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ABSTRACT 

The expression of metalioproteinases, such as type IV collagenase/ 
gelatinase, enables tumor cells to degrade type IV collagen present in the 
basement membrane and correlates with metastatic potential of several 
tumor types. We found that increased levels of rat serum type IV colla- 
genolytic activity are associated with increased 13762NF mammary ad- 
enocarcinoma metastases in lungs and lymph nodes of syngeneic rats. To 
investigate serum metalloproteinases responsible for type IV collagenoly- 
sis, we performed zymography and Western blot analysis of rat sera. A Mr 
92,000 progelatinase (progelatinase B, Mr 92,000 type IV procollagenase, 
MMP-9) was detected on zymograms of rat sera within 16 days after 
intramammary fat pad inoculation of highly metastatic MTLn3 cells. The 
activated serum Mr 92,000 progelatinase degraded sodium dodecyl sul- 
fate-denatured type I and IV collagens but was not active on casein, 
albumin, hemoglobin, and immunoglobulin. Sera from rats with fat pad 
tumors and lung metastases formed from highly metastatic clones pos. 
sessed greater than 7 times higher levels of serum Mr 92,000 progelatinase 
than control sera or sera from rats bearing similar size fat-pad tumors of 
low or nonmetastatic clones. The results were confirmed by Western blot 
analysis of rat sera using rabbit anti-human Mr 92,000 progelatinase 
antibodies. Similar results were obtained from the analysis of rat plasma 
samples. The serum and plasma Mr 92,000 progelatinase levels correlated 
with the extent of metastases in the lung and lymph nodes. The results 
hulicate that high levels of serum and plasma Mr 92,000 progelatinase are 
associated with the presence of disseminated metastatic adenocarcinoma 
cells and suggest that this enzyme may facilitate the invasion of blood- 
borne tumor cells through vascular basement membranes. 

Using zymography we have identified two major metalloprotein- 
ases in the serum-free conditioned medium of highly metastatic mam- 
mary adenocarcinoma cell cultures (11). The metalloproteinases were 
Mr 64,000 and Mr 88,000 progelatinases as determined by sodium 
dodecyl sulfate-polyacrylamide slab gel electrophoresis under nonre- 
ducing conditions. These gelatinases specifically degraded type IV 
collagen and heat-denatured type I collagen (gelatin) but not serum 
albumin, casein, hemoglobin, or immunoglobulin (11). The produc- 
tion of the progelatinases by rat mammary adenocarcinoma cells was 
suppressed by retinoic acid treatment, paralleling a decrease in cell 
invasion through reconstituted basement membranes (11). These en- 
zymes are rat homologues of the human metalloproteinases known as 
M r 72,000 progelatinase/Mr 72,000 type IV procollagenase/progela- 
tinase A/MMP-23 (12) and M~ 92,000 progelatinase/Mr 92,000 type IV 
procollagenase/progelatinase B/MMP-9 (13). 

Since rat mammary adenocarcinoma cells secrete type IV colla- 
genolytic metalloproteinases in direct relation to their metastatic po- 
tentials (10), we assayed sera from rats bearing mammary adenocar- 
cinoma cells of differing metastatic potentials for the collagenotytic 
metalloproteinases using metabolically [3H]proline-labeled type IV 
collagen. We found that serum type IV collagenolytic activity corre- 
lated with the extent of metastases in the lung and lymph nodes (14). 
Here, we demonstrate that the expression of serum and plasma Mr 
92,000 progelatinase correlates with the metastasis formation of rat 
13762NF mammary adenocarcinoma cells. 

