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ABSTRACT

Matrix metalloproteinases secreted by tumor cells play an important
role in the proteolytic degradation of the extracellular matrix during
invasion. In a previous study, we showed that the degradation of extra
cellular matrices by human HT 1080 fibrosarcoma cells is suppressed by
endothelial cells. The identification of inhibitors of metalloproteinases
secreted by endothelial cells led us to postulate that these inhibitors were
responsible for the suppressive effect (Cancer Res., 46: 3580-3586,

1986).
In the present study, we have investigated the inhibitory activity of

one of these inhibitors designated metalloproteinase inhibitor (MI)/t issue
inhibitor of metalloproteinases (TIMP)-2 on the degradation and invasion

of rat smooth muscle cell matrices by two invasive tumor cell lines, the
c-Ha-caÃ®-1transfected rat embryo cell line 4R and the HT 1080 human
fibrosarcoma cell line. The inhibitor was obtained in recombinant form
from the culture medium of Chinese hamster ovary cells transfected with
a human MI complementary DNA.

Recombinant MI/TIMP-2 inhibited several matrix metalloproteinases

identified in the culture medium of the tumor cell lines including intersti
tial collagenase, M, 72,000 gelatinase (type IV collagenase), and M,
92,000 gelatinase. Approximately 70% inhibition of the degradation of
smooth muscle cell matrices was observed when the recombinant inhibitor
was present along with cultured cells at a concentration of 10 Mg/ml.
Similarly, inhibition of the penetration of a multilayer of growing smooth
muscle cells and their surrounding matrix was demonstrated. The inhib
itor had no effect on cell growth or attachment.

Thus, recombinant MI/TIMP-2, like TIMP, is a potent inhibitor of

tumor invasion. Since both inhibitors are secreted by endothelial cells (J.
Biol. Chem., 264:17445-17453, 1989), they may play an important role

in protecting large blood vessels from invasion.

INTRODUCTION

Tumor cells must be able to actively invade the surrounding
ECM1 in order to penetrate tissues, to have access to lymphatic

or blood vessels, and to metastasize to distant organs. Over the
last decade, our understanding of the cellular and molecular
processes that take place during invasion has significantly ad
vanced, and the biochemical basis for a 3-step mechanism has
been obtained (1). These steps include: (a) the attachment of
tumor cells to the basement membrane or stroma via substrate
specific cell surface receptors; (b) the degradation of the ECM
by proteinases secreted by tumor cells; and (c) the migration of
tumor cells through the proteolytically modified ECM.

Matrix metalloproteinases are a family of Zn2+-dependent

Received 9/6/90; accepted 1/31/91.
The costs of publication of this article were defrayed in part by the payment

of page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

1This work was supported by Grant CA 42919 from the NIH. Department of
Health and Human Services, to Y. A. D., and by a research agreement between
Childrens Hospital of Los Angeles and Amgen. Inc.

2To whom requests for reprints should be addressed, at Division of Hematol-
ogy/Oncology, Children's Hospital of Los Angeles, 4650 Sunset Boulevard, Los

Angeles, CA 90027.
'The abbreviations used are: ECM, extracellular matrix; TIMP, tissue inhib

itor of metalloproteinases; MI. metalloproteinase inhibitor; SMC, smooth muscle
cells; SDS, sodium dodecyl sulfate; cDNA, complementary DNA; rTIMP, recom
binant tissue inhibitor of metalloproteinases; rM I. recombinant metalloproteinase
inhibitor.

