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Abstract Abstract 

Proteinasess such as urokinase-type plasminogen activator (u-PA) and matrix 
metalloproteinasess (MMPs) are considered to play essential roles in degradation 
off  the extracellular matrix during invasion and metastasis of cancer. 
However,, most if not all studies were based on either the localization of their 
mRNAss by in situ hybridization, the localization of their protein molecules by 
immunohistochemistryy and/or determination of their activity by zymography of 
tumorr homogenates. 
Inn the present study, immunohistochemical localization of u-PA, MMP-2 and 
MMP-99 (gelatinases A and B) was applied in combination with a recently 
developedd in situ zymography approach to localize their activity in metastases 
off  colon cancer in mouse liver. Mouse colon cancer cells (MCA-38) were 
administeredd into the portal vein of C57bl/6 mice. 
Threee weeks after inoculation, cancer metastases had developed in the livers. 
Tumorss were poorly differentiated and poorly vascularized. 
U-PAA was found in endothelial cells within the tumors, MMP-2 protein was 
localizedd in intratumoral stroma and MMP-9 protein was present in monocytes 
orr macrophages in liver parenchyma and tumors. 
U-PAA activity was localized in endothelial cells in the tumors and correlated 
withh the u-PA protein localization. Gelatinase activity was detected at the sites 
wheree MMP-2 protein was found. 
Inn conclusion, u-PA and MMP-2 but not MMP-9 were present in active forms in 
metastasess of colon cancer in mouse liver and their localization patterns suggest 
involvementt in degradation of the extracellular matrix (ECM) in relation to 
angiogenesiss (u-PA) and development of the tumors (MMP-2). 
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Introduction Introduction 

Degradationn of the extracellular matrix (ECM) by proteolytic enzymes is 
thoughtt to play a crucial role in tumor invasion, metastasis and angiogenesis.1'2 

Variouss proteolytic enzymes, including serine proteinases, MMPs, and cysteine 
proteinases,, have been reported to be involved in degradation of the ECM, 
facilitatingg migration and proliferation of cancer cells.2"8 

Thee cysteine proteinase cathepsin B, the serine protease u-PA, and the 
gelatinasess A and B (MMP-2 and MMP-9, respectively) are considered to be 
involvedd in the breakdown of ECM in tumors.9"14 However, the role of cathepsin 
BB does not seem to be essential in these processes and its role can be performed 
byy other proteinases when its activity is blocked.8'15 

Activatedd u-PA is able to convert enzymatically inactive plasminogen into 
plasmin,, which can degrade most proteins of the ECM and can convert inactive 
proMMPss into active MMPs. 11121617 An important component of basement 
membranes,, collagen type IV, can be degraded by MMP-2 and MMP-9.18 

Degradationn of basement membranes is particularly important in malignancy.19"21 

MMPP expression is not restricted to cancer cells but can also be found in stromal 
cellss in tumors, as has been demonstrated by immunohistochemical studies.22,23 

Inn most if not all studies, the relation between proteinases and invasion and 
metastasiss of cancer was established by either localization of the proteins or its 
mRNAA using immunohistochemistry and/or in situ hybridization, respectively, 
orr zymography of the proteinases, be it in active or inactive forms, in tumor 
homogenates.. The conflicting results of the application of proteinase inhibitors 
inn experimental and clinical studies clearly demonstrate the complexity of the 
involvementt of proteases in cancer development.8'14'15'24"26 

Localizationn of activity of specific proteinases in relation with tumor 
progressionn would provide insight in the functional involvement of the 
proteinases. . 

Therefore,, the present study was designed to localize the proteins of u-PA, 
MMP-22 and MMP-9 by immunohistochemistry and in parallel their activity 
withh a newly developed in situ zymography approach in experimentally induced 
colonn cancer metastasis in mouse liver. 
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MaterialsMaterials and Methods 

Animals Animals 
Twelvee adult male C57M/6 mice (Charles River, Maastricht, The Netherlands) 
withh a body weight of approximately 25 g were maintained for a week under 
constantt environmental conditions with free access to food and water, 
beforee the experiments were carried out. 