I N T R O D U C T I O N  

The penetration of basement membranes by malignant cells is an 
important step in the formation of tumor metastases. Basement mem- 
branes, formed from type IV collagen, laminin, heparan sulfate pro- 
teoglycan, nidogen, and fibronectin, are relatively rigid barriers be- 
tween different tissues. Several proteinases implicated in the process 
of tumor invasion and metastasis are capable of degrading basement 
membrane components (1-9). An important class of these enzymes 
are the metalloproteinases, such as the type IV collagenases/ 
gelatinases (2--4). Type IV collagenolytic activity itseff has been cor- 
related with the metastatic potential of tumor cells in a variety of 
malignant tumors (4). For example, we found an excellent correlation 
between the type IV collagenolytic enzyme activities in rat 13762NF 
mammary adenocarcinoma cells and their spontaneous lung meta- 
static potentials (10). These metalloproteinases secreted from the rat 
mammary adenocarcinoma cells degraded both a-subunits of type IV 
procollagen and produced characteristic high molecular weight frag- 
ments (10). 
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MATERIALS AND METHODS 

Cells and Cell Culture. Doubly cloned cell lines were derived from the 
13762NF mammary adenocarcinoma growing at local mammary fat pad im- 
plant sites (MTC and MTF7) and from spontaneous lung metastases (MTLn2 
and MTLn3) (15). Subclones MTLn3(T44).5 and MTF7(T35).3 were selected 
by in vitro cloning from MTLn3 and MTF7, respectively (16). Cells were 
grown on 100-mm plastic tissue culture plates (Coming Glass Works, Corning, 
NY) containing a-minimal essential medium (GIBCO, Grand Island, NY) 
supplemented with 10% fetal bovine serum (Biocell, Carson, CA) at 37~ in 
a humidified incubator (5% CO2; 95% air). Cells from subconfiuent cultures 
were used for all assays. 

Spontaneous Metastasis Assay. 13762NF Mammary adenocarcinoma cell 
clones were harvested from subconfiuent cultures by 0.25% trypsin treatment, 
and their viability was determined by trypan blue dye exclusion. Only cell 
suspensions with viability greater than 95% were used for animal inoculations. 
Age-matched F344 rats received 1 • 10 6 tumor cells suspended in 0.5 ml 
phosphate-buffered saline s.c. in the left posterior inguinal mammary fat pad. 
Blood was collected by cardiac puncture at various periods after tumor cell 
injection. Rats were killed using Metofane anesthesia and were subjected to 
complete gross necropsies. The numbers of metastases were related to enzyme 
activities using a one-way analysis of variance and the Student-Newman-Keuls 
procedure for group significance analysis. 

Type IV Collagenolysis Assay. The type IV collagenolysis assay was 
performed as previously reported (10, 11). Briefly, [3H]proline-labeled type IV 
collagen was purified from EHS tumors that were cultured for 48 h in proline- 
free Dulbecco's modified Eagle's medium containing 100/xg/ml ascorbic acid, 
100 p~g/ml /3-aminopropionitrile fumalate, and 25 /xCi/rrd L-[2,3,4,5-3H]pro - 

3 The abbreviations used are: MMP, matrix metalloproteinase; EHS, Engelbreth-Holm- 
Swarm; ELISA, enzyme-linked immunosorbent assay. 
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line (100 mCi/mmol; ICN Radiochemicals, Irvine, CA). Serum (10 /sl) was 
diluted 10-fold with 50 mM Tris-HC1, 0.1 M sodium chloride, 10 mr~ calcium 
chloride, and 0.05% sodium azide (pH 7.5) and incubated with 40 pLg of 
[3H]proline-labeled type IV collagen at 37~ Incubation was terminated by 
chilling on ice, and undigested proteins were precipitated by incubation with 
10% trichloroacetic acid and 0.5% tannic acid at 4~ for 30 min. After a 
centrifugation at 10,000 • g for 5 min, degradation products in the supernatant 
were measured by use of a liquid scintillation counter. In some experiments 
serum samples were pretreated with 1/.~g/ml of N-tosyl-e-phenylalanine chlo- 
romethyl ketone-treated trypsin at 37~ for 1-12 min, followed by incubation 
with 10 txg/ml soybean trypsin inhibitor. In the analysis of the degradation 
products, 2 mM phenylmethylsulfonyl fluoride, 5 mM N-ethylmaleimide were 
added to the assay buffer, and the incubation was performed at 27~ for 24 h 
to avoid degradation by serine and cysteine proteinases. The incubation prod- 
ucts were analyzed by 6% polyacrylamide slab gel electrophoresis in the 
presence of 0.5 M urea and 5 mM dithiothreitol. Autoradiography was carried 
out using an autoradiography enhancer, EN3HANCE (New England Nuclear, 
Boston, MA). 

