laminin.
Thromb Res., 21: 663-673, 1981.

51. Paranjpe, M., Engel, L., Young, N., and Liotta, L. A. Activation of human
breast carcinoma collagenase through plasminogen activator. Life Sci., 26:
1223-1231, 1980.

52. Moscatelli, D., Rifkin, D. B., Isseroll, R. R., and Jaffe, E. A. Plasminogen
activator, plasmin and collagenase interactions. In: P. Strauli, A. J. Barrett,
and A. Baici (als.). Proteases and Tumor Invasion. EORTC Monogr., Vol.
6, pp. 143-152. New York: Raven Press, 1980.

53. Markus, G., Camiolo, S. M., Kohga, S., Medeja, J. M., and Mitelman, A.
Plasminogen activator secretion of human tumors in short-term organ cul
ture, including a comparison of primary and metastatic colon tumors. Cancer
Res., Â«.-5517-5525, 1983.

54. Camiolo, S. M., Markus, G., Englander, L. S., Suita, M. R., Hobika, G. H.,
and Kohgen, S. Plasminogen activator content and secretion in expiants of
neoplastic and benign human prostate tissues. Cancer Res., 44: 311-318,
1984.

55. Gale, G. R. Antagonism by deoxyribosides of the inhibitory action of certain
hydroxamic acids on deoxyribonucleic acid synthesis. Experientia, 24: 57-
58, 1968.

56. Sioane, B. F., Dunn, J. R., and Horn, K. V. Lysosomal cathepsin B.
Correlation with metastatic potential. Science (Wash. DC), 212:1151-1152,
1981.

57. Poole, A. R., Recklies, A. D., and Mort, J. S. Secretion of proteinases from
human breast tumors: excessive release from carcinomas of a thiol proteinase.
In: P. Strauli, A. J. Barrett, and A. Baici (als.). Proteases and Tumor
Invasion. European Organization for Research on Treatment of Cancer, Vol.
6, pp. 215-217. New York: Raven Press, 1980.

58. Nakajima, M., Irimura, T., DiFerrante, N., and Nicolson, G. L. Metastatic
melanoma cell heparinase. J. Biol. Chem., 259: 2283-2290, 1984.

3312

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/12/3307/2431403/cr0480123307.pdf by guest on 19 M

ay 2023