endopeptidases with degradative activities for several compo
nents of the ECM. These enzymes have been clearly implicated
in tumor invasion (2). The family is composed of interstitial
collagenase, M, 72,000 gelatinase (type IV collagenase), A/r
92,000 gelatinase, and stromelysin (3) and has a broad spectrum
of proteolytic activity for several components of the ECM.
Interstitial collagenase degrades types I and III collagens, M,
72,000 and 92,000 gelatinases degrade types IV and V collagens
and gelatin, and stromelysin has proteolytic activity for glyco-
proteins (fibronectin, laminin) and proteoglycans (3). Intersti
tial collagenase has been demonstrated in many invasive human
neoplasms (4, 5), and a positive correlation between the extent
of degradation of type IV collagen and the metastatic potential
of tumor cell lines has been shown (6, 7). Stromelysin RNA is
frequently detected in mouse skin carcinomas (8) and is partic
ularly high in mouse skin tumors having a high probability of
metastasis (9). The enzymes are mostly secreted into the extra
cellular milieu by tumor cells, but are also found in cytosolic
and membrane extracts (10). Their activity in the extracellular
milieu is regulated by inhibitors, including TIMP. The balance
between levels of such inhibitors and levels of metalloprotei
nases is probably a critical factor in the homeostasis of the
ECM, and a change of this balance toward the enzymes may be
an important determinant in tumor invasion. This concept is
supported by previous observations that TIMP significantly
inhibits the penetration of human amnion basement membrane
and the degradation of ECM by invasive and metastatic cells
(11-14). In addition, it has been reported that down-regulation
of TIMP in NIH 3T3 cells confers invasive and metastatic
potentials on these cells (15).

We have previously demonstrated that bovine aortic endo
thelial cells completely suppress the collagenolytic activity of
human HT 1080 fibrosarcoma cells in coculture experiments
(16). This inhibitory effect was found in medium conditioned
by endothelial cells, and subsequently 2 metalloproteinase in
hibitors secreted by these cells were identified. These findings
suggested that these inhibitors secreted by endothelial cells were
responsible for suppressing the degradation of collagen by the
tumor cells. The 2 inhibitors are TIMP and a novel inhibitor
designated MI, related to but distinct from TIMP (17). We
have cloned the bovine and human cDNAs for MI (18) and
have recombinantly expressed the human gene. The amino acid
sequence of human MI deduced from the nucleotide sequence
of the gene is about 40% identical to that of TIMP. A recent
report of nucleotide sequence (19) of an inhibitor designated
TIMP-2 (20, 21) indicates that MI and TIMP-2 are essentially
identical.

In the present work, we demonstrate that recombinant human
MI/TIMP-2 inhibits several metalloproteinases secreted by 2
invasive tumor cell lines, inhibits the degradation of ECM by
these cells, and inhibits invasion of SMC layers and their
surrounding connective tissue. We selected 2 tumor cell lines
for our studies, the HT 1080 human fibrosarcoma cell line and
a c-Ha-ras 1 transfected rat embryo cell line (4R). The former
was selected because it has been previously shown to degrade
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and invade the artificial tissue substrates used in our study (5,
16, 22), and the latter was chosen because of its highly invasive
and metastatic behavior and its high level of secretion of me-
talloproteinases (14, 23), in particular Mr 92,000 gelatinase
(24). Two experimental systems were used and compared, a
static system in which tumor cells were grown of radiolabeled
ECM previously synthesized by rat SMC and a dynamic system
in which tumor cells were grown in coculture with living SMC.
The data support the concept that metalloproteinase inhibitors
may play an important suppressive role in tumor invasion.

MATERIALS AND METHODS

Cell Culture. Human fibrosarcoma cell line HT 1080 was obtained
form the American Type Culture Collection (Rockville, MD). c-Ha-
ros-1 (4R) transfected rat embryo cell line (23) was obtained from Dr.
L. Liotta (NIH, Bethesda, MD). Cells were grown in Eagle's minimal

essential medium (Grand Island Biological, Santa Clara, CA) contain
ing 10% (v/v) fetal bovine serum (Irvine Scientific, Irvine, CA), peni
cillin (100 units/ml), and streptomycin (100 ng/m\). For degradation
and invasion studies, cells were grown in medium containing 10% (v/
v) fetal bovine serum that had been acid-treated to inactivate serum
inhibitor activity. Proteases secreted by tumor cells were analyzed in
serum-free conditioned medium obtained from subconfluent cultures
washed 3 times with serum-free medium and incubated for 24 h in the
absence of serum. After centrifugation (2000 x g for 10 min, 4Â°C),the

medium was concentrated (100-fold) by ultrafiltration and kept frozen
at â€”20Â°Cprior to use. Cell harvesting was done by incubation with

trypsin (0.05%, w/v) and EDTA (0.02%, w/v), and cell counting was
done in an electronic counter (Coulter Electronics, Inc., Hialeah, FL).