Zymography. Zymography was performed as described previously (11). 
An aliquot of the serum or plasma (1-6/xl) was dissolved in electrophoresis 
sample buffer containing sodium dodecyl sulfate and subjected to electropho- 
resis in a 7.5% polyacrylamide gel embedded with 1 mg/ml protein substrate 
in the absence of /3-mercaptoethanol using a Bio-Rad Protean II System 
equipped with a cooling core (Bio-Rad, Richmond, CA). After electrophoresis 
at 16~ enzymes were renatured by incubation with Triton X-100, and the 
enzyme reaction was allowed to proceed at 37~ for 12 h. Proteinases were 
detected as transparent bands on the blue background of Coomassie blue- 
stained slab gels. To quantify relative enzyme activities, stained gels were 
scanned for absorbance at 560 nm using a Beckman DU-8 spectrophotometer 
(Beckman, Irvine, CA). 

Western Blot Analysis. Rabbit polyclonal antibodies were raised against 
synthetic peptides of the NHz-terminal sequences of Mr 92,000 progelatinase 
(LRTNLTDRQLAEEYLYRYG) (13) and Mr 72,000 progelatinase (APSPIIK- 
FPGDVAPKTD) (12). The antibodies were purified by affinity chromatogra- 
phy using columns of the NH2-terminal peptides covalently linked to Affi-Gel 
10 (Bio-Rad). Samples were subjected to sodium dodecyl sulfate polyacryl- 
amide slab gel electrophoresis in 7.5% polyacrylamide gels and electroblotted 
on nitrous cellulose membranes followed by hybridization with polyclonal 
antibodies raised against gelatinase amino terminal sequences. Immunostain- 
ing was further carried out using anti-rabbit IgG-horse radish peroxidase con- 
jugates and the enhanced chemiluminescence Western blotting detection sys- 
tem (Amersham Corporation, Arlington Heights, IL). 

RESULTS 

Type IV Collagenolytic Activity in Sera of Normal and Tumor- 
bearing Rats. When it was diluted more than 10-fold with 50 mM 
Tris-HCI-0.1 M sodium chloride-10 m~ calcium chloride (pH 7.5), 
untreated sera from normal female F344 rats contained low levels of 
type IV collagenolytic activity (Fig. 1). The degradation of type IV 
collagen by the diluted normal sera was constant over a 9-h incubation 
period under the conditions used. Sera from rats with mammary fat 
pad tumors and lung metastases formed from MTLn3 mammary ad- 
enocarcinoma cells possessed 4-5 times higher levels of type IV 
collagenolytic activity than did normal rat sera (Fig. 1). The degra- 
dation of type IV collagen by diluted sera from tumor-bearing rats was 
completely suppressed by 10 mM 1,10-phenanthroline or 20 mM EDTA 
but not by 2 m~ phenylmethylsulfonyl fluoride or 5 mM N-ethylma- 
leimide, suggesting that the serum enzyme responsible for type IV 
collagenolysis is a metalloproteinase. Treatment of rat sera with N- 
tosyl-L-phenylalanine chloromethyl ketone-treated trypsin markedly 
enhanced type IV collagenolytic activity, indicating that the sera con- 
tained type IV collagenolytic metalloproteinases in both latent and 
active forms. The maximal activation of the latent enzyme was 
achieved by 5-min treatment with 1 /xg/ml N-tosyl-L-phenylalanine 
chloromethyl ketone-treated trypsin. Under these conditions we de- 
tected a 3.7• increase in normal rat serum enzyme activity and a 2.5• 
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Fig. 1. Degradation of type IV collagen by rat serum proteases. [3H]Proline-labeled 
type IV collagen (40 ~g) was incubated at 37~ with untreated or trypsin-treated rat serum 
(2.5 Ixl original volume) for various periods, and [3H] activity of degradation products 
soluble in 10% trichloroacetic acid and 0.5% tannic acid was measured. 

increase in serum enzyme activity in metastatic tumor-bearing rats 
(Fig. 1). Since the results from the experiments with untreated sera 
were more reproducible than those with trypsinized sera, untreated 
sera were used for further studies. 