CancerCancer cells 
Ann established colon carcinoma cell line, MCA-38 (generously provided by 
Dr.. E. Nelson, National Cancer Institute, Frederick MD), was used. 
Thee cells were cultured at 37°C as monolayers in RPMI 1640 medium Dutch 
modificationn without L-glutamine (GIBCO/BRL, Grand Island, NY) 
supplementedd with 10% (v/v) fetal bovine serum, 2 mM L-glutamine, 
11 mM sodium pyruvate, 10 mM HEPES, 0.1 mM non-essential amino acids for 
minimumm essential medium Eagle (mem AA), 0.001% (v/v) p-mercaptoethanol, 
1000 IU penicillin/ml and 100 mg streptomycin/ml. Cells were cultured to 70% 
confluency,, washed with phosphate buffered saline (PBS), detached by using 
0.05%% (w/v) trypsin and 0.02% (w/v) ethyldiaminetetraacetic acid (EDTA) 
inn PBS and spun down (250 g, room temperature, 10 min). 
Singlee cell suspensions were obtained with a viability of at least 95%. 

Surgery Surgery 
AA small midline incision was made in the abdominal wall of mice under 
anesthesiaa with FFM mix (1 ml Hypnorm, 1 ml Midazolam and 2 ml water, 
0.077 ml/10 g body weight, intraperitoneally). Suspensions of 1 x 10s, 2 x 105 

orr 4 x 10' cancer cells in 100 ul PBS were administered into the portal vein of 
thee mice with a 30-gauge needle.27"30 

Thee portal vein was closed by treatment of the incision with an aqueous solution 
off  thrombin (Central Laboratory of the Netherlands Red Cross Blood 
Transfusionn Service, Amsterdam, The Netherlands) using a cotton bud. 
Thee abdomen was closed by means of 5-0 Ethylene suture. 
Afterr three weeks, the mice were sacrificed with a heart punction after being 
anaesthetizedd with an overdose of FFM mix (0.1 ml/10 g body weight, 
intraperitoneally). . 
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TissueTissue preparation and storage 
Liverss were removed immediately and the surfaces of the liver lobes were 
carefullyy examined for the presence of tumors. Livers were cut into small cubic 
blockss (5 mm thick). Some tumors were isolated. 
Mostt of the liver tissue blocks and metastases were frozen in liquid nitrogen and 
storedd at -80°C until used. Some tissue blocks containing metastases were used 
forr serial sections (8 urn thick), which were cut at a cabinet temp of -25°C using 
aa motor-driven cryostat (Bright, Huntingdon, UK). The tissue blocks that were 
nott frozen in liquid nitrogen were chemically fixed and used for ultrastructural 
investigationss after embedding in Epon. 

Morphology Morphology 
Tissuee preparation for EM. 
Freshh tissue was cut into small cubic blocks, which were immediately fixed in 
MacDowelll  fixative, which consists of 1% (w/v) glutaraldehyde and 4% (w/v) 
paraformaldehydee in 0.1 M cacodylate buffer, pH 7.3, for 3 to 4 days at 4°C. 
Afterr fixation, tissue blocks were washed in 0.1 M cacodylate buffer, pH 7.3, 
forr 30 min at 4°C. Then, tissue blocks were postfixed in 1% osmium tetroxide 
inn 0.1 M cacodylate buffer, pH 7.3, for 1 hr at 4°C, followed by dehydration in 
ann alcohol series at room temp. Finally, tissue blocks were embedded in Epon 
Lxll  12. Polymerization took place for overnight at 40°C and during 48h at 60°C. 
Semithinn sections (1 urn thick) were stained with Richardson's dye and studied 
lightt microscopically. 
Ultrathinn sections were cut on an ultramicrotome (Model II; LKB, Uppsala, 
Sweden)) and were contrasted by staining with uranyl acetate and lead citrate. 
Thee sections were studied with an electron microscope (EM 300; Zeiss, 
Oberkochen,, Germany). 