Inhibitor. rMI/rTIMP-2 was purified as previously described from
the culture medium of Chinese hamster ovary cells transfected with
human MI cDNA (25). The final preparation contained a single protein
band with an apparent molecular weight of 21,500 (unreduced) detected
by SDS-polyacrylamide gel electrophoresis (not shown) and had a
specific inhibitory activity for rabbit interstitial collagenase of 1015
units/mg, in the range of the specific inhibitory activity of the native
bovine inhibitor (approximately 1550 units/mg; Ref. 17).

Production of Radiolabeled Substrates. IJC-Labeled type I rat skin
collagen and uC-labeled type IV mouse collagen were prepared as
described previously (14). L-[2,3-'H]Proline-labeled rat SMC matrices
were produced on 35-mm tissue culture dishes as described (5). The
total insoluble [3H]proline radioactivity was approximately 350,000

cpm/dish, of which 12% represented glycoproteins and 88% repre
sented collagen (types I and III).

Metalloproteinase Assays. Assays for types I and IV collagenase
activity were performed as previously described (14) using a film assay
with 96-well microtiter plates (26). Conditioned medium (100 M') from
tumor cells was activated with para-aminophenylmercuric acetate (1
HIM)at 37Â°Cfor 30 min prior to incubation for 5 h at 37Â°Con collagen-

coated wells. The degradation of collagen was calculated by measuring
the amount of radioactivity released in the supernatant after background
counts were substrated. Background counts consisted of collagen-coated
wells incubated with trypsin (1 mg/ml) and represented from 25 to
28% of the total insoluble radioactivity. Analysis was done in triplicate.

Zymogram. SDS-substrate polyacrylamide gel electrophoresis was
done as previously described (14) with gelatin (0.1%, w/v) and 12.5%
(w/v) polyacrylamide in the gels. Samples were not heated prior to
electrophoresis. Gels were run at 20 mA/gel at 4Â°C,incubated overnight

in 0.05 M Tris HCl (pH 7.5) buffer containing 10 mivi CaCl2 and
protease inhibitors as indicated, stained with Coomassie blue (0.25%,
w/v), and destained in methanohacetic acid:water (50:10:40). Clear
zones indicate the presence of proteinases with gelatinolytic activity
(type IV collagenases), and their absence in cases of incubation with a
particular inhibitor indicates specific inhibition.

Matrix Degradation Assays. Degradation assays on ['H]proline-la-

beled matrices were performed as described previously (5). Briefly, cells
were plated in quadruplicate at 2 x 10' cells on 35-mm tissue culture

dishes that contained the matrix previously synthesized by rat SMC.
Medium was changed every 2 days. At the end of the experiment, cells
were counted after incubation with trypsin (2 dishes). In the 2 remaining
dishes, cells were lysed in 0.025 M NH4OH and the residual insoluble
matrices were analyzed for glycoproteins and collagen by measuring
the radioactivity released in the supernatant by sequential enzymatic
digestion with trypsin (20 Mg/ml, 37Â°C,24 h) and bacterial collagenase
(20 Mg/ml, 37'C, 24 h).

Attachment Assays. An attachment assay using rat SMC matrices
was performed by a modified method of Klebe (27). Tumor cells
suspended in medium containing 10% (v/v) fetal bovine serum were
plated on 35-mm dishes containing the matrix previously synthesized
by rat SMC (5 x IO5 cells/dish) and incubated at 37Â°C.At indicated

times, unattached cells were removed from the matrix by gentle aspi
ration of the medium followed by 2 washes with phosphate-buffered
saline (140 mM NaCl, 4 mivi KCI, 0.5 mM Na2HPO4, and 0.15 mM
KH2PO4). The adherent cells were then removed by trypsinization and
counted electronically.

Motility Assay. Motility assays were performed using a modification
of the Boyden chamber chemotaxis assay (28). Blind well chemotaxis
chambers of 4.7 mm in diameter (Neuroprobe, Inc., Cabin John, MD)
equipped with a 12-Mmpore-size polycarbonate filter were used. The
lower chamber was filled with 200 M'of serum-free conditioned medium
from ascorbic acid-treated human fibroblasts as a source of chemo-
allraclants (29). The upper chamber was filled with 5 x IO4 cells

suspended in 200 M!of minimal essential medium containing 0.1% (v/
v) bovine serum albumin. Chambers were incubated for 4 h at 37Â°Cin

5% CO2. At the end of the incubation, the medium in the upper chamber
was removed and the cells on the upper surface of the filter were
completely removed by wiping with a cotton swab. The filters were
fixed in methanol and stained using a Diff-Quick Stain set (American
Scientific Products, McGaw Park, IL). Cells from different areas of the
lower surface of the filters were then counted by optic microscopy under
high power (x 200).