To characterize serum type IV collagenolytic enzymes, the [3H]- 
proline-labeled type IV collagen was incubated with the untreated 
serum from a MTLn3 tumor-bearing rat in the presence of 2 mM 
phenylmethylsulfonyl fluoride and 5 mM N-ethylmaleimide at 27~ 
for 24 h, and the degradation products were analyzed by sodium 
dodecyl sulfate polyacrylamide slab gel electrophoresis (Fig. 2). Both 
pro-otl(IV) and pro-~2(IV) subunits of type IV collagen, of Mr 
185,000 and Mr 170,000, respectively, were degraded by serum me- 
talloproteinases, and characteristic fragments with molecular weights 
of 135,000, 120,000, 110,000, 92,000, and 85,000 were produced. 
These fragments were similar to those produced by the metallopro- 
teinases secreted from MTLn3 cells in serum-free culture (10). 

Relationship between Serum Type IV Collagenolytic Activity 
and Metastasis. Type IV collagenolytic activity in rat sera slowly 
increased with time during the first 2 weeks after injection of highly 
metastatic MTLn3 cells into mammary fat pads (Fig. 3A). Between 
day 16 and 23 the metalloproteinase activity rose faster and continu- 
ously increased until day 30. No significant correlation was observed 
between serum type IV collagenolytic activity and size of mammary 
fat pad tumors (r 2 -- 0.683) (Fig. 3B). The sera from rats bearing fat 
pad tumors and metastases in the lung and lymph nodes had signifi- 
cantly higher type IV collagenolytic activity than those from rats with 
only local tumors (P < 0.05) (Fig. 3C). 

Zymography of Serum Metalloproteinases. The molecular size 
of serum type IV collagenase/gelatinase was investigated by means of 
protein-embedded polyacrylamide gel electrophoresis followed by in- 
cubation. When heat-denatured type I collagen (gelatin) (1.0 mg/ml) 
was used as a substrate, no significant degradation activity was dis- 
cernible in the sera from normal control rats or in the sera of rats with 
mammary fat pad tumors formed from poorly metastatic MTC or 
MTLn2 cells (Fig. 4). In contrast, Mr 92,000 progelatinase activity 
was found in the sera of rats bearing highly metastatic MTLn3 tumors. 
This serum gelatinase comigrated with the high molecular weight 
gelatinase secreted by cultured MTLn3 cells (previously described as 
Mr 88,000 metalloproteinase in Ref. 11) in a 7.5% polyacrylamide gel 
containing gelatin under the conditions used in the present study. The 
serum proteinase activity was observable 16 days after intra-fat pad 
injection of MTLn3 cells (Fig. 4). When 0--6-~1 aliquots of the serum 
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Fig. 2. Degradation of type IV collagen by serum metalloproteinases. [3H]Prutine- 
labeled type IV collagen (40 p.g) was incubated at 27~ for 24 h in 200 txl of coltagenase 
assay buffer containing 2 mM phenylmethylsulfonyl fluoride and 5 mM N-ethylmaleimide 
in the absence (A) or presence (B)of  5 ~1 of serum from MTLn3 tumor-bearing rats. The 
incubation products were analyzed by 6% polyacrylamide slab get electrophoresis in the 
presence of 0.5 M urea and 5 mM dithiothreitol followed by autoradiography. 

from the rat bearing MTLn3 tumor were analyzed by gelatin zymog- 
raphy, a linear correlation was observed between the serum volume 
(up to 4/xl) and the Mr 92,000 progelatinase activity. 