HistochemicalHistochemical staining of collagen 
Collagenn was stained specifically using Sirius Red F3BA (Chroma, Stuttgart, 
Germany)) dissolved in an aqueous saturated picric acid solution 
ass described before.31 

HistochemicalHistochemical localization of alkaline phosphatase activity 
Alkalinee phosphatase activity was localized to detect endothelial cells in 
capillariess in metastases because these cells contain high levels of alkaline 
phosphatasee activity.32 Alkaline phosphatase activity was demonstrated 
accordingaccording to the indoxyl-tetrazolium salt method of McGardey as modified by 
Vann Noorden and Jonges.33'34 Incubation was performed for 15 min at 37°C. 
Immunohistochemicall  localization of u-PA, MMP-2 and MMP-9 
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Cryostatt sections were air-dried for 1 h at room temp, fixed in acetone for 
55 min, dried for 10 min, and then rinsed in PBS for 15 min. Rabbit polyclonal 
antibodiess against mouse u-PA, MMP-2 and MMP-9 (kindly provided by 
Drr A. Collen, Gaubius laboratory, TNO-PG, Leiden) were diluted 1:25, 1:100 
andd 1:600, respectively, in PBS containing 1% bovine serum albumin (BSA) 
andd were applied for 1 h at 37°C. After rinsing in PBS for 15 min, sections were 
incubatedd with goat anti-rabbit immunoglobulins coupled to peroxidase 
(GARPO;; Dako, Glostrup, Denmark), diluted 1:200 in PBS containing 1% BSA 
andd 10% normal mouse serum (NMS) for 1 h at room temp. Visualization of 
peroxidasee activity was performed by incubating the sections for 10 min at room 
tempp in a solution containing 20 mg 3-amino-9-ethylcarbazole (AEC; Sigma, 
St.Louiss MO) in 5 ml dimethylformamide and 95 ml 50 mM sodium acetate 
bufferr (pH 4.9) and 35 ul 30% (w/v) hydrogen peroxide. 
Then,, sections were rinsed in distilled water, counterstained with haematoxylin 
andd mounted in glycerin-gelatin. Specificity of the immunohistochemical 
proceduress was determined by omitting primary antibodies in the first 
incubationn step. 

InIn situ zymography of caseinolytic activity 
Thee quenched fluorogenic casein-bodipy-Fl substrate (Molecular Probes, 
Portlandd OR) was used to localize caseinolytic activity in cryostat sections. 
Thee principle of the use of casein-bodipy-Fl as substrate for caseinolytic activity 
iss based on the quenched fluorescence of casein-bodipy-Fl that produces FITC 
fluorescencee after cleavage by plasmin, which is the product of u-PA activity 
andd is able to degrade casein. The water-soluble FITC product was kept at the 
sitee where it was produced by the addition of agarose to the incubation medium. 
(Mookk et al., submitted) 
Cryostatt sections were air dried for 5 min at room temp. Casein-bodipy-Fl 
(2000 jig; Molecular Probes) was dissolved in 200 ul sodium bicarbonate buffer 
(pHH 8.3). Then, the substrate was diluted 1:10 (w/v) in a solution of 1% low 
gellingg temperature (LGT) agarose (Sigma) in PBS. Plasminogen (1.1 mg; 
Fluka,, Buchs, Switzerland) was dissolved in 1 ml PBS and diluted 1:12 in the 
substrate-containingg incubation medium. To counterstain cell nuclei, 0.25 ug/ml 
4-6-diamidino-2-phenylindolee (DAPI; Sigma) was added. An aliquot of the 
incubationn medium (60 (al) was placed on top of cryostat sections. After gelling 
off  the agar containing incubation medium at 4°C, incubation was performed in a 
humidifiedd chamber at room temp for 3-5h. 
Thee specificity of the reaction for u-PA activity was determined by adding 
lOmMM amiloride (Sigma) to the incubation medium.435 Fluorescence of 
liberatedd rhodamine due to u-PA activity was detected with a fluorescence 
microscopee with excitation at 540-580 nm and emission at 608-682 nm 
(DMRA;; Leica, Wetzlar, Germany). 
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InIn situ zymography ofgelatinase activity 
Thee principle of the use of DQ-gelatin as substrate for the demonstration of 
gelatinasee activity was similar to that of the detection of caseinolytic activity 
withh casein-bodipy-Fl. Gelatinases are able to degrade DQ-gelatin. 
Cryostatt sections were air-dried for 5 min at room temp. DQ-gelatin (1 mg) 
wass dissolved in 1 ml distilled water. The substrate was then diluted 1:10 in a 
solutionn of 1% (w/v) LGT agarose in PBS. To counterstain cell nuclei 
0.255 ug/ml DAPI was added. An aliquot of the incubation medium (60 ul) 
wass placed on top of the cryostat sections and was mounted with a cover slip. 
Afterr gelling of the agar at 4°C, incubations were performed in a humidified 
chamberr for a period of 5-30 min at room temp. Although this method has been 
provenproven to be specific for gelatinolytic activity, this was verified by adding 
EDTAA to the incubation medium for control incubations. (Mook et al., 
submitted)) Fluorescence of FITC was detected with a fluorescence microscope 
withh excitation at 460-500 nm and emission at 512-542 nm. (Leica) 