Invasion Assays. Invasion assays were performed on a multilayer of
rat SMC as described by Jones et al. (22, 30). Briefly, rat SMC were
grown for 14 days in Eagle's minimal essential medium supplemented

with 10% (v/v) fetal bovine serum and ascorbic acid (added daily at a
final concentration of 25 Mg/ml). Tumor cells were then plated on top
of the SMC (2 x IO5cells/35-mm dish) and cocultures of tumor cells

and SMC were maintained for 14 to 21 days in the presence of medium
containing 10% (v/v) acid-treated fetal bovine serum and ascorbic acid.
At the end of the experiments, dishes were either processed for light
and electron microscopy analysis or stained with 0.25% (w/v) Coo
massie blue after cells were lysed in 0.025 M NH4OH.

Light and Electron Microscopy. Cultures were washed with 0.15 M
NaCl, fixed in situ with 2% (w/v) glutaraldehyde in phosphate-buffered
saline, dehydrated by a graded series of ethanol washes, and embedded
in POLYBED 812. Since the cultures were embedded in situ in plastic
dishes, 3 washes with 100% ethanol and no propylene oxide were used
for final dehydration. Polymerization was carried out in a 60"C oven

for 48 h. The plastic dishes were then removed from the cultures by
heating on a hot plate at 120Â°Cfor 5 min. Semithin sections (1 MM)

were cut at right angles to the surface, stained with mÃ©thylÃ¨neand basic
fuchsin, and examined by light microscopy. Ultrathin sections, 600 to
700 A, were mounted on collodion one-hole grids, stained with uranyl
acetate and lead citrate, and examined in an electron microscope.

RESULTS

Inhibition of Metalloproteinases Secreted by Tumor Cells.
Samples of conditioned medium (para-aminophenylmercuric
acetate treated) from 4R cells contained proteolytic activities
for types I and IV collagens, which were both inhibited by rMI/
rTIMP-2 (Fig. 1). This inhibition was dose-dependent up to a
plateau level. The amount of inhibitor needed to inhibit type I
collagenolytic activity was approximately 10 times higher than
the amount required to inhibit type IV collagenolytic activity,
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Fig. 1. Inhibition of types I and IV collagen degradation by rMI/rTIMP-2.
Concentrated (x 100) serum-free conditioned medium from 4R cells (100 Â¡Ain
0.05 M Tris-HCI, 0.2 M NaCl. 10 IHM CaCI2, pH 7.5 containing 10 mM N-
ethylmaleimide and 2 mM phenylmethylsulfonyl fluoride) was activated with
para-aminophenylmercuric acetate (1 mM, 37Â°Cfor 30 min) and incubated for 5
h at 37Â°Con 14C-labeled type 1 collagen (A) and ['"CJproline-labeled type IV
collagen (A). rMI/rTIMP-2 was added at indicated amounts. Data represent
percent inhibition of the radioactivity release that occurred in the absence of
inhibitor. For each point, triplicate samples were analyzed and background counts
were subtracted.

121212 12

-31

Cont. rMI EDTA NEM
Fig. 2. Zymogram showing proteases inhibited by rMI/rTIMP-2. Samples of

concentrated (x 100) serum-free medium conditioned by 4R and HT 1080 cells
were electrophoresed on a SDS-polyacrylamide gel containing gelatin (0.1%, w/
v). The amount of material loaded on the gel for each specimen was corrected for
the number of cells in culture and represents proteins secreted by IO5cells. After