The serum Mr 92,000 progetatinase activity detected by zymogra- 
phy was completely suppressed by 5 mM 1,10-phenanthroline or 10 
mM EDTA but not 2 mM phenylmethyl-sulfonyl fluoride or 5 mM 
N-ethylmaleimide, confirming that the enzyme is a metalloproteinase. 
Gelatins prepared from rat tail collagen type I and porcine skin were 
better substrates for the M~ 92,000 progelatinase than gelatin from 
EHS tumor type IV collagen, whereas rat casein, rat albumin, rat 
hemoglobin, and rat immunoglobulin were not susceptible to this 
enzyme (data not shown). The degradation rate for gelatin from rat tail 
type I collagen was 7 to 8 times higher than that denatured EHS type 
IV collagen. 

In casein zymograms three metalloproteinase bands with Mr 
85,000, 82,000, and 78,000 were detected in the sera of rats with 
MTLn3 or MTC tumors (data not shown). These enzymes did not 
degrade gelatin and there was no correlation of caseinolytic activity 
with either primary tumor size or number of metastases. 

S e r u m  Mr 92,000 Proge lat inase  Level  and  Extent  o f  Metastas is .  

The relationship between Mr 92,000 progelatinase level and extent of 
metastasis was quantitatively analyzed as shown in Fig. 5. Very low 
levels of ,Jl//r 92,000 progelatinase were detected in the sera of rats 
injected with tumor cells or phosphate-buffered saline at day 0. (Fig. 
3A). The levels did not change during the first 9 days after intra-fat 
pad injection of highly metastatic MTLn3 cells. At day 16, however, 
the enzyme activity rose and continuously increased until at least 30 
days (Fig. 3A). Rats with mammary fat pad tumors plus lung metas- 
tases formed from highly metastatic clones, such as MTLn3, MTF7- 

In contrast, the sera from rats bearing only mammary fat pad tumors 
of low or nonmetastatic clones, such as MTLn2 or MTC, had low 
gelatinase activities, ones similar to those of control rat sera (Table 1). 
When serum Mr 92,000 progelatinase levels of rats injected with 
highly metastatic MTLn3 cells were compared, the size of primary 
tumors correlated with the gelatinase activity (r 2 = 0.882) (Fig. 3B). 
Also there was a significant difference in the serum Mr 92,000 
progelatinase level between the rats with only fat pad tumors and the 
rats bearing metastases in axillary and inguinal lymph nodes (P < 
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Fig. 3. Serum type tV collagenolytic activity and M, 92,000 progetatinase level. Rat 
mammary adenocarcinoma MTLn3 cells (1 x 106) were injected into the mammary fat 
pad. Rats were killed at various periods after tumor cell injection and subjected to 
complete gross necropsies. Serum type IV collagenolytic activity was measured by incu- 
bation of [3H]proline-labeled type IV collagen and expressed as the amount of type IV 
collagen degraded (p-g) during a 6-h incubation. M, 92,000 progelatinase level was 
determined by zymography shown in Fig. 4 and expressed as the value relative to normal 
control. A, increase in serum type IV collagenolytic activity and Mr 92,000 progetatinase 
level with time; B, relationship between size of primary tumor and serum type IV 
cotlagenolytic activity or Mr 92,000 progelatinase level; C, relationship between number 