Results Results 

AnimalAnimal experiments 
Att three weeks after administration of cancer cells into the portal vein of mice, 
metastasess were found in the livers only. Most of the tumors were visible 
macroscopicallyy because the appeared at the surface of the livers. 
Tumorss were never observed in the peritoneum, colon or elsewhere in the 
abdomen.. The tumors could easily be recognized by their round shape and their 
whitee appearance against the brownish-red color of liver parenchyma. 
Thee size of the tumors varied between 1 and 2 mm in diameter. The number of 
injectedd tumor cells correlated with the number of tumors that had developed 
afterr 3 weeks (Table 1) but not with the size of the metastases. 

Tablee 1. Relationship between the number of MCA-38 cells administered into 
thee portal vein of mice and the number of metastases that were found at 
thee surface of livers at 3 weeks after administration. In each group, 
44 mice were included. 

NumberNumber of administered cells Mean number of metastases 
11 x 105 4.8 (4-6) 
2 x l 055 8.6 (6-11) 
4 x l 055 15.8 (11-19) 
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MorphologyMorphology of metastases 
Thee tumors showed characteristics of an undifferentiated carcinoma. 
Cellss and nuclei were pleomorph, whereas the latter contained many nucleoli, 
weree hyperchromatic and were disproportionately large for the cells and their 
shapeshape was extremely variable (Fig. 1). 
Collagenn was present in strands of intratumoral stroma (Fig. 2). 
Basementt membranes were not found, which is in agreement with the low 
differentiationn grade of the tumors. Sinusoidal endothelial cells in liver 
parenchymaa expressed high activity of alkaline phosphatase. High alkaline 
phosphatasee activity was also observed in endothelial cells of capillaries in 
tumorss (Fig. 3). At the edges of the tumors, liver parenchymal cells and 
sinusoidss were flattened. 

ImmunohistochemicalImmunohistochemical localization of proteinases 
Highh amounts of u-PA protein were found in the intima of arteries and veins in 
controll  livers and livers containing tumors and in intratumoral strands. 
Thee high expression of u-PA correlated with endothelial cells of capillaries in 
thee tumors that were positive for alkaline phosphatase activity (Fig. 4). 
Inn control livers, MMP-2 protein was present in the ECM of portal tracts. 
Inn tumor-containing livers, MMP-2 was localized in intratumoral stroma and 
localizationn patterns of MMP-2 were largely similar to those of collagen after 
stainingg with picrosirius red. (Fig. 5) 
Inn control livers, MMP-9 protein was never detected. In tumor-containing livers, 
MMP-99 was found in individual cells scattered in both liver parenchyma and 
tumors.. The density of positive cells was higher in the tumors than in liver 
parenchyma.. (Fig. 6) In absence of the primary antibodies in the first incubation 
step,, staining did not occur. 

InIn situ zymography of caseinolytic activity 
Fluorescencee due to casein breakdown was present in the intima of large vessels 
inn portal tracts and in strands in metastases. (Fig. 7) Fluorescence was not 
producedd when amiloride, a specific inhibitor of u-PA, was added to the 
incubationn medium. Fluorescence intensity was decreased in the absence of 
plasminogen. . 