electrophoresis, the gel was cut and sections incubated in the presence of indicated
inhibitors. Concentrations of inhibitors were: Cont, no inhibitor; rMI, rMI/
rTIMP-2, 10 Mg/ml; EDTA, 20 mM: NEM, /V-ethylmaleimide, 20 mM. Clear
zones, proteases with gelatinolytic activity and their absences indicate inhibition.
Positions of reduced molecular weight markers are indicated (right: phosphorylase
b, M, 92.000: bovine serum albumin, M, 66,000; ovalbumin, M, 43,000: carbonic
anhydrase, M, 31,000). Lanes 1, medium from HT I080 cells; Lanes 2. medium
from 4R cells.
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Fig. 3. Inhibition of the degradation of labeled SMC matrices by 4R cells. 4R
cells were plated at 2 x 10' cells/35-mm dish containing nul Â¡Â»labeledSMC
matrices as indicated in "Materials and Methods." rMI/rTIMP-2 was added daily

at indicated concentrations (â€¢,0 /jg/ml; O, 0.1 ng/ml; â€¢,1 jig/ml; A, 10 /jg/ml;
A, 10 Â¿ig/mladded on days 4 and 5 only). The degradation of the matrices is
indicated as a percentage of the total amount of insoluble radiolabeled matrix
initially present in each dish. Data represent means of quadruplicate dishes with
background counts subtracted. In general, values for SDs of each point were

reflecting the large amount of interstitial collagenase secreted
by 4R cells. A more detailed analysis of the inhibition of type
IV collagenases was then performed by SDS-gelatin zymogram
analysis. This technique takes advantage of the gelatinolytic
activity of these enzymes allowing their identification according
to their specific molecular weight (Fig. 2). Because gelatin is a
poor substrate for interstitial collagenase (31), this enzyme is
not visualized by this method. HT 1080 cells secreted predom
inantly a MT72,000 gelatinolytic enzyme (progelatinase) plus a
M, 60,000 gelatinase (activated enzyme) and a small amount of
M, 92,000 progelatinase. In contrast, 4R cells mainly secreted
a M, 92,000 progelatinase plus a small amount of M, 60,000
activated gelatinase. The activity of these gelatinases was com
pletely inhibited by EDTA but remained unaffected in the
presence of the cysteine protease inhibitor, /V-ethylmaleimide,
confirming their metalloproteinase nature. In the presence of
rMI/rTIMP-2 (10 pg/m\), the gelatinolytic activity of all me-
talloproteinases was completely suppressed.

Inhibition of the Degradation of SMC Matrices by Growing
Tumor Cells. To determine whether the inhibitor was also active
in the presence of intact tumor cells, experiments were per
formed with tumor cells plated on radiolabeled matrices previ
ously synthesized by rat SMC. 4R cells degraded 62% of the
total insoluble radiolabeled substrate over a 6-day period (Fig.
3). Whereas the degradation of the matrices was not signifi
cantly affected by the presence of 0.1 ng/m\ of rMI/rTIMP-2
added daily, it was inhibited by 39 and 71% in the presence of
1 and 10 Mg/ml, respectively, of rMI/rTIMP-2. Inhibitor added
at day 4 inhibited degradation from that point on, an indication
that it remained active even after the tumor cells had attached
and penetrated the ECM. HT 1080 cells degraded 13.3% of the
total substrate over a 10-day period, and this was reduced to
3.8% (72% inhibition) when rMI/rTIMP-2 was added daily to
the culture medium at a concentration of 10 Mg/ml (Fig. 4). As
with the 4R cells, the inhibition was dose dependent. Analysis
of cell number and of the composition of the residual matrices
at the end of the experiments is shown in Table 1. The cell
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A

Fig. 4. Inhibition of the degradation of labeled SMC matrices by HT 1080
cells. HT 1080 cells were plated at 2 x 10' cells/35-mni dish containing radiola-
beled SMC matrices as indicated in "Materials and Methods." rMI/rTIMP-2 was

added daily at indicated concentrations (â€¢.0 Â¿ig/ml;â€¢.l Mg/ml; A. 10 Mg/ml).
Data are expressed as in Fig. 3. In general, values for SDs of each point were

Table 1 Inhibition o) degradation of SMC matrices by rMI/rTlMP-2
Tumor cells were plated at 2 x IO5cells/dish in quadruplicate. Dishes contained

['H]prolinc-labelcd SMC matrices as indicated in Figs. 3 and 4. rMI/rTIMP-2

was added daily to the cultures at indicated concentrations. At the end of the
experiment, cells in 2 dishes were trypsinized and counted. In the 2 remaining
dishes, cells were lysed in 0.025 M NH4OH, and the residual matrices were
analyzed by sequential enzymatic digestion with trypsin and bacterial collagenase
as indicated in "Materials and Methods."