(T35).3, or MTLn3(T44).5, h a d  7 - t i m e s  higher l e v e l s  o f  s e r u m  MT of lung metastases and serum type IV collagenolytic activity or Mr 92,000 progelatinase 
92,000 progelatinase by day 30 after tumor cell inoculation (Fig. 3A ). level (% lymph node metastasis positive). 
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Fig. 4. Rat serum gelatinolytic enzymes detected by zymography. Serum samples were 

prepared at various periods of time after injection of 13762NF mammary adenocarcinoma 
cells into mammary fat pads. Clone MTLn3, MTLn3(T44).5, and MTF7(T35).3 cells are 
highly metastatic to lung and lymph nodes, whereas MTC cells do not spontaneously 
metastasize, even after 30 days. Serum (2.5/.d) was subjected to electrophoresis in a 7.5% 
polyacrylamide get embedded with 1 mg/ml rat tail type I collagen-derived gelatin. After 
electrophoresis the enzymes were renatured and incubated at 37~ for 12 h. Proteinases 
were detected as transparent bands on the blue background of Coomassie blue-stained slab 
gels. Arrow, the position of Mr 92,000 progelatinase; numbers on the right side are 
molecular weights of the standard proteins in thousands. 
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Fig. 5. Rat serum metalloproteinases detected by rabbit anti-human Mr 92,000 
progelatinase (MMP-9) antibodies. Sera were prepared from rats 30 days after tumor cell 
injection into mammary fat pads, and 5-p.l aliquots of the sera were subjected to 7.5% 
polyacrylamide gel electrophoresis and electroblotted on a nitrous cellulose membrane 
followed by incubation with anti-human Mr 92,000 progelatinase antibodies. Immtmore- 
active proteins were visualized using goat anti-rabbit IgG-horse radish peroxidase con- 
jugates. 

0.01) (Fig. 3C). Furthermore, the serum gelatinase activity correlated 
with the extent of lung metastases: the sera of rats with more than 250 

lung colonies had almost 2-times higher levels of Mr 92,000 progelati- 
nase than did the sera of rats with metastases in only regional lymph 

nodes (P < 0.05) (Fig. 3C). 
Serum Gelatinases Detected by Ant i -Human Progelatinase An- 

tibodies. Rat serum metalloproteinases were examined for reactivity 
with two rabbit polyclonal antibodies raised against the synthetic 
peptides of NH2-terminal sequences of human Mr 92,000 and Mr 
72,000 progelatinases (MMP-9 and MMP-2, respectively). Polyclonal 
anti-human Mr 92,000 progelatinase antibodies bound to a rat serum 
Mr 92,000 metalloproteinase and weakly stained a Mr 64,000 protein 

(Fig. 5). It is not known whether the Mr 64,000 protein is related to 
human Mr 72,000 progelatinase, because polyclonal antibodies raised 

against the NH2-terminal peptide of human Mr 72,000 progelatinase 
did not show any reactivity with rat serum components (data not 

shown). There was a significant difference in the intensity of anti- 

human Me 92,000 progelatinase-immunostained bands between the 

sera of rats bearing poorly metastatic tumors (MTC = 1.0; MTLn2 = 

1.8) and the sera of rats bearing highly metastatic tumors (MTLn3 = 
4.2; MTLn3(T44).5 = 5.2, MTF7(T35).3 = 5.0) (P < 0.05), consis- 

tent with the results obtained from zymography. 
Plasma Mr 92,000 Progelat inase Activity and  Extent  of  Metas-  

tasis. Plasma from rats bearing tumors of poorly metastatic MTC and 
highly metastatic MTLn3 clones were assayed for gelatinase (Fig. 6). 
The rat plasma contained gelatinolytic metatloproteinases of Mr 
92,000 and Mr 64,000, and their levels did not change over the 40 days 

after intra-fat pad injection of poorly metastatic MTC cells. In con- 
trast, the Mr 92,000 progelatinase level continuously increased until 
30 days after cell inoculation or until rats became moribund (Fig. 6). 

DISCUSSION 

We previously reported that increased amounts of rat serum type IV 
collagenolytic activity is associated with high numbers of 13762NF 
mammary adenocarcinoma metastases in lungs and lymph nodes (14). 