InIn situ zymography of gelatinase activity 
Fluorescencee due to gelatin breakdown was present in strand-like structures in 
tumorss (Fig. 8) that resembled picrosirius red positive structures shown in Fig. 1 
(collagen).. Fluorescence intensity was similar in all areas of the tumors. 
Nonspecificc fluorescence was observed in the ECM of portal tracts only and 
wass due to autofluorescence and not to gelatin breakdown. 
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Fluorescencee specifically produced by gelatinase activity was not produced in 
controll  liver, nor was it produced in tumors after incubation in the presence of 
EDTA,, which inhibits MMP activity. Parts of the strand like structures that were 
positivee for gelatinase activity were positive for caseinolytic activity as well 
(Fig.. 7 and 8). 

Discussion Discussion 

Administrationn of MCA-38 colon cancer cells into the portal vein of mice 
resultedd in a dose-dependent development of metastases in the liver after three 
weeks.. We concluded that a dose of 2 x 105 cells was optimal because 
overgrowthh of the tumors did not occur and the numbers of metastases was 
sufficientt to be used in future intervention studies. 
Thee colon cancer tumors in mouse livers were poorly differentiated and poorly 
vascularized.. Collagen was present in intratumoral strand-like structures. 
Thee u-PA protein was found mainly in endothelial cells within the tumors. 
Activityy of u-PA was also present in the intima of large vessels in portal tracts. 
Thee specificity of the method to localize u-PA activity was established by the 
absencee of fluorescence when amiloride was added to the incubation medium. 
Similarr localization patterns of u-PA activity and alkaline phosphatase activity 
weree observed. We can not rule out staining of extracellular u-PA or staining of 
fibroblast-likee stromal cells as has been suggested by Grandahl-Hansen et al.." 
Too determine the precise correlation between u-PA protein and activity and 
endotheliall  cells, combined localization studies have to be performed. 
However,, the colocalization of alkaline phosphatase activity and u-PA activity 
inn serial sections indicate that u-PA activity is mainly found in vessels and that 
u-PAA plays its major role in angiogenesis. 
Thee MMP-2 protein was found immunohistochemically in connective 
intratumorall  tissue (collagen) strands, whereas the protein MMP-9 was present 
predominantlyy in individual cells in liver parenchyma and tumors. 
Gelatinasee activity was localized with a recently described technique using DQ-
gelatinn as substrate.36 (Mook et al., submitted) This method enabled precise 
localizationn of gelatinolytic activity. The activity was exclusively present in 
intratumorall  collagen strands. Fluorescence was not detectable in the presence 
off  EDTA, an inhibitor of MMP activity. The similar localization patterns of 
MMP-22 protein and gelatinase activity patterns, suggest that MMP-2 and not 
MMP-99 is responsible for the activity. The similar localization patterns of 
gelatinasee activity and collagen in the ECM of mouse metastases were also 
observedd in rats. (Mook et al., submitted) 

ActivityActivity of u-PA and MMPs in liver metastases of coloncarcinoma in mice 105 



Inn the rat experiments however, tumors were well differentiated and MMP-2 
activityy colocalized with its natural substrate collagen type IV. 
Thee tumors in our experiments were undifferentiated, so basement membranes 
weree absent. We did not distinguish immunohistochemically between the type 
off  collagen and therefore we cannot be certain whether or not type IV collagen 
wass the substrate of MMP-2 in this model. 
Intratumorall  activity of MMP-2 appeared to be more widespread then that of 
u-PAA (fig 7 and 8). Theoretically, activated u-PA induces conversion of 
plasminogenn into plasmin that can be held responsible for the more widespread 
activationn of MMP-2. 
Inn conclusion, we have applied a model of colon cancer metastasis in mouse 
liverr and were able to localize protein and activity of u-PA, MMP-2 and MMP-9 
inn the tumors. The results suggest that u-PA and MMP-2 are active in tumors 
andd particularly related to angiogenesis and the development of the metastases, 
respectively.. These findings are a firm basis for future experiments to explore 
thee roles of u-PA and MMP-2 extensively in tumor progression in this animal 
model,, using knock-out mice. 
Thesee studies can be combined with intervention studies using small molecular 
inhibitorss of proteinases to establish which of them are essential and which are 
redundantt in tumor progression. 
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