rMI/rTIMP-2
concentration

Cells(ng/ml)4RHT

108001IO0110No.

of cells at enc
of experiment
(x lO'/dish)4.204.304.562.782.552.94Matrix

degradation
1 (% oftotal)Glycoproteins00040.139.724.5Collagens53.027.814.89.21.31.1

B

70

60

50

40

30

20

10

30 60 240

TIME (MIN)

Fig. 5. Effect of rMI/rTIMP-2 on cell attachment. Tumor cells were suspended
in medium supplemented with 10% (w/v) fetal bovine serum in the absence (A)
or presence of 10 ^g/ml of rMI/rTIMP-2 (A). Cell were then plated at 5 x 10'
cells on 35-mm dishes that contained rat SMC matrices. At indicated times,
nonadherent cells were removed and adherent cells were collected by trypsiniza-
tion and counted. Data represent mean percent (Â±SD)of adherent cells from
quadruplicate points. A, 4R cells: B, HT 1080 cells.

number per dish at the end of the experiments was unaffected
by the presence of the inhibitor, indicating absence of effect on
cell growth. Compositional analysis of the radiolabeled SMC
indicated that 4R cells did not degrade the glycoproteins and
that therefore the inhibition was entirely directed against the
degradation of collagen. In contrast, HT 1080 cells degraded
40.1% of the glycoproteins and 9.2% of the collagens, and the
degrees of inhibition were 40 and 88%, respectively, in the
presence of 10 Mg/ml/day of rMI/rTIMP-2. It is likely that the
inhibition of the degradation of glycoproteins is due to inhibi
tion of stromelysin secreted by HT 1080 cells.

Effect on Cell Attachment and Cell Motility. We eliminated
the possibility that rMI/rTIMP-2 may have inhibited the adhe
sion of the tumor cells to the ECM or their motility, by
investigating its effect on cell attachment and motility. Neither
the rate of attachment nor the percent of cells that adhere after
6 h was significantly affected by the presence of 10 pg/m\ of
rMI/rTIMP-2 (Fig. 5, A and B). Similarly, the inhibitor had
no inhibitory effect on cell motility in a blind well chemotactic
assay (Fig. 6).

Inhibition of Invasion. Experiments were also performed to
determine whether rMI/rTIMP-2 could inhibit tumor cells
from invading a preformed multilayer of intact SMC. In this

_Q

E

165

155

120-

4R HT1080

Fig. 6. Effect of rMI/rTIMP-2 on cell motility. Tumor cells (5 x 10" cells/
well) were incubated in the absence (D) or presence of 10 ng/ml of rMI/rTIMP-
2 (â€¢)for 4 h at 37Â°Cin the upper chamber of a Neuroprobe chemotaxis blind
well chamber equipped with a 12-^m pore-size polycarbonate filter. After 4 h,
cells in 5 different high-power (x 200) fields of the lower surface of the filters
were counted. Data represent mean number of cells per field (Â±SD)of triplicate
assays.
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Fig. 7. Analysis of SMC matrices by Coomassie blue staining. HT 1080 cells
were plated (2 x 105cells/dish) on cultures of SMC cells as described in "Materials
and Methods." After 14 days of coculture, tumor cells and SMC were lysed in

0.025 M NH4OH and the residual matrix proteins were stained with Coomassie
blue. Top left, control (SMC alone); top right, HT 1080 cells and SMC; bottom
left, HT 1080 cells and SMC in the presence of 1 Mg/ml of rMI/rTIMP-2 added
every 2 days; bottom right, HT 1080 cells and SMC in the presence of 1
of rMI/rTIMP-2 added every 2 days.