We now demonstrate that the Me 92,000 metalloproteinase activity in 
the sera and plasma of female F344 rats increases with time after 
injection of highly metastatic but not poorly metastatic 13762NF cells 
into the mammary fat pad. This metalloproteinase was identified as a 

Mr 92,000 progelatinase with the same substrate specificity and reac- 
tivity of anti-human Mr 92,000 progelatinase (MMP-9). The Mr 
92,000 progelatinase levels in the sera and plasma of rats bearing 
MTLn3 fat pad tumors correlated with the extent of metastases. The 

sera from rats with large numbers of metastases in the lung and/or 
lymph nodes had much higher levels of Mr 92,000 progelatinase than 

the sera from rats with few or no metastases. In contrast, sera from rats 
bearing mammary adenocarcinoma of low metastatic potential, such 
as clones MTC and MTLn2, contained low levels of this enzyme, even 
30 days after tumor cell injection and extensive growth of the tumor 
at the primary site in the mammary fat pad. These results suggest that 
the high levels of serum and plasma Mr 92,000 progelatinase are 
probably due to the presence of metastatic adenocarcinoma cells. 
Since proenzymes of metalloproteinases can be activated by tumor 

cell surface serine proteinases or cysteine proteinases (1-8), a high 
level of Mr 92,000 progelatinase in plasma could contribute to ex- 
travasation of tumor cells circulating in blood and hence enhance 

blood-borne metastasis. 
A M r  72,000 type IV procollagenase/progelatinase is produced by a 

variety of normal and malignant cells (4) and has been purified from 

Table 1 Mr 92,000 progelatinase level in the sera of  rats bearing tumors of  
mammary adenocarcinoma cell clones of  differing metastatic potentials a 

No. of Size of Serum 
Cell clone No. of lung colonies, primary tumor progelatinase 

(passage no.) rats median (range) (diameter, ram) b level b 

Control 15 1.00 - 0.18 
MTC(TI2) 15 0 (1, 0) 7.3 - 2.6 1.39 -+ 0.25 
MTLn2(T38) 15 0 (1, 0) 17.2 -+ 4.3 3.40 +- 0.42 
MTPV(T27) 5 12 (0, 27) 10.7 _ 2.2 3.72 _+ 0.36 
MTLn3(T46) 12 67 (0, 112) 18.1 -+ 2.7 6.80 --- 1.40 
MTF7(T35).3(T5) 12 >250 (>250) 17.8 +__ 3.5 7.16 _ 1.28 
MTLn3(T44).5(T5) 13 >250 (>250) 18.9 ~ 2.3 6.87 - 1.23 

'~ Sera were prepared from rats 30 days after injection of  tumor cells into the mammary 
fat pads and subjected to gelatinase assay by zymography. Control rats were inoculated 
with phosphate-buffered saline. The Mr 92,000 progelatinase levels were shown as the 
value relative to normal control. 

b Data shown are the means value - SD. 
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Fig. 6. M, 92,000 progelatinase in plasma from rats with highly (MTLn3) or poorly 

(MTC) metastatic mammary adenocarcinoma. Plasma samples were prepared on day 0, 
10, 20, and 30 after cell inoculation into mammary fat pads. Top, 2-g! aliquots of plasma 
were analyzed by zymography using 7.5% polyacrylamide gels embedded with 1 mg/ml 
type I collagen-derived gelatin. Bottom, Mr 92,000 progelatinase levels in plasma samples 
from rats with MTLn3 (n = 9) or MTC (n = 7) tumors. The results shown are mean _ 
SD. 

metastatic mouse sarcoma cells (17), human monocytes/macrophages 
(18), human fibroblasts (19), and human H-ras oncogene-transformed 
bronchial epithelial cells (12). Immunohistological analysis using 
anti-Mr 72,000 gelatinase peptide revealed that the expression of the 
Mr 72,000 gelatinase correlates with the progression of human breast, 
colorectal, and gastric cancers (20, 21). 