dynamic model, cocultures of SMC and tumor cells were main
tained for 2 to 3 weeks in the presence or absence of rMI/
rTIMP-2 added every 2 days. At the end of the experiment, the
residual matrices were stained with Coomassie blue after lysis
of the cells in 0.025 M NH4OH. A marked effect of rMI/
rTIMP-2 on the amount of residual ECM material left after 14
days of coculture of HT 1080 fibrosarcoma cells and SMC is
demonstrated (Fig. 7). Analysis of cross-sections of the cocul
tures by light and electron microscopy also showed a remarkable
inhibitory effect of rMI/rTIMP-2 on the invasion of the SMC
multilayer by 4R cells (Figs. 8 and 9). In the absence of inhibitor,
the tumor cells had completely invaded the SMC layer after 3
weeks and were found on both sides of the multilayer (Fig. 85).
In contrast, in the presence of rMI/rTIMP-2, 4R cells had
proliferated only on top of the SMC and had not penetrated
the multilayer structure (Fig. 8C). Electron microscopy analysis
confirmed these observations. In the absence of inhibitor (Fig.
9B), the thickness of the SMC was markedly reduced (one-
fourth to one-fifth of the thickness of the control layer), with 2
or 3 cell layers and a limited amount of ECM containing very
few cross-striated collagen fibrils. Tumor cells were present on
both sides of the SMC layers. In the presence of inhibitor (Fig.
9C), the structure of the SMC multilayer and of its surrounding
matrix was preserved and very similar to that of the control
(Fig. 9A). The SMC multilayer was composed of at least 5 cell
layers separated by an abundance of ECM-containing cross-
striated collagen fibrils. Tumor cells were confined to the top
surface of the structure.

DISCUSSION

The natural resistance of large blood vessels and cartilage to
tumor invasion is a well-known phenomenon (32). The presence

Fig. 8. Light-microscopic analysis of semithin sections from cocultures of
SMC and tumor cells. SMC were cultured for 14 days in the presence of ascorbic
acid prior to the addition of 4R cells. Cocultures were maintained for an additional
21 days before being fixed in situ for the examination (original X 160). A, SMC
alone. B, 4R cells seeded on SMC layer without rMI/rTIMP-2. Note tumor cells
on both sides of smooth muscle layer (dark arrows, tumor cells on the top surface
of the layer; open arrows, tumor cells located underneath the layer after invasion).
C, 4R cells seeded on SMC layer with rMI/rTIMP-2. Note active proliferation
of tumor cells without invasion towards SMC layer.

in these tissues of low molecular weight cationic proteins that
inhibit collagenase suggested that these inhibitors may be re
sponsible for the natural resistance of such tissues to tumor
invasion. Our data illustrate the potentially important role of
another family of inhibitors of collagenase, the TIMP family.

We have recently identified 2 related but distinct inhibitors
of metalloproteinases, TIMP and MI/TIMP-2, in bovine aortic
endothelial cells (17). We hypothesized that these inhibitors
were involved in previous observations showing that the endo
thelial cells inhibited the invasion of a multilayer of SMC by
HT 1080 fibrosarcoma cells (30) and the degradation of their
matrix by the same tumor cells (16). The ability of TIMP to
inhibit tumor invasion of human amnion membrane has been
demonstrated (11-13) and we have recently shown that human
recombinant TIMP inhibits the degradation of SMC matrices
by 4R cells (14). Whether MI/TIMP-2 has a similar biological
effect was unknown because of the unavailability of a prepara
tion of purified inhibitor. We have obtained bovine and human
cDNAs for this inhibitor, have recombinantly expressed the
human cDNA in Chinese hamster ovary cells, and have purified
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4Ra

4R

/

â€¢r
4Rb

A B c
Fig. 9. Electron-microscopic analysis of specimens described in Fig. 8. A, SMC alone. Note multilayer of thin and flat smooth muscle cells and abundant ECM

containing cross-striated collagen fibrils (x 3800). B, 4R cells cultured on SMC layer without rMI/rTIMP-2. Note tumor cells found on both sides of the layer (4Ra,
tumor cells on Ihe lop surface of the layer: 4Rt>.tumor cells underneath the layer after invasion). The SMC layer is markedly reduced in thickness (one-fourth to one-
fifth of the thickness of the control layer; x 3800). C 4R cells cultured on SMC layer with rMI/rTIMP-2 present. Note tumor cells (4R) proliferating on top of the
layer without invasion. SMC layer maintained the same thickness with abundant ECM containing cross-striated collagen fibrils (x 3800).

the recombinant protein (25). In further support of our hypoth
esis, we have now shown that recombinant MI/TIMP-2 inhibits
the degradation of SMC matrices and their penetration by
invasive tumor cells. This is the first report of a biological
activity for this novel inhibitor of the TIMP family.

We first demonstrated the broad spectrum of inhibitory ac
tivity of rMI/rTIMP-2 that includes inhibition of interstitial
collagenase and M, 72,000 and 92,000 gelatinases. The inhibi
tory activity on these crude preparations of metalloproteinases
was dose-dependent up to a plateau level. Because these prep
arations were not purified, no conclusion on the stoichiometric
nature of the inhibition can be made, however, we have previ
ously shown that rMI/rTIMP-2 inhibits purified interstitial
collagenase in a 1:1 enzyme:inhibitor molar ratio (25), and a
similar mechanism of inhibition for type IV collagenase (Mr
72,000 gelatinase) has also been shown (20). The degree of
inhibition achieved by a given amount of these inhibitors is
therefore in part dependent on the amount of metallopro
teinases produced by tumor cells. Consistently, the degree of
inhibition of the degradation of SMC matrices by tumor cells
in the presence of rMI/rTIMP-2 was dose-dependent, although,
in contrast to experiments performed with tumor cell condi
tioned medium, a complete suppression of proteolysis was not
achieved. This lack of complete inhibition may be due to
proteolytic inactivation of the inhibitor by proteases such as
plasmin, which can be generated from serum plasminogen by
plasminogen activators produced by tumor cells. Alternatively,
the inhibitor may not have reached sufficient concentrations at
the critical area of cell-substratum interaction or may have been
progressively consumed by the amount of metalloproteinases
secreted by the tumor cells.

By comparing the effect of rMI/rTIMP-2 between a static
(SMC matrices) and a dynamic (living SMC) system, we found
a clear correlation between the inhibition of the degradation of
SMC matrices by rMI/rTIMP-2 and its suppressive effect on

invasion of the living SMC multilayer. This interesting obser
vation confirms the importance of proteolytic dissolution of
matrix as a necessary step for tumor invasion and points to an
indirect effect of inhibitors of metalloproteinases on cell migra
tion in the ECM, which requires proteolytic degradation of the
matrix to take place. It is also noteworthy that in the presence
of a concentration of rMI/rTIMP-2 that did not completely
suppress the proteolytic degradation of ECM, invasion of the
SMC by tumor cells was completely inhibited. The continuous
production of collagen and other ECM proteins by the SMC in
the latter experiments may have counted for the suppressive
effect, since these newly synthesized proteins represented an
additional barrier to invasion. This observation also illustrates
an important aspect of this dynamic invasion model that more
closely mimics the in vivo situation (22).

The absence of effect of rMI/rTIMP-2 on cell growth, cell
attachment to the SMC matrices, and cell motility further
suggests that its action is specifically directed against metallo-
proteinase activity and that the preparation of purified inhibitor
was free of contaminant agents with cytotoxic effects. It is
presently unclear to what extent the 2 inhibitors of metallopro
teinases (TIMP and MI/TIMP-2) may play different roles in
inhibiting tumor invasion and metastasis. The spectrum of
metalloproteinases that they inhibit appears similar (Refs. 17,
20, 21, and our data) and comparison between the present data
and our previous observations with rTIMP (14) does not show
a significant difference in inhibition of degradation of SMC
matrices by 4R cells, although the inhibitors may differ in
important respects. For example, the preferential binding of
TIMP to M, 92,000 progelatinase and of MI/TIMP-2 to M,
72,000 progelatinase has been clearly demonstrated and may
be of significant importance (21). We have also obtained evi
dence that in addition to inhibiting the active enzyme, rMI/
rTIMP-2 blocks the autocatalytic activation of interstitial pro-
collagenase (25).
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Finally, it is significant that MI/TIMP-2 (and TIMP) is
secreted by aortic endothelial cells. Although the amount of
these inhibitors secreted under physiological conditions is pres
ently unknown and is likely to be below the concentrations used
in our in vitro experiments, local production of these inhibitors
by aortic endothelial cells may be an important factor conferring
to these blood vessels a natural resistance to invasion. With a
better understanding of the mechanisms that regulate produc
tion of these inhibitors by vascular cells, it may be possible to
influence tumor invasion and to design innovative approaches
to prevent the penetration of blood vessels or other tissues by
invasive cancer cells.
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