The Mr 92,000 progelatinases are produced by a variety of normal 
cells, such as macrophages (22), polymorphonuclear leukocytes (23, 
24), capillary endothelial cells (25), and trophoblasts (26). The Mr 
92,000-97,000 progelatinases have been purified from normal cells, 
such as human alveolar macrophages (22) and pig and human poly- 
morphonuclear teukocytes (23, 24). The complementary DNA of the 
Mr 92,000 progelatinase was cloned by use of a simian virus 40- 
transformed human lung fibroblast library and found to be identical to 
that of the normal human macrophage (13), suggesting that the Mr 
92,000 progelatinase is a normal cell- as well as a tumor cell-associ- 
ated enzyme. A Mr 92,000 progelatinase is induced by ras oncogene 
transfection of NIH-3T3 cells (27), and Mr 92,000 progelatinase re- 
lease correlates with the metastatic phenotype in transformed rat em- 
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bryo cells (28). The expression of Mr 95,000 progelatinase was also 
shown to be associated with high metastatic potential of murine colon 
carcinoma cells (29). 

The levels of Mr 92,000 and Mr 72,000 progelatinases secreted by 
human colon carcinoma KM12 cells correlated with the spontaneous 
metastatic potential of KM12 ceils (30). I~M12SM cells spontane- 
ously metastasize to liver from the intracecal wall but not from the 
subcutis in nude mice. We have found that the expression of both Mr 
92,000 and Mr 72,000 progelatinases is modulated by organ micro- 
environment: down-regulated in the subcutis and up-regulated in the 
cecal wall (31). These results suggest that the regulation of colon 
carcinoma metalloproteinase expression by organ-derived factors may 
affect the ability of the colon carcinoma cells to degrade basement 
membrane and metastasize. We also found that transforming growth 
factor-/3 treatment of MTLn3 cells stimulated progelatinase produc- 
tion 2- to 4-times and resulted in a significant enhancement of lung 
colonization after i.v. MTLn3 cell injection (32). 

The Mr 92,000 and Mr 72,000 progelatinases are normal compo- 
nents of human plasma (33), but whether a change in their levels is 
associated with any physiological or pathogenic condition has not 
been established. We detected both Mr 92,000 and Mr 72,000 
progelatinases in sera and plasma of breast cancer patients as well as 
normal adults by zymography. 4 Unlike human serum and plasma, rat 
serum and plasma contain only low levels of Mr 92,000 progelatinase 
as a normal component, and no significant Mr 72,000 progelatinase 
activity was detected in sera and plasma from rats bearing mammary 
adenocarcinoma metastases. 

Using ELISA, a correlation of serum Mr 72,000 progelatinase 
(MMP-2) levels with lung cancer metastases has been found by 
Garbisa et al. (34). They noticed that the plasma showed higher 
variability compared to the corresponding sera and performed their 
assays using the 10x diluted serum samples. Zucker et aL (35) de- 
veloped the reliable assay of human plasma Mr 72,000 progelatinase 
using ELISA and showed significant increase of plasma Mr 72,000 
progelatinase in the second half of pregnancy. Zucker et aI. (36) have 
utilized their newly developed ELISA for plasma Mr 92,000 progelati- 
nase measurements and have recently reported that the plasma Mr 
92,000 progelatinase was significantly increased in patients with gas- 
trointestinal tract and breast cancers. However, the concentrations of 
Mr 92,000 progelatinase were not significantly higher in patients with 
metastatic disease than those with nonmetastatic cancer. 

We found that the Mr 92,000 progelatinase was quite stable in 
serum and plasma. There was no significant loss of activity after a 
30-min treatment at 56~ or during storage at 23~ for 3 days, 4~ for 
3 months, -23~ for 2 years, or -70~ for 6 years. We were also able 
to detect high activities of Mr 92,000 progelatinase in the sera of breast 
cancer patients that had been stored at -60~ for 29 years. Therefore, 
the serum Mr 92,000 progelatinase may be a useful marker for moni- 
toring patients with certain types of malignant disease, such as breast 
cancer. Since normal human plasma also contains variable amounts of 
Mr 92,000 progelatinase, further studies are necessary to evaluate the 
potential significance of the Mr 92,000 progelatinase in the diagnosis 
of human malignant disease. 